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1 Introduction

1 Introduction

1.1 Systematic and zoogeography of the mormyrid genus Campylomormyrus

The mormyrid weakly electric fish (Mormyridae) are endemic to Africa. They
comprise one of the most diverse clades of freshwater fish from Africa and the single largest
group of electric fish (Alves-Gomes & Hopkins, 1997). Mormyrids belong to the
Osteoglossomorpha, considered one of the phylogenetically basal groups of extant teleosts
(Lauder & Liem, 1983). Including 180 of the 199 living osteoglossomorpha species, the
African Mormyridae are by far the most diverse group within this archaic superorder (Lavoué
& Sullivan, 2004). Together with their sister taxon, the monotypic Gymnarchidae, they form
the Mormyroidae. Amongst other characters, the monophyly of Mormyroidae is supported by
the  derived  (synapomorphic)
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1 Introduction

At the level of single genera, very little data are available about phylogenetic

relationships and processes that might have caused the huge diversification we currently

observe in the group. This is especially true for the genus Campylomormyrus, whose

systematics is extremely puzzling. Based
on the analysis of morphological
characters, the number of described
species fluctuated through the years from
16 (Taverne, 1972) to three (Roberts &
Stewart, 1976) and again to 14 (Poll et al.,
1982). Most of the species considered
nowadays as valid are endemic to a single
river system, the Congo and its tributary
streams (Fig. 2). Some of them can be
found throughout the whole basin, others
are restricted to certain areas (Luapula
River/Lake Moero or Kasai River). C.
phantasticus is the only species not

present in the Congo Basin, being limited

Lake Moero

Fig. 2 Geographic location of the African river systems
in which Campylomormyrus occurs. Most of the species
are endemic to the Congo Basin.

* indicates the sampling location Brazzaville/Kinshasa.

to the Sanaga River (Cameroon). Finally, C. tamandua is the most widely distributed species

and the only one whose range extends across different river systems including Congo, Volta,

Niger, and Tchad/Shari (Gosse, 1984). So far, only two species (C. numenius and C.

tamandua) have been included in molecular phylogenies (Sullivan et al., 2000; Lavoué et al.,

2003).

1.2 Function of weak electricity in fish

There are several groups of fish with muscles (nerves in case of the knifefish family

Apteronotidae) modified into specialized electric organs. The ability to generate electricity

from these organs evolved several times independently in the marine electric rays and skates,

in the African freshwater Mormyridae and Gymnarchidae, in the South American

gymnotiform knifefish (including the electric eel), in several siluriform catfish (including the

strongly electric catfish), and in the marine electric stargazers (Moller, 1995). Many species

(i.e. marine electric ray, African electric catfish, South American electric eel) are able to
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1 Introduction

generate strong electricity (between 50 V and 800 V), which delivers sufficient tension and
current to serve as a defence mechanism as well as a predatory weapon (Kirschbaum, 1992).
In contrast, weakly electric fish discharge electricity at a low voltage (about 1 V) and
developed alternative usage of this resource.

African weakly electric fish are able to generate and detect weak electric fields for
object detection, orientation, and communication. They detect objects and analyze their
electrical properties by measuring distortions in a self-produced electrical field. This process
is called active electrolocation (Lissman & Machin, 1958; Bastian, 1994; von der Emde,
1999). During active electrolocation the weakly electric fish can perceive three-dimensional
depths and - as a consequence - determine distances (von der Emde, 1999; Schwarz & von der
Emde, 2000). Beside this, the electric organ discharge (EOD) of mormyrid fish plays an
essential role in social communication (Hopkins & Bass, 1981; Kramer & Kuhn, 1994
(Campylomormyrus); Werneyer & Kramer, 2002). The EOD is species-specific (Bass, 1986;
Kramer & Kuhn, 1994; Crawford & Huang, 1999) and species recognition based on the
species-specific EOD has been proven (Hopkins & Bass, 1981; Moller & Serrier, 1986). It
also acts as an indicator of individual identification and discrimination (Crawford, 1992;
Friedman & Hopkins, 1996; Crawford & Huang, 1999; Paintner & Kramer, 2003).
Furthermore, many mormyrid species show sex differences in EOD at least in the breeding
season (Hopkins & Bass, 1981; Westby & Kirschbaum, 1982; Crawford, 1991; Landsman,
1993; Friedman & Hopkins, 1996; Kramer, 1997; Crawford & Huang, 1999). Consequently,
mormyrids discriminate between the EODs of conspecifics and heterospecifics and between
those of males and females. This discrimination is based on the temporal pattern of the EOD,
1.e., the duration and shape of the EOD waveform (Hopkins & Bass, 1981). Therefore, EOD
plays a key role in pair formation, mating and social attraction (Bratton & Kramer, 1989;
Crawford, 1991; Kramer & Kuhn, 1993). As an effective prezygotic isolation mechanism, the
EOD might have been of paramount importance for speciation during the adaptive radiation
of mormyrid fish (Sullivan et al., 2002). Previous work aimed at correlating the EOD mode
and the phylogeny throughout the entire Mormyridae (Lavoué et al., 2000; Sullivan et al.,
2000; Lavoué et al., 2003). However, the importance of EOD as a factor during speciation
itself awaits elucidation. As a feature for species recognition, EOD is potentially an important
isolation mechanism, which can promote speciation during an adaptive radiation. Due to the
possible assortative mating induced by different EOD types, even scenarios based on

sympatric and/or parapatric speciation are imaginable.
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Apart from species differences, the EOD also changes during ontogeny within species:
Larvae of the mormyrid species investigated so far possess a larval electric organ, which
produces EOD very different from adults’ EOD (Kirschbaum, 1977; Westby & Kirschbaum,
1977, 1978; Denizot et al., 1982). Later in ontogeny, the larval electric organ degenerates and
is substituted by the adult’s electric organ, which is located in the caudal peduncle
(Kirschbaum, 1981). This adult organ initially produces a juvenile EOD, which — in some
species - will later on change into the adult EOD. Underestimating or even neglecting this
phenomenon might potentially have biased some of the previous studies that tried to take
advantage of differences in EODs to clarify the taxonomy of the group. As an example,
Schugardt & Kirschbaum (2002) were able to demonstrate that the descriptions of species-
specific EODs in Campylomormyrus reported in Lovell ef al. (1997) are comprised by the fact
that they had measured juvenile or intermediate EODs for some specimens and sex-specific

EODs for adult males and females in other specimens.

1.3 Adaptive radiation in mormyrids

Adaptive radiation is the evolution of ecological and phenotypic diversity within a
rapidly multiplying lineage. It involves the differentiation of a single ancestor into an array of
species that inhabit a variety of environments and that differ in the morphological and
physiological traits used to exploit those environments. The process includes both speciation
and phenotypic adaptation to divergent environments (Schluter, 2000). Adaptive radiation is
the outcome of divergent natural selection arising from differences between environments and
competition for resources. Many extraordinary examples of adaptive radiations are typical for
oceanic archipelagos (the Galapagos finches and tortoises, the Hawaiian honeycreepers,
silverswords, and Drosophilas) or the East African lakes (cichlids). Adaptive radiations in
lacustrine fish are especially well documented (Schliewen et al., 2001; Saint-Laurent ef al.,
2003; Ostbye et al., 2005). Conversely, almost nothing is known about adaptive radiations in
rivers. The same holds true for a consequence of radiation in fish, the so-called fish species
flocks (i.e. speciose monophyletic groups with restricted distributions). Again many examples
are known from lakes, but examples from rivers are rare. Among the former, lacustrine cichlid
species flocks are probably the most renowned and well studied (e.g., Schliewen ef al., 1994;
Salzburger & Meyer, 2004). Recently, evidences arose suggesting that such explosive

speciation phenomena are not limited to lacustrine environments. Sullivan et al. (2002; 2004)
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proposed weakly electric fish belonging to the Mormyridae as potential model organisms to
study species flock evolution in rivers. Restricted distribution, a criterion for species flocks, is
hard to prove for mormyrids living in big river systems, which are barely accessible at all
points. However, restricted distribution is not a requirement for adaptive radiation, as it is not
one of the four criteria defined by Schluter (2000) to detect adaptive radiation. The four
criteria are: (1) a recent shared origin of all members of the radiation (common ancestry), (2)
an accordance between diverse genetically based phenotypic traits and their divergent
environment (phenotype-environment correlation), (3) a benefit of the specific phenotypic
trait in its correlated environment (trait utility), and (4) a relatively high rate of lineage
splitting (rapid speciation). These four criteria can easily be applied to riverine species.
Though it might be hard to definitively prove that mormyrids form a riverine fish species
flock, nevertheless mormyrids seem to be very promising candidates to study the phenomenon
of adaptive radiation in river systems.

Typically, adaptive radiation either follows a colonization of a new environment or an
evolution of a key innovation (Simpson, 1953; Schluter, 2000). Weak electricity could have
been such a key innovation that caused the radiation of the African weakly electric fish. As
already stated, mormyrids alone include more than 90% of all extant osteoglossomorpha. The
acquisition of weak electricity could have opened new ecological opportunities to these fish
and, consequently, a new path for evolution. At the same time, the diversification in the EOD
might have caused strong assortative mating and, therefore, promoted speciation. There is
theoretical evidence for sympatric speciation driven by sexual selection (van Doorn et al.,
1998; Doebeli & Dieckmann, 2000; Kirkpatrick & Ravigne, 2002; van Doorn et al., 2004) as
well as an increasing number of case studies, especially in fishes (Seehausen & van Alphen,
1999; Lande et al., 2001; Mendelson, 2003; Barluenga et al., 2006). Additionally, the
importance of sexual selection for maintaining reproductive barriers between species has been
demonstrated (Seehausen et al., 1997). Assuming strong assortative mating based upon the
EOD characteristics, sexual selection could have favoured speciation, even in sympatry.
However, Barluenga et al. (2006) proposed the following criteria for a firm corroboration of
the sympatric origin of different species: (1) a sympatric distribution of the most closely
related species, (2) genetic evidence for the reproductive isolation among them, (3) their
monophyly, and (4) an ecological setting in which allopatric speciation is unlikely. Most of
these criteria can also be tested in mormyrids, with the sole exception of the complete
exclusion of any allopatric origin of species. This requirement is hard, if not impossible, to

prove when dealing with a large river basin like the one considered in this study (Congo
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Basin), which had a complex history that could have dramatically altered the connections with

adjacent drainages.

1.4 Aims of this study

The major aim of this study is to better understand the relevance of weak electricity in
the radiation of African weakly electric fish. Campylomormyrus was chosen as a model taxon
because of (1) its still unresolved systematics with, possibly, a high number of
morphologically very similar yet not described species and, (2) the presence of strikingly
divergent electric organ discharge (EOD) waveforms at both intra- and inter-specific levels.
Therefore, this genus would offer a unique opportunity to test modes of speciation and
achievement of reproductive isolation within a single group.

For a proper understanding of the relationships between speciation and ecological or
phenotypic diversifications a robust phylogeny of the genus is an essential pre-requisite. A
molecular phylogeny can be considered robust, when unlinked loci (for example a
combination of mitochondrial and nuclear genes) yield similar topologies either analyzed
separately or combined and when most of the nodes are statistically supported. The
reproductive isolation of clades identified by sequence data can be independently confirmed
by using microsatellite data. Finally, to assign these groups to nominal species, one can take
advantage of quantitative morphometric comparisons with the type specimens of the different
species included in the genus.

In order to demonstrate that differences in the EOD waveform played a key role as
isolation mechanism during speciation, molecular analyses need to be integrated with
observations of the ontogeny of the EOD waveform. Therefore, the maintenance of fish over
years is crucial in order to test for congruence between electro-physiological and molecular
data, because the EOD might change with maturity. Under the hypothesis that the EOD might
be a mechanism promoting isolation, we would expect clearly distinct species-specific adult
EODs for mate recognition in closely related species. Under this scenario, the adult EODs
should corroborate species definitions but differences should also be particularly prominent
between closely related species.

The variation in EOD waveform might have triggered speciation, but must not be the
only responsible or causal factor. To test if the radiation in Campylomormyrus might have

been caused by adaptation to different ecological niches, a close examination of the
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morphology is required. If a given feature is associated with the adaptation to a different
ecological niche, such a character is expected to vary significantly between distinct species
identified by molecular analyses. In this way a possible phenotype-environment correlation
could be detected.

In the course of my PhD project, I have used a combination of the approaches
mentioned above (molecular data, observations of ontogeny and diversification of EOD
waveforms, morphometric analyses of relevant morphological traits) to better comprehend the
adaptive radiation of African weakly electric fish and to test the possible roles played by weak

electricity and morphological differentiation.
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2 Summary of articles

2.1 Summary of article I:

Feulner, P. G. D., Kirschbaum, F. & Tiedemann, R. 2005.
Eighteen microsatellite loci for endemic African weakly electric fish (Campylomormyrus,
Mormyridae) and their cross species applicability among related taxa.

Molecular Ecology Notes 5: 446-448.

In this study I developed 18 microsatellite loci specifically designed for the genus
Campylomormyrus. Microsatellites were initially developed for Campylomormyrus
numenius and cross species amplification was subsequently tested in additional seven
species (Brienomyrus niger, Gnathonemus petersii, Hippopotamyrus pictus, Mormyrus
rume proboscirostris, and Petrocephalus soudanensis). While primers for some
mitochondrial (cytochrome b, 12S, and 16S rRNA) and nuclear (RAG2, S7 ribosomal
protein gene) genes were already available for African weakly electric fish (Alves-Gomes
& Hopkins, 1997; Lavoué et al., 2000; Sullivan et al., 2000; Lavoué et al., 2003), no
microsatellites have been isolated so far. Contemporary to my work, Arnegard et al. (2005)
developed five microsatellite loci for another mormyrid genus (Brienomyrus). To
successfully complete this work, I entirely performed the lab experiments, isolated the loci,
designed the primers, and tested their applicability. I was also able to demonstrate their
cross species amplification in the seven closely related species tested for the study. It is
important to note that the number of microsatellite loci (18) I’ve been able to isolate and
characterize is well above the number of loci usually developed in analogous studies on
non-model organisms. Because these loci are moderately till highly polymorphic (expected
heterozygosity ranging between 0.31 and 1.00), they can be used for various applications

from population studies to pedigree analyses.

The contributions of the different authors were as follows:
I performed all the lab work, analyzed the data and wrote the manuscript. F. Kirschbaum
provided all the samples. R. Tiedemann participated in the discussion of the results and the

preparation of the manuscript.
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2.2 Summary of article II:

Feulner, P. G. D., Kirschbaum, F., Schugardt C., Ketmaier V. & Tiedemann, R. 2006.
Electrophysiological and molecular genetic evidence for sympatrically occuring cryptic
species in African weakly electric fish (Teleostei: Mormyridae: Campylomormyrus).

Molecular Phylogenetics and Evolution 39: 198-208.

For this study 40 sympatrically occurring specimens of Campylomormyrus were
maintained during an extended period of time (from two to ten years). Schugardt &
Kirschbaum (2002) provided a basis for my further monitoring of morphological as well as
electrophysiological changes during ontogeny. In addition, I screened all the specimens for
sequence polymorphisms at multiple unlinked loci (mitochondrial cytochrome b, S7
ribosomal protein gene, and four flanking regions of unlinked microsatellite loci for a total of
2222 base pairs sequenced). To successfully use these different markers within
Campylomormyrus, | had to optimize experimental conditions for each of the markers. I found
a perfect match between the identification of samples either as C. tamandua or C. numenius
based on morphological characteristics and the molecular data. All C. tamandua showed a
common electric organ discharge (EOD) type, regardless of age and sex. Contrary to this, in
C. numenius one identical EOD waveform observed in all juveniles differentiated into three
different male adult EOD types. Two of these EOD types formed well-supported clades in the
phylogenetic analysis. To clarify relationships within C. numenius, 1 took advantage of the
microsatellite loci, which I applied as an independent line of evidence to affirm classification
into three groups. The correct assignment and the high pairwise Fgr-values support the
hypothesis of three reproductively isolated groups within C. numenius. The combination of
these observations supported the idea that the genus Campylomormyrus comprises a set of
cryptic species living in sympatry. Furthermore, the findings of dramatic EOD changes at
maturity point towards the importance of this mechanism for species recognition in the course
of mating. Even if direct evidence from behavioural experiments is still lacking, this is the
first indication of species-specific mate recognition based on the EOD waveform in the genus
Campylomormyrus. Assuming strong assortative mating based upon EOD characteristics,

sexual selection could have triggered speciation, possibly even in sympatry.



2 Summary of articles

The contributions of the different authors were as follows:

I performed all the lab work, analyzed the data and wrote the manuscript. C. Schugardt and
F. Kirschbaum began the observation of ontogenetic changes in EODs, later on I also
performed this part. V. Ketmaier helped with the phylogenetic analyses. Together with R.
Tiedemann and F. Kirschbaum, he also took part in the discussion of data and the

preparation of the manuscript.
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2.3 Summary of article III:

Feulner, P. G. D., Kirschbaum, F., Mamonekene V., Ketmaier, V. & Tiedemann, R. 2006.
Adaptive radiation in African weakly electric fish (Teleostei: Mormyridae:
Campylomormyrus): a combined molecular and morphological approach.

Journal of Evolutionary Biology submitted.

In this study I combined analyses of molecular and geometric morphometric data to
elucidate the following three issues. First, I could build up a robust phylogeny of 106
Campylomormyrus specimens, occurring in sympatry in the area near Brazzaville/Kinshasa
(Congo; Fig.1). For this purpose I performed a field expedition to Brazzaville (Republic of the
Congo) and conducted an extensive sampling in the area. To my knowledge this is the first
comprehensive molecular phylogeny for the genus Campylomormyrus, including at least six
distinct clades living in sympatry. Such a robust phylogenetic hypothesis is an essential pre-
requisite for a better understanding of the relationship between speciation and
ecological/phenotypic diversification in this group. Second, due to a morphological
comparison with the type material of all the known species deposited at the Royal Museum of
Central Africa (MRAC Tervuren, Belgium) a taxonomic classification of our samples was
possible. Due to an assignment test based on a canonical variates analysis (CVA) of the type
material, the identified phylogenetic clades were associated with described species. Third,
according to a CVA of the sympatrically occurring specimens, I could figure out that most of
the variation between the phylogenetic clades is due to differences in the elongated trunk-like
snout. In this way I was able to link under a single unifying framework taxonomy,
morphology and ecological traits. With differences in the morphology of the trophic
apparatus, I indeed identified a feature that suggests possible ecological differences among the
species. Because these fish feed on insect larvae, which burrow in holes and interstitial spaces
at the bottom of rivers, differences in the trunk shape will determine differential accessibility
to food sources. Considering also the result of the previous article, these results suggest that
the (adaptive) radiation in the genus Campylomormyrus may have been caused by the
diversification of the snout, which, in turn, allowed a different exploitation of food sources.
Such an ecological diversification, coupled with the already identified differences in the
electric organ discharge (EOD) waveform, may well be amongst the main phenomena

responsible of the wide diversity displayed by this group of electric fish. More explicitly, this
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indicates that the adaptive radiation of the African weakly electric fish was triggered by the

EOD as a reproductive isolation mechanism and caused by ecological adaptation to different

food sources.

The contributions of the different authors were as follows:

I performed all the lab work, analyzed the data and wrote the manuscript. V. Mamonekene
supported me during my field trip to Brazzaville (Republic of the Congo). His support has
been crucial to the success of the samplings. I also performed the morphometric analysis on
my own and examined all the museum material (MRAC, Tervuren, Belgium) including the
type specimens. V. Ketmaier helped with the phylogenetic analyses. Together with R.
Tiedemann and F. Kirschbaum, he also took part in the discussion of data and the

preparation of the manuscript.
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3 Discussion

3.1 Phylogeny of sympatrically occurring Campylomormyrus species

To frame broad evolutionary questions, a robust phylogenetic hypothesis is an
essential pre-requisite. This is the first study aimed to produce a phylogenetic hypothesis for
the genus Campylomormyrus. In this study we concentrated on the Campylomormyrus species
occurring in sympatry near Brazzaville/Kinshasa (Fig. 2). This was due to our overall aim to
better understand the adaptive radiation of these sympatrically occurring species. To build up
a robust phylogenetic hypothesis, we established different marker systems (mitochondrial
cytochrome b and nuclear S7 ribosomal protein gene) for the genus Campylomormyrus
(Feulner et al., 2006a). Additionally, we used our self-established microsatellite loci (Feulner
et al., 2005) as an independent line of evidence to prove reproductive isolation between the
identified phylogenetic clades. This way we found convincing evidences for the presence of at
least six sympatrically occurring Campylomormyrus species (Feulner ef al., 2006b).

The most distantly related clade, clade F (Fig. 2, Feulner et al., 2006b; Fig. 4, Feulner
et al., 2006a), can be unambiguously attributed to C. tamandua. This is supported by multiple
morphological comparisons with the type material of all to-date described species included in
the genus (Feulner ef al., 2006b). Furthermore, C. tamandua is characterised by its peculiar
colour pattern of striking yellow bands (Bigorne, 1990). As a result of our ontogenetic
observations, we also know that this species is uniform over time in its morphology (unlike C.
numenius; see below), as well as in its electric organ discharge (EOD) waveform (Fig. 2A,
Feulner et al., 2006a). Nevertheless, looking at the phylogenetic trees (Fig. 2, Feulner et al.,
2006b; Fig. 4, Feulner et al., 2006a) C. tamandua exhibits a large amount of intra-group
genetic heterogeneity, comparable to that observed within other distinct clades (e.g. clade A
and B). Such a heterogeneity is mainly due to sequence variations of the mitochondrial
cytochrome b gene (Fig. 3, Feulner ef al, 2006a). However, the mean expected
heterozygosity based on microsatellite data differs not significantly from the values displayed
by the other clades (Table 3, Feulner ef al., 2006b). In addition, at the microsatellite level, this
clade resulted to be quite homogeneous, as visually evident in the STRUCTURE analysis,
whereas all other clades show a much greater degree of heterogeneity (Fig. 3, Feulner et al.,
2006b). Therefore, our data strongly suggest that C. tamandua is a single interbreeding

species. One possible explanation for the high within-species sequence variation at the
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mitochondrial level might rely on the wide geographic distribution of this species. Apart from
the Congo Basin, it also occurs in the Niger, Tchad/Shari and Volta river systems (Gosse,
1984). Possibly, the population size of this species might be large enough to maintain a
number of distinct mitochondrial lineages, though being homogeneous at the microsatellite
loci. Obviously, there might be a variety of historical and/or ecological scenarios behind this
hypothesis. To properly clarify this issue, additional samplings from the entire distribution
range of C. tamandua would be necessary, which was clearly beyond the scope of this study.

Basal in the phylogenetic tree, there is a single specimen (K15) and a clade comprised
of three specimens (clade E), both with poorly supported or unresolved placements (Fig. 2,
Feulner et al., 2006b). By morphological comparison with the type material, K15 is assigned
to C. bredoi and clade E to C. elephas (Feulner et al., 2006b). The assignment of K15 to C.
bredoi is problematic, because this specimen shows some particular features, e.g. a relatively
narrow elongated caudal peduncle. Furthermore, C. bredoi is only known from the headwater
region of the Congo River and has never been found in the section of the river we sampled
(Lower Congo). An extensive and focused sampling in the area coupled with an accurate
analysis of taxonomic characters would help to clarify the status of this single specimen,
which could possibly be a new species. Clade E is made up of three individuals and is clearly
monophyletic. Whether these three specimens represent a single interbreeding group or not is
hard to evaluate. The high genetic divergence within the clade and the slight but consistent
morphological differences among the individuals suggest that they could represent different
species, though forming a monophyletic group.

Clade D is genetically clearly differentiated and can be unambiguously identified as C.
tshokwe on morphological grounds. This clade is sister to a large group of individuals initially
attributed to C. numenius. Our genetic analyses detected a large amount of genetic
heterogeneity within this C. numenius group that could be easily split into at least three clades
(A, B, and C). Interestingly, all juvenile specimens of this group possess a uniform
morphology and EOD waveform, while they develop distinct differences in either traits at
maturity (Fig. 2B and 4, Feulner et al., 2006a). Our observations of the EOD development
during growth, of the EOD differences between adult morphs, and in light of the correct
assignment of the different morphs based on microsatellites to clades identified by unlinked
sequence data, all support the hypothesis of the presence of three cryptic species hidden
within the group. Taking advantage of the multiple comparisons we performed between adult
individuals of the group and the museum type material, we were able to attribute clades to the

following species: clade A to C. rhynchophorus, clade B to C. numenius, and clade C to C.
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compressirostris (Feulner et al., 2006b). But while morph A and B show radical changes
towards clearly distinct male adult EOD types and form well supported phylogenetic clades,
morph C does not form a single monophyletic clade. This is at odds with our microsatellite
data, as they indicate a single “morph C” species, with a high degree of genetic heterogeneity
within it (Table 1, Feulner et al., 2006a), possibly due to a larger effective population size. In
addition, fish of this species show little change in their morphological characteristics during
growth compared to the other two morphs (A and B) and their ontogenetic change in EOD
waveform is only slight (Fig. 2B and 4, Feulner et al., 2006a). In addition, four individuals
(K13, K14, K16, K42) sampled during a field trip to Brazzaville, Republic of the Congo,
turned out to represent an additional morph within clade C. The distinctiveness of these four
individuals is supported by microsatellites but is not visible in the phylogenetic analysis based
on sequence data. Unfortunately, we were not able to record EODs from these four fish,
nevertheless morphological analyses assigned them to C. curvirostris (Feulner et al., 2006b).
Our phylogeny suggests that clade A and B might have emerged from the
heterogeneous clade C. The non-univocal results we obtained on the remaining individuals
placed in the clade C may indicate that the differentiation within this group is not completed
yet. This view is supported by the fact that neither morphology and EOD nor genetic data
(though including a variety of markers with different evolutionary rates) have been able to
consistently recover an unambiguous pattern of relationships. Interestingly, clades A and B
considerably differ from clade C in their morphology (Fig. 5a, Feulner ef al., 2006b) as well
as in the EOD waveform (Fig. 2B and 4, Feulner et al., 2006a). This is not the case with the
clearly distinct clade F (C. tamandua). This species does not show such pronounced
differences. Its EOD is quite similar to that of individuals belonging to clade C. These
evidences strongly support our initial hypothesis (see point 1.4) that if the difference in the
EOD is an important mechanism promoting reproductive isolation, such a difference should

be more prominent among closely related species.

3.2 Electric organ discharge (EOD) as reproductive isolation mechanism

It has been hypothesised that characteristics of the EOD waveform function as a
reproductive isolation mechanism in mormyrids (Moller & Brown, 1990; Arnegard et al.,
2005). In our comprehensive analysis, we could evaluate the stability of the EOD waveform

in the genus Campylomormyrus over time after maturity, even under changing environmental
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conditions such as water conductivity (Feulner et al., 2006a). Behavioural studies to explore
individual signal and pattern recognition and well-controlled breeding experiments are still
lacking for this genus. Nevertheless, species recognition based on species-specific EODs has
already been proven for other mormyrid genera (Hopkins & Bass, 1981; Moller & Serrier,
1986) and there is already first knowledge of the reproductive strategy of Campylomormyrus
(Kirschbaum & Schugardt, 2002). Furthermore, there are numerous behavioural studies
stressing the importance of the EOD in the context of social communication (Hopkins & Bass,
1981; Bratton & Kramer, 1989; Crawford, 1991; Kramer & Kuhn, 1994 (Campylomormyrus);
Scheffel & Kramer, 2000; Werneyer & Kramer, 2002; Hanika & Kramer, 2005). In contrast
to a study on the genus Brienomyrus (Arnegard et al., 2005), we found convincing genetic
evidence for the existence of reproductive isolation among morphs displaying different EOD
types. These results are based on the phylogenetic analyses of sequence variation at different
independent markers and are furthermore confirmed by a microsatellite analysis of 16
unlinked loci (Feulner et al., 2005; Feulner et al., 2006b; Feulner ef al., 2006a). For the genus
Brienomyrus, an EOD analysis demonstrated that allopatric taxa tend to show more overlaps
in their EOD waveforms than sympatric taxa (Arnegard & Hopkins, 2003). This is a first
indication that signal distinction might be enhanced among sympatric species, relative to the
allopatric ones. We found a similar trend when we compared genetic data and EOD
differentiation. The monophyletic group consisting of clades A, B, and C shows a pronounced
difference in their EODs. On the other hand, C. famandua, a genetically distinct species,
possesses a EOD waveform very similar to that of clade C (Fig. 2B and 4, Feulner et al.,
2006a). This finding is consistent with our hypothesis that the EOD might function as a
reproductive isolation mechanism among these clades (A, B, and C). Furthermore, the
ontogenetic shift in EOD observed especially in adult males underscores the importance of
this trait for mate recognition (Fig. 2B and 4, Feulner et al., 2006a). This might be a first
indication that clades A, B, and C split from each other in sympatry, while C. tamandua might
have originated in allopatry. This hypothesis is in agreement with the current distribution of
these taxa (Fig.1 and Table 1, Feulner et al., 2006b). Nevertheless, behavioural studies and
breeding experiments as well as samplings of C. tamandua in geographically distant
(allopatric) locations are still needed to clarify this issue.

Whether EOD divergence is the cause or the effect of speciation remains a point still
to be evaluated. Either it might have played a key role as reproductive isolation mechanism
during a possible sympatric speciation, or it might have diverged after speciation driven by

other factors. Nevertheless, there are evidences from other studies supporting our idea of
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reproductive isolation via assortative mating based on EOD characteristics. In cichlids,
colour-assortative mating is the causal factor promoting reproductive isolation (van Oppen et
al., 1998; Wilson et al., 2000; Maan et al., 2004; Salzburger et al., 2006). Furthermore, the
heritability of female preference in cichlids (Haesler & Seehausen, 2005) and the importance
of sexual selection for maintaining reproductive barriers between species (Sechausen et al.,
1997; Salzburger et al., 2006) have also been demonstrated. Similarly, there are theoretical
studies stressing the importance of sexual selection during speciation (van Doorn ef al., 1998;
Kirkpatrick & Ravigne, 2002). At the same time, there is a general consensus that sympatric
speciation by sexual selection alone is unlikely (Arnegard & Kondrashov, 2004; Kirkpatrick
& Nuismer, 2004; van Doorn et al., 2004). Consequently, a proper evaluation of additional
factors that might also have been involved in the potential sympatric speciation of weakly

electric fish is required.

3.3 Morphology as an indicator for adaptation to different ecological niches

Taking advantage of a morphometric analysis based on eleven landmarks we could
demonstrate that in Campylomormyrus phylogenetic clades recovered by genetic data also
differ in their morphology (Fig. 4 and 5, Feulner et al., 2006b). All these phylogenetic clades,
which possess unique EOD types, show a clear and consistent differentiation in their shape
morphology. The pattern of morphological differentiation nearly perfectly matches the
patterns we recovered for EOD and genetic variation. Once again, clades A and B are more
explicitly differentiated than C. tamandua (Fig. 5a, Feulner et al., 2006b), strengthening our
hypothesis that a combination of allopatric and sympatric speciation processes might be
responsible for the differentiation we presently observe in the genus. Visualization of the
shape differences among clades reveals that these are almost entirely confined to changes in
the trunk-like snout. Variations are apparent in the length and in the angle relative to the body
axis (Fig. 4b, Feulner et al., 2006b). Campylomormyrus feed on insect larvae which burrow
into, or hid within interstitial spaces and holes in clay sediments of river channels (Marrero &
Winemiller, 1993). Consequently, different shapes of the snout might have led to differential
exploitations of food sources. Testing this hypothesis would require the analyses of stomach
contents, which could not be accommodated in the present study. We nevertheless believe that
the variation in the shape of the snout we have evidenced might at least be a first (though

indirect) indication of the presence of different feeding strategies in Campylomormyrus.
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We therefore hypothesise that, besides sexual selection, also ecological factors (i.e.
niche shifts) played an important role during the adaptive radiation of these fish. When
reproductive isolation evolves as a consequence of resource-based divergent natural selection
and resource competition, the process can be regarded as ecological speciation (Schluter,
1996a,b). In ecological speciation processes, barriers to gene flow evolve between
populations as a result of ecologically-based divergent natural selection (Schluter, 2000;
Rundle & Nosil, 2005). There is an increasing amount of evidence, especially in fish,
suggesting that trophic differentiation is the main factor behind ecological speciation (Denoel
et al., 2004; Horstkotte & Strecker, 2005; Kahilainen & Ostbye, 2006); other studies could
also correlate such phenotypic differences to genetic divergence (Gislason et al., 1999;
Schliewen et al., 2001; Barluenga et al., 2006; Kidd et al, 2006). Moreover, there is
theoretical evidence suggesting a prominent role for ecologically driven speciation in
sympatry (Dieckmann & Doebeli, 1999), as well as case studies, which demonstrate that
ecological rather than geographic separation has resulted in the evolution of reproductive
barriers (Hollander et al., 2005). Nevertheless, ecological speciation is merely a hypothesis
about mechanisms of selection and does not take into account any consideration of the
geographical arrangement of populations (Schluter, 1996b). Consequently, the concept of
ecological speciation can also be applied to a riverine context as that under study, where
species’ ranges might either be completely sympatric, fully allopatric or a mixture of these

two alternate situations.

3.4 Adaptive radiation in African weakly electric fish

Weak electricity must have been a key innovation for the whole group of mormyrids.
Certainly, there has been a rapid and extensive speciation within mormyrids if compared to
their sister taxon, the monotypic gymnarchids and to the overall species-poor group of
osteoglossomorpha. In contrast to the monotypic gymnarchids, which possess a wave type
electric organ discharge (EOD), mormyrids produce a pulse type EOD. This difference might
have been one of the causal factors, if not the crucial one, triggering the radiation of the
group. The achievement of weak electricity could have opened new ecological opportunities
and, consequently, a new path for evolution. We found strong evidence that the mormyrid
pulse type EOD potentially functions as an effective reproductive isolation mechanism via

assortative mating, even in sympatry. There are models suggesting that sympatric speciation
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can be driven by sexual selection alone (Higashi et al., 1999; Lande et al., 2001). Such a
scenario is nevertheless questionable, because some ecological differentiations are also
required to stabilize the coexistence of incipient species through frequency-dependent
selection (Arnegard & Kondrashov, 2004; Kirkpatrick & Nuismer, 2004; van Doorn et al.,
2004). Sexual selection would promote the splitting of species, whereas niche differentiation
prevents the extinction of species by competitive exclusion (van Doorn et al., 1998).
Phenotypic differences evolving in sympatry are primarily the outcome of markedly different
selection pressures in alternative habitats; this especially holds true when competition for food
is involved (Schluter, 1996a). For the genus Campylomormyrus, we could identify these
phenotypic differences in the length and relative angle of the trunk-like snout. A link between
this variation and a possible displacement of the trophic niche seems straightforward.
Therefore, we identified not only a possible mechanism for sexual selection, but also a
phenotypic feature on which disruptive selection could act. According to Kondrashov &
Kondrashov (1999) sympatric speciation from disruptive selection and assortative mating is
even possible, when variability of fitness and mate choice depends on different, independently
inherited quantitative traits. This seems to be the case for Campylomormyrus. Here, the two
independent traits would be the shape of the snout and the EOD characteristics, which in turn
depend on the morphology and physiology of the electrocytes that constitute the mormyrid
electric organ (Bass, 1986; Arnegard & Hopkins, 2003). Apart from that, there are well
studied examples demonstrating that different ecological adaptations in combination with
assortative mating may lead to sympatric speciation (Schliewen et al., 2001; Barluenga et al.,
2006). Sympatric speciation is hard to prove in a riverine context, especially in a basin as vast
as the Congo, where migration events from nowadays-unconnected river systems might have
occurred sometimes in the past. Due to the intrinsic characteristics of the riverine system we
investigated, we are not in the position to assume an exclusively sympatric origin for our
species, as required by Barluenga et al. (2006) criteria (see point 1.3). Nevertheless, we
believe that this study provides a convincing scenario for a parapatric, if not fully sympatric
origin of some of the Campylomormyrus species we analysed. Overall, our findings support
the view that disruptive selection can be a potent driving force of speciation also in parapatry,
even though adaptive speciation requires ecological contact between diverging lineages and is
therefore often equated with sympatric speciation (Doebeli & Dieckmann, 2003; Doebeli et
al., 2005). But even though sympatry could not be satisfactorily shown, we found a
convincing agreement with Schluter’s four criteria for an adaptive radiation (Feulner et al.,

2006b): (1) The genus Campylomormyrus is clearly characterised by its own morphology and
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our phylogenetic analyses (Feulner et al., 2006b), as well as previous studies based on an
higher numbers of mormyrid genera (Alves-Gomes & Hopkins, 1997; Lavoué et al., 2000;
Sullivan et al., 2000; Lavoué et al., 2003) confirmed its monophyletic status (criterion of
“common ancestry”). (2) All species identified on genetic grounds significantly differ in an
important morphological trait, i.e. their trophic apparatus. This is a first indication for a
correlation with their feeding habitat (criterion of “phenotype-environment correlation”). (3)
Because the morphological difference is pronounced in the shape of the snout, an impact with
the accessibility of specific food sources is supposable (criterion of “trait utility”). (4)
Compared to contemporary clades, there is a high rate of lineage splitting both in the
mormyrids in general, in reference to the Gymnarchidae and the Osteoglossomorpha, as well
as within the genus Campylomormyrus, especially in the group composed of clades A to D
(criterion of “rapid speciation”). In conclusion, this study provides a first robust phylogenetic
hypothesis for the genus Campylomormyrus. This hypothesis is based on different
independent sequence markers and further confirmed by microsatellite data as an independent
line of evidence. Additionally, my investigations show convincing evidence for an adaptive
radiation within African weakly electric fish triggered by sexual selection. In mormyrid fish
sexual selection can act via assortative mating based on EOD waveform characteristics, but
the EOD might just be the trigger not the cause for the radiation. We suppose that speciation
is caused by disruptive selection of morphological traits related to ecological (trophic)

differentiation.
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4 Abstract

The ultimate aim of this study is to better understand the relevance of weak electricity
in the adaptive radiation of the African mormyrid fish. The chosen model taxon, the genus
Campylomormyrus, exhibits a wide diversity of electric organ discharge (EOD) waveform
types. Their EOD is age, sex, and species specific and is an important character for
discriminating among species that are otherwise cryptic. After having established a
complementary set of molecular markers, I examined the radiation of Campylomormyrus by a
combined approach of molecular data (sequence data from the mitochondrial cytochrome b
and the nuclear S7 ribosomal protein gene, as well as 18 microsatellite loci, especially
developed for the genus Campylomormyrus), observation of ontogeny and diversification of
EOD waveform, and morphometric analysis of relevant morphological traits. I built up the
first convincing phylogenetic hypothesis for the genus Campylomormyrus. Taking advantage
of microsatellite data, the identified phylogenetic clades proved to be reproductively isolated
biological species. This way I detected at least six species occurring in sympatry near
Brazzaville/Kinshasa (Congo Basin). By combining molecular data and EOD analyses, I
could show that there are three cryptic species, characterised by their own adult EOD types,
hidden under a common juvenile EOD form. In addition, I confirmed that adult male EOD is
species-specific and is more different among closely related species than among more
distantly related ones. This result and the observation that the EOD changes with maturity
suggest its function as a reproductive isolation mechanism. As a result of my morphometric
shape analysis, I could assign species types to the identified reproductively isolated groups to
produce a sound taxonomy of the group. Besides this, I could also identify morphological
traits relevant for the divergences between the identified species. Among them, the variations
I found in the shape of the trunk-like snout, suggest the presence of different trophic
specializations; therefore, this trait might have been involved in the ecological radiation of the
group. In conclusion, I provided a convincing scenario envisioning an adaptive radiation of
weakly electric fish triggered by sexual selection via assortative mating due to differences in
EOD characteristics, but caused by a divergent selection of morphological traits correlated

with the feeding ecology.
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5 Abstract (German version)

Das iibergreifende Ziel dieser Arbeit ist das bessere Verstindnis der Bedeutung der
schwachen Elektrizitit fiir die adaptive Radiation der Mormyriden Afrikas. Das gewéhlte
Modell-Taxon, die Mormyriden-Gattung Campylomormyrus, zeigt eine grofle Vielfalt an
elektrischen Entladungsformen. Diese Entladungsformen sind alters-, geschlechts-, sowie
artspezifisch und ein wichtiges Unterscheidungskriterium von ansonsten kryptischen Arten.
Ich untersuchte die Radiation der Gattung Campylomormyrus anhand eines kombinierten
Ansatzes aus molekularen Daten (Sequenzdaten des mitochondrialen Cytochrom b Gens und
des nukledren S7 ribosomalen Protein-Gens, sowie 18 Mikrosatelliten, speziell von mir
entwickelt fiir die Gattung Campylomormyrus), Beobachtungen der Ontogenie und der
Diversifikation der Entladungsform, sowie morphometrische Auswertungen der Gestalt
relevanter morphologischer Merkmale.

Ich erstellte eine erste phylogenetische Hypothese fiir die Gattung Campylomormyrus. Durch
meine Mikrosatellitendaten, die als unabhéngiger Beweis dienten, konnte ich zeigen, dass die
identifizierten phylogenetischen Gruppen reproduktiv isolierte biologische Arten sind. Auf
diese Weise konnte ich mindesten sechs Arten nachweisen, die in Sympatrie nahe
Brazzaville/Kinshasa (Kongo-Becken) vorkommen. Durch die Ubereinstimmung von
molekularen Daten und Entladungsformen konnte ich drei kryptische Arten unterscheiden, die
sich hinter einheitlichen juvenilen Entladungsformen verbergen, sich aber zu verschiedenen
adulten Formen entwickelten. Des Weiteren konnte ich zeigen, dass die adulten ménnlichen
Entladungsformen artspezifisch sind und, dass der Unterschied in der Entladungsform
zwischen nah verwandten Arten deutlicher ausgepragt ist als zwischen entfernter verwandten
Arten. Dieses Ergebnis und die Beobachtung, dass sich die Entladungsform bei der
Geschlechtsreife &ndert, weisen darauf hin, dass die Entladungsform als reproduktiver
Isolationsmechanismus dient. In einer morphometrischen Gestalt-Analyse verglich ich das
Typen-Material der beschriebenen Arten mit den zuvor ermittelten reproduktiv isolierten
Gruppen, um auf diese Weise deren Art zu bestimmen. Uberdies konnte ich maBgebliche
morphologische Unterscheidungsmerkmale identifizieren. Diese duBern sich hauptsédchlich in
der Gestalt der riisselartigen Schnauze, konnten daher mit einer trophischen Spezialisierung
einhergehen und eine okologische Artbildung ermdglichen. Zusammenfassend entwickelte
ich, in Ubereinstimmung mit anderen Untersuchungen und theoretischen Uberlegungen, eine

plausible Hypothese einer adaptiven Radiation der schwach-elektrischen Fische Afrikas,
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ausgelost durch sexuelle Selektion. Diese wirkt durch assortative Verpaarung, basierend auf
Charakteristika der elektrischen Entladungsform. Verursacht wird der Prozess der adaptiven
Radiation jedoch durch divergierende Selektion morphologischer Merkmale, die in Bezug zur

Nahrungsokologie stehen.
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Abstract

We describe isolation and characterization of the first microsatellite loci specifically devel-
oped for African weakly electric fish (Mormyridae), for the genus Campylomormyrus.
Seventeen of our 18 loci are polymorphic within the Campylomormyrus numenius species
complex. The polymorphic loci showed four to 15 alleles per locus, an expected heterozy-
gosity between 0.46 and 0.94, and an observed heterozygosity between 0.31 and 1.00. Most
primers also yield reproducible results in several other mormyrid species. These loci com-
prise a set of molecular markers for various applications, from moderately polymorphic loci
suitable for population studies to highly polymorphic loci for pedigree analysis in mormyrids.

Keywords: African weakly electric fish, Campylomormyrus numenius, cross-species amplification,

microsatellites, Mormyridae
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The endemic African mormyrids comprise the single
largest group of electric fish worldwide (Alves-Gomes &
Hopkins 1997). Mormyrid fish (Mormyridae) belongs to
the Osteoglossomorpha, which is considered as one of the
phylogenetically basal groups of extant teleosts (Lauder &
Liem 1983). They are characterized by the derived (syna-
pomorphic) presence of electric organs, matched electro-
receptors and a greatly enlarged cerebellum, among other
characters (Taverne 1972). While primers for some mito-
chondrial (cytochrome b, 12S and 165 rRNA) and nuclear
genes (RAG2, S7 ribosomal protein gene) are available
(Alves-Gomes & Hopkins 1997; Lavoué et al. 2000, 2003;
Sullivan et al. 2000), no microsatellite studies on African
weakly electric fish have been conducted so far. Here, we
present the first microsatellite primers specifically developed
for mormyrids, especially for the genus Campylomormyrus.

Genomic DNA was extracted from dorsal fin clips of 13
fishes of the Campylomormyrus numenius species complex,
originating from the Congo Basin (Central Africa), using
the DNeasy DNA extraction kit (QIAGEN) according to

Correspondence: Ralph Tiedemann, Fax: +49-331-977-5070; E-
mail: tiedeman@rz.uni-potsdam.de

the manufacturer’s instructions. In order to assess the
cross-species amplification of our new primers, we also
obtained genomic DNA from several species of other
mormyrid genera: Brienomyrus niger, Gnathonemus petersii,
Hippopotamyrus pictus, Mormyrus rume proboscirostris, and
Petrocephalus soudanensis.

A microsatellite-enriched genomic DNA library was
constructed from a total DNA extract of a Campylomormyrus
numenius fin sample according to Hamilton et al. (1999)
and Paulus & Tiedemann (2003). Genomic DNA was
simultaneously restricted with Nhel, Haell, Rsal, and Alul.
After treatment with mung bean exonuclease and calf
intestinal phosphatase, genomic DNA fragments were
blunt-end ligated to SNX linkers and polymerase chain
reaction (PCR) amplified with linker primers. Fragments
were hybridized with 5-biotin labelled microsatellite
probes ([GA],; and [GTl,5), conjugated with streptavidin-
coated magnetic beads (Dynal), and extracted with a mag-
netic device. After a further PCR amplification, fragments
were restricted with Nhel at a restriction site within the
linker, ligated into Bluescript plasmids, and transformed
into competent Escherichia coli (XL1-Blue MRF’, Stratagene).
Recombinants were identified by blue-white-selection,

© 2005 Blackwell Publishing Ltd
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Table 1 Characteristics of 18 microsatellites in the genus Campylomormyrus and the applicability of primers to other mormyrids

Characteristics in Campylomormyrus

Amplifiable sizes in other mormyrids

(— indicates no PCR product)

GenBank Repeat No. of Allele
Primer name and sequence (5'-3") Accession no. sequence T, n alleles size Hy H, Gp Ps Bn Mr Hp
CampGTI35F GCTTCATAATCCCCATCTTGCT AJ865352 (GT)y5 55 5 6 122-138  0.89  0.60 92 — — — —
CampGTI35R GGGAGAACTTGCACAATCGGT
CampGTII6bF GTTTCAATGAAAACGCCAAACG AJ865353 (TG)g 50 13 14 144-188 094 061 144 — 158  — 148
CampGTII6bR GCCTGAGCCAGTCCCGTCTGTT
CampGAI2S8F GCCAGCTGTGGGGAACTTCAAA AJ865354 (GR);,AA(GR)5 5, 13 7 173-219 082 046 175 176 167 185 171
CampGAI28R GAGCTGCCGACATCCACTTCCG 189
CampGTIII41F GTTTTCTCATATTAATCTGTGC  AJ865355 (GD),CT(GD),CT(GT), 55 13 4 177-195 048 031 18 173 18 173 199
CampGTIII41R GTAGGTTAGCAGTGTCTTATCA 175
CampGTI19F GTCGGCTGAATGGAGTGACACT AJ865356 (GD)y, 5 13 6 188-202 056 046 186 228 150 196 198
CampGTI19R GTCAAGTTGAGGGATATGCTGC 186
CampGTII2aF GTTCATGTGTTAAATCAAGGCG AJ865357 (GT)y 5, 13 11 193-249 085  0.69 227 227 219 — 249
CampGTII2aR GGGAAATCAAAATGGTGACAG 255
CampGAII26F GTGAGGCTGATGAGCACAACAT AJ865358 (GT)(GGCA(GR) 4 55 13 6 208-228 072 046 250 — — — —
CampGAII26R GCCTGGCTCTCAACAACCTGTG
CampGTII27F GATCAGTGTTCTTTTTCAAAT AJ865359 (GT)sGC(GT),TT(GT), 50 13 1 279 0.00 000 267 — — - —
CampGTII27R GGGAACTGTAGTAAAATAAAG
CampGAIII8F GTCTTCTCTGATTAACTGCTCT AJ865360 (GR);AAGC(GR),, 5, 13 13 379-433 082 0.69 405 — — — —
CampGAIIISR GTAGAACAAATGTTCCTTCGT
CampGTI18aF GCCAGAAAGGATGTCCCAGCTC AJ865361 (GT);GC(GT), 55 13 4 150-158 046 038 192 - 158 140 170
CampGTI18aR GGACCCCCCACTGACAAATTT 202
CampGTI39F GTCACTCAATGTATAAAATGCA AJ865362 (GT)4 5, 13 13 171-213 092 085 201 — — — —
CampGTI39R GAGATGTGAAAACTGAGCAACT 215
CampGTIII4bF GTTCCACTTCTATGCTTCCCTG  AJ865363 (GT), 5, 13 14 194-236 094 100 190 — — 190 182
CampGTIII4bR GTGTCACAATTTCTTAACGCCA 202
CampGAI8F GACATTGTCTGAACTGAAACGA AJ865364 (GR), 55 13 13 177-215 092 092 193 — — — —
CampGAI8R GCTTCTGTTGTTGAGGGCTTAA
CampGAIl14F GGTTCCCCGTTGGTTCTGTCT AJ865365 (GR)yy 55 13 15 189-237 094 092 181 — — — 183
CampGAIT4R GCATCCAGGGCTTTCACTTTCC
CampGAII17F GCAAGGTGCATTATTGCGATTT  AJ865366 (G, 5, 13 9 222-244 086 0.69 214 214 236 228 216
CampGAII17R GCCTGTCAAGTCCCGACTCACG
CampGTIl6aF GTTGGACCTGAAATGTAAGAT AJ865367 (GATG),, 48 13 10 188-236  0.87 085 188  — 184 200 180
CampGTII6aR GACTTGCACATCTGTCACCTAT 188 204
CampGAII42F GTCATGAGGTCAGTAGGAAGAA AJ865368 (GR)5AG(GR) ¢ 5, 13 10 345-376  0.86 092 360 360 414 356 348
CampGAII42R GATGGAGAGTTGTTTTGAAGAA 430 368
CampGAIII4F GATGAATGAACTGGCGAGATGC AJ865369 (GR)y4 52 13 11 450-494 081 054 470 — — — —
CampGAIII4R GTCACTTCCACCTTCCCTTAGC

T, (°0), PCR annealing temperature; 1, number of Campylomormyrus specimens analysed; Hy, expected heterozygosity; H,, observed heterozygosity; Gp, Gnathonemus petersii;
Ps, Petrocephalus soudanensis; Bn, Brienomyrus niger; Mr, Mormyrus rume proboscirostris; and Hp, Hippopotamyrus pictus.
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blotted onto a nylon membrane, and again hybridized with
the microsatellite probes. Positive clones were detected using
the Phototope-Star chemiluminescent detection kit (New
England Biolabs), sequenced with the BigDye version 1.1
Terminator Cycle Sequencing Kit (Applied Biosystems),
and analysed on an AB 3100 multicapillary automatic
sequencer (Applied Biosystems). Primers were constructed
from flanking regions of microsatellite loci (Table 1). To
facilitate cloning of PCR products for allele-specific DNA
sequencing using the TOPO TA Cloning Kit (Invitrogen),
we designed primers starting on guanin (G) at the 5"-end.
About 100 ng of genomic DNA were used as template.
The PCR was performed in a total volume of 37.5 uL, con-
taining 1 mm Tris-HCl, pH 9.0, 5 mm KCl, 0.15 mm MgCl,,
0.2 mm of each dANTP, 0.13 um of both forward and reverse
primers (forward primer was 5’-fluorescence-labelled),
and 0.75 U Tag polymerase (Qbiogene). Amplifications
were performed in a Biometra TGradient thermocycler
according to the following reaction profile: one cycle at
95 °C for 5 min, 40 cycles at 94 °C for 1 min 30 s, at the locus-
specific annealing temperature (T, in Table 1) for I min 15 s,
72 °C for 1 min 30 s, and a final extension at 72 °C for 7 min.
Fragment size was determined on an AB 3100 automatic
sequencer, using the GENEMAPPER version 3.5 software and
an internal size standard (LIZ500, Applied Biosystems).
We identified 18 new microsatellite loci for Campylo-
mormyrus numenius, of which 17 are polymorphic. No link-
age disequilibrium among the loci was detected, except for
two pairs of loci. Data analysis using the ARLEQUIN software
(Schneider et al. 2000) indicates linkage disequilibrium
between CampGAII26 and CampGAIIl4 as well as between
CampGTI39 and CampGAIll4. The polymorphic loci had
four to 15 different alleles, an expected heterozygosity (Hy)
from 0.46 to 0.94, and an observed heterozygosity (H)
from 0.31 to 1.00 (Table 1). A few loci exhibited heterozygote
deficits. Because of small sample size, however, we were
unable to discriminate, whether this was caused by null
alleles, population subdivision, or stochastic effects. These
first microsatellite loci specifically developed for African
weakly electric fish of the genus Campylomormyrus comprise
a set of molecular markers for various applications, from
moderately polymorphic loci suitable for population studies
to highly polymorphic loci for pedigree analysis. We also

investigated the cross-species amplification with our primers
in species of several other mormyrid genera. Most primers
yield reproducible results in several mormyrid species
(Table 1), indicating their potentially wide applicability.
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Abstract

For two sympatric species of African weakly electric fish, Campylomormyrus tamandua and Campylomormyrus numenius, we moni-
tored ontogenetic differentiation in electric organ discharge (EOD) and established a molecular phylogeny, based on 2222 bp from cyto-
chrome b, the S7 ribosomal protein gene, and four flanking regions of unlinked microsatellite loci. In C. tamandua, there is one common
EOD type, regardless of age and sex, whereas in C. numenius we were able to identify three different male adult EOD waveform types,
which emerged from a single common EOD observed in juveniles. Two of these EOD types formed well supported clades in our phyloge-
netic analysis. In an independent line of evidence, we were able to affirm the classification into three groups by microsatellite data. The
correct assignment and the high pairwise Fgp values support our hypothesis that these groups are reproductively isolated. We propose

that in C. numenius there are cryptic species, hidden behind similar and, at least as juveniles, identical morphs.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Cryptic species; Electric fish; Mormyridae; Campylomormyrus; Phylogeny; Microsatellite; EOD polymorphism; Ontogeny

1. Introduction

With at least 188 described species (Gosse, 1984), the
mormyrid weakly electric fishes (Mormyridae) comprise
one of the most diverse clades of freshwater fishes from
Africa and the single largest known group of electric fishes
(Alves-Gomes and Hopkins, 1997). Together with their sis-
ter taxon, the monotypic Gymnarchidae, they form the
Mormyroidea. Mormyroidea are endemic to Africa and
belong to the Osteoglossomorpha, considered one of the
phylogenetically basal groups of extant teleosts (Lauder
and Liem, 1983). The monophyly of Mormyroidea as well
as the sister relationship between Gymnarchidae and Mor-
myridae is supported by morphological data and molecular

* Corresponding author. Fax: +49 331 977 5070.
E-mail address: tiedeman@rz.uni-potsdam.de (R. Tiedemann).

1055-7903/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2005.09.008

analysis (Alves-Gomes and Hopkins, 1997; Nelson, 1994,
Sullivan et al., 2000; Taverne, 1972). However, at and near
the species level, the existing morphological and molecular
data sets support conflicting phylogenies (Lavoué et al.,
2000; Sullivan et al., 2000). Very few molecular data are
available for the mormyrid genus Campylomormyrus, the
main object of the current study. According to Lavoué et al.
(2000, 2003) and to Sullivan et al. (2000), Campylomormy-
rus 1s considered monophyletic with Campylomormyrus
numenius and Campylomormyrus tamandua placed as each
other’s closest relatives, i.e., sister taxa. However, such a
phylogenetic hypothesis awaits support by the analysis of a
higher number of taxa. Indeed, the number of species cur-
rently described for this genus varies between 3 and 16 (Poll
et al, 1982; Roberts and Stewart, 1976; Taverne, 1972);
according to the list of the freshwater fishes of Africa
(Gosse, 1984), Campylomormyrus includes 14 species.
C. numenius, as most of the species included in the genus, is
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endemic to a single river system, the Congo and its tribu-
tary streams (Fig. 1): Its putative sister taxon, C. tamandua
occurs sympatrically in the Congo river, but also in the
river systems of Niger, Tchad/Shari, and Volta (Fig. 1).
Interestingly, Campylomormyrus exhibits a wide diversity
of electric organ discharge (EOD) waveform types, which
may be used as an important character for discrimination
among species that are otherwise cryptic (Hopkins, 1999).
Weakly electric fishes detect objects and analyse their
electrical properties by measuring distortions in a self-pro-
duced electrical field, a process called active electrolocation
(Bastian, 1994; Lissman and Machin, 1958; von der Emde,
1999). In addition, the EOD of weakly electric fish plays an
essential role in social communication (Hopkins and Bass,
1981; Kramer and Kuhn, 1994; Werneyer and Kramer,
2002). The EOD is species-specific (Bass, 1986; Crawford
and Huang, 1999; Kramer and Kuhn, 1994), and species
recognition depends on a two-spike code characterizing the
EOD (Hopkins and Bass, 1981). There is also evidence that
the EOD may allow for individual identification and dis-
crimination (Crawford, 1992; Crawford and Huang, 1999;
Friedman and Hopkins, 1996). Many mormyrid species
show sex differences in EOD at least during the breeding
season (Crawford, 1991; Crawford and Huang, 1999;
Friedman and Hopkins, 1996; Hopkins and Bass, 1981;
Landsman, 1993; Westby and Kirschbaum, 1982). Mor-
myrids discriminate between the EODs of conspecifics and
heterospecifics and between those of males and females,
based on the temporal pattern of the EOD, i.e., the duration
and shape of the EOD waveform (Hopkins and Bass, 1981).
Therefore, EOD plays a key role in pair formation, mating,

Congo basin

Fig. 1. Geographic location of the African river systems in which Camp-
ylomormyrus occurs. Most species are endemic to the Congo basin.
*depicts the sampling location at Kinshasa/Brazzaville.

and social attraction (Bratton and Kramer, 1989; Craw-
ford, 1991; Kramer and Kuhn, 1994). As an effective pre-
zygotic isolation mechanism, the EOD might have been of
paramount importance for speciation during the diversifi-
cation of mormyrid fish (Sullivan et al., 2002). Previous
studies have aimed at correlating the EOD mode and the
phylogeny throughout the entire Mormyridae (Lavoué
et al,, 2000, 2003; Sullivan et al., 2000). However, the impor-
tance of EOD as a factor during speciation per se has not
been addressed specifically.

We hypothesize here that—as a feature for species rec-
ognition—EOD potentially provides an important isola-
tion mechanism, which can promote sympatric speciation.
Under our hypothesis, we predict that (1) differences in the
EOD are indeed confined to reproductively isolated groups
of specimens and (2) closely related species should be
expected to exhibit significantly different EODs. In this con-
text, it is crucial to be aware of the EOD changes during
ontogeny of single individual specimens: Larvae of those
mormyrids investigated so far possess a larval electric
organ with an EOD very different from the adults’ EOD
(Denizot et al., 1982; Kirschbaum, 1977; Westby and Kirs-
chbaum, 1977, 1978). Later in ontogeny, the larval electric
organ degenerates and is substituted by the adult’s electric
organ, located in the caudal peduncle (Kirschbaum, 1981).
Importantly, the EOD of the adult’s electric organ can
exhibit a dramatic shift, from a juvenile EOD during ado-
lescence to an adult EOD confined to specimens above a
threshold body size and presumably associated with sexual
maturity (Schugardt and Kirschbaum, 2002). We argue that
neglecting these ontogenetic changes in EOD potentially
compromises some previous studies on species-specific
EODs, as these EODs might comprise an erratic mixture of
juvenile vs. adult EODs, depending on the body size of the
specimens collected.

To better understand the role of adult EOD during spe-
ciation, we specifically investigated C. numenius. For the
genus Campylomormyrus, Lovell et al. (1997) demonstrated
the existence of striking different EODs among morpholog-
ically indistinguishable specimens. In addition, C. numenius
shows identical juvenile EODs while individuals develop
different adult EODs during ontogeny, a phenomenon not
reported from any other mormyrid species so far. This evi-
dence suggests that C. numenius could be comprised of a
complex of cryptic distinct species, rather than a single spe-
cies. To evaluate this hypothesis, we intensively observed 21
specimens of C. numenius—sampled in the same geographic
area (Congo River near Kinshasa)—during their ontogeny
and compared them to a group of 19 individuals of its puta-
tive sister species, C. tamandua. These two species occur in
sympatry and show remarkable morphological differences.
We designed this study to compare ontogenetic observa-
tions of EOD development to a molecular phylogeny,
based on a selection of mitochondrial and nuclear genes
(cyt b: the complete mitochondrial cytochrome b gene,
1142 bp; S7: the first and second introns as well as the sec-
ond exon of the nuclear gene coding for the S7 ribosomal
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protein, 895bp; fir: four flanking regions of unlinked
microsatellite loci, 185bp; for a total of 2222bp). As an
independent line of evidence, we analysed length polymor-
phisms at 16 microsatellite loci for all the specimens of C.
numenius. The ultimate goal of this study is to better under-
stand the relevance of weak electricity in the speciation pro-
cesses of the C. numenius group.

2. Materials and methods
2.1. Sampling location and maintenance of Mormyrids

For this study, we examined 21 specimens of C. nume-
nius obtained as juveniles (total length less than 14cm)
from the Congo River near Kinshasa (Fig. 1). At the date of
capture, they showed uniform dark colouration and no
morphological differences. We compared this group to 19
C. tamandua captured at the same site, a clearly distinct
species characterised by a peculiar colour pattern com-
prised of striking yellow bands. We maintained these fishes
during an extended period of time (from two to ten years),
such that we were able to monitor morphological as well as
electrophysiological changes during ontogeny. General
keeping conditions are described elsewhere (Kirschbaum
and Schugardt, 2002; Schugardt and Kirschbaum, 1998).
As an outgroup for the phylogenetic analysis, we obtained
one Gnathonemus petersii specimen; Gnathonemus is consid-
ered to be the sister genus of Campylomormyrus (Lavoué
et al., 2000, 2003; Sullivan et al., 2002).

2.2. Measurements of EOD

To record a fish’s EOD, we placed each specimen indi-
vidually into a plastic container, where its mobility was
restricted. The container was filled with water from the
respective fish tank (water temperature 27 + 1 °C). An elec-
trode was positioned at each end of the fish, the positive
electrode near its head and oriented parallel to its body
axis. After a short period of acclimation, the preamplified
EOD was displayed and stored on an oscilloscope (TDS
3100B series digital phosphor oscilloscope, ADA 400 A
differential preamplifier, Tektronix, Beaverton, USA).
Because we regularly measured the EOD of each fish over
the course of years, we were able to document ontogenetic
changes and determine groups with identical adult EOD
signal forms. We examined EOD variation among types of
signal forms by overlaying amplitude-normalized plot of
electric recordings. These were centred on the major head-
positive peak and plotted on the same time base (described
in Arnegard et al., 2005).

2.3. DNA sequence analysis

For tissue samples, we anesthetized the fishes with the
fish anaesthetic MS222 (tricaine methane sulfonate) and
cut off a small piece of the dorsal fin (which healed within a
few weeks). The fin clip was stored in 1 ml of tissue buffer

(Seutin et al., 1991). Genomic DNA was extracted using the
DNeasy DNA extraction kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions.

We chose to analyse the complete mitochondrial cyto-
chrome b gene (cyt b: 1142bp) because earlier studies
using this marker in mormyrids (Lavoué et al., 2000, 2003;
Sullivan et al., 2000, 2002) indicated its utility as a species-
specific marker. We additionally selected several unlinked
nuclear markers, which showed informative polymor-
phisms in a preliminary screening of a few individuals:
These are an 895 bp portion of the nuclear gene coding for
S7 ribosomal protein gene and short flanking regions (flr:
between 31 and 71bp, in total 185bp) of four different
microsatellite loci. All PCRs were performed according to
Feulner et al. (2005), with the following locus-specific con-
ditions. (1) cyt b: primers 114724 and H15930 (Palumbi,
1996), annealing temperature 7, =48 °C; (2) S7: primers
S7RPEXI1F and S7Ex3Ralt (Chow and Hazama, 1998;
Lavoué et al,, 2003), 7, =55.7°C; (3) flr: primers Camp-
GAIII8F/R, CampGTII9F/R, CampGTII2aF/R, and
CampGTII27F/R (Feulner et al., 2005), T, =50 or 55°C,
respectively. We purified our PCR products with the QIA-
quick PCR purification kit (Qiagen, Hilden, Germany).
We sequenced cyt b and S7 in both directions with the
primers used for amplification. The following primers
were used for sequencing of flanking regions of four
microsatellite loci: CampGAIII8R, CampGTI19F, Camp-
GTII2aF, and CampGTII27R (Feulner et al., 2005). For
sequencing, we used the BigDye v3.1 Terminator Cyclese-
quencing Kit (Applied Biosystems, Foster City, USA).
The Multiscreen-HV (Millipore, Bedford, USA) purified
products were analysed on an AB 3100 multicapillary
automatic sequencer (Applied Biosystems, Foster City,
USA). All sequences were submitted to GenBank (Acces-
sion No. DQ231063-DQ231135).

2.4. Phylogenetic analysis

We aligned sequences using BioEdit version 7.0.0 (Hall,
1999) and reconstructed a phylogeny for the cyt b gene as
well as for the combined dataset. We used PAUP 4.0b10
(Sinauer, Sunderland, USA) to calculate variability esti-
mates, the number of transition (Ti) and transversion
(Tv), and to perform y? test for homogeneity of base fre-
quencies. Saturation of sequences was investigated by
plotting the absolute number of Ti and Tv against the per-
centage of sequence divergence. This was done for each
gene separately and for all genes combined. For the cyt b
gene, this analysis was performed at all codon positions
and at 3rd codon position only. Aligned sequences were
analysed by Maximum Parsimony (Farris et al.,, 1970),
Neighbor-Joining (Saitou and Nei, 1987), and Bayesian
methods (Huelsenbeck et al., 2000; Larget and Simon,
1999; Mau and Newton, 1997; Mau et al., 1999; Rannala
and Yang, 1996). We used Modeltest version 3.06 (Posada
and Crandall, 1998) to identify the best model of sequence
evolution for each dataset. These models were then
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applied to calculate genetic distances and to construct
trees via NJ in PAUP version 4.0b10. To gain statistical
support, we performed 1000 bootstrap replicates. Com-
plex models of nucleotide substitution for estimating evo-
lutionary distances and the application of neighbour
joining methods are recommended for large datasets, like
in the case of our combined dataset (Tamura et al., 2004).
We also carried out a MP analysis: For the cyt b dataset,
we performed a full heuristic MP search; robustness of
this phylogenetic hypothesis was tested by 100 bootstrap
replicates with PAUP version 4.0b10. For the combined
dataset, this analysis was performed as a fast stepwise
search (100 bootstrap replicates), as computational effort
was prohibitive for a heuristic search here. Intraindividual
indels among homologous alleles (nuclear markers only)
were defined as new characters (macros), taking advan-
tage of the format equate command in PAUP. For the
Bayesian approach, we employed the same models of
sequence evolution used in the NJ analyses, allowing for
site-specific rate variation partitioned by gene and for cyt
b by codon position. We ran one cold and three heated
Markov chains for two million generation using MrBayes
version 3.0b4 (Ronquist and Huelsenbeck, 2003). We
saved trees every 100 generations for a total sample size of
20,000. We discharged the first 2000 sampled trees as
burn-in and used the remaining to calculate a 50% major-
ity rule consensus tree. Representing intraindividual
indels by new characters is not implemented in MrBayes,
such that we counted a deletion as a single transversion
and used the [UPAC code in case of intraindividual poly-
morphism at homologous alleles. Phylogenetic tree topol-
ogies generated with different phylogenetic methods and
competing phylogenetic hypotheses were statistically
evaluated with the approximately unbiased tree selection
test (AU) (Shimodaira, 2002), as implemented in the soft-
ware package CONSEL (Shimodaira and Hasegawa,
2001). For comparison, we also performed the more con-
servative Shimodaira & Hasegawa test (SH; Shimodaira
and Hasegawa, 1999) as implemented in PAUP version
4.0b10 with the resampling estimate log-likelihood
(RELL) technique. We always compared tree topologies
simultaneously (Shimodaira and Hasegawa, 1999).

A network analysis was also performed to estimate gene
genealogies using the TCS program (Clement et al., 2000),
which implements the Templeton et al. (1992) statistical
parsimony. Input data were cyt b sequences of all the C.
numenius individuals. TCS collapses sequences into haplo-
types and produces a network linking different haplotypes
only if they have a 95% probability of being justified by the
parsimony criterion.

2.5. Microsatellite analysis

As an independent line of molecular evidence, all 21 C.
numenius specimens were genotyped at 16 microsatellite
loci (listed in Table 1) as described in Feulner et al. (2005).
We calculated observed and expected heterozygosity

using Arlequin version 2.000 (Schneider et al., 2000) and
tested for linkage disequilibrium and deviation from
Hardy—Weinberg equilibrium using Genepop on the web.
Significance was tested after correction for multiple com-
parisons via sequential Bonferroni correction at an exper-
iment-wise error rate of o« =0.05. In addition, analyses of
microsatellite data were conducted at different hierarchi-
cal level. In this way, we were able to assess the accuracy
of classifications based on EOD, morphology, and molec-
ular phylogenetic results. To summarise the degree of
genetic differentiation, we calculated pairwise Fgr values
using F statistics (Weir and Cockerham, 1984). The sig-
nificance of Fgp was tested by permutation analyses and
an analysis of molecular variance (AMOVA; Excoffier
et al, 1992) was conducted as implemented in Arlequin
version 2.000 (Schneider et al., 2000). By means of pair-
wise T tests, we compared mean differences between
expected heterozygosities to contrast genetic variability
within groups. Assignment tests were performed with
GeneClass version 2.0 (Piry et al., 2004). Two Bayesian-
based tests (Baudouin and Lebrun, 2001; Rannala and
Mountain, 1997) and one frequence- based test (Paetkau
et al., 1995) were used to calculate the probability of each
individual’s assignment to a particular clade. Genetic sub-
division was further evaluated using the STRUCTURE
software, estimating the likelihood and sample composi-
tion of different numbers of subgroups (k=2; k=3; and
k =4; Pritchard et al., 2000).

3. Results
3.1. Electric organ discharge

All EODs of the C. tamandua specimens are identical
in shape, course, and duration (Fig. 2), such that this spe-
cies is characterised both by its coloration and its distinct
EOD. We did not detect any change from juvenile to
adult EOD during ontogeny in C. tamandua (Fig. 4). In
C. numenius species, all specimens show the same juvenile
EOD (see Fig. 2 with 5 examples shown), but their EOD
changed when they reached a total length between 14 and
20 cm (cf. also Schugardt and Kirschbaum, 2002). Among
our 21 specimens, we were able to identify four strikingly
different adult EOD types (Fig. 2). Apart from the differ-
ences in shape and course, there is also a large difference
in the duration of the altered EOD types. One EOD type,
recorded from female and male specimens, just differs
slightly in duration from the juvenile EOD (EOD of
morph C, Fig.2). By contrast, other male specimens
extend their EOD by 15 times or more (i.e., from 1 to 15
or 25m). We were able to identify two different wave-
forms of these elongated male EOD types (male EOD of
morphs A and B, Fig. 2). In morph A, we demonstrate
that this shift to very long EOD is restricted to the males,
as the analyzed female showed a much shorter EOD, with
a length of about 1 m similar to the juvenile EOD (female
EOD of morph A, Fig. 2).
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Table 1
Genetic diversity at 16 microsatellite loci in morphs of C. numenius
Locus Number of Range of Test Morph A Morph B Morph C Mean
alleles allele size (bp)
CampGAIl4 14 189-237 Ho 1.00 0.67 0.83 0.86
Hg 0.96 0.80 0.87 0.93
CampGAI28 7 165-181 Hq 0.66 0.67 0.50 0.57
Hg 0.64 0.87 0.88 0.85
CampGAI8 15 173-215 H, 1.00 1.00 0.75 0.86
Hg 091 0.73 0.94 0.92
CampGAIIl7 8 222-244 Ho 0.83 0.33 0.75 0.71
Hg 0.83 1.00 0.90 0.89
CampGAII26 8 208-224 Hq 0.33 0.33 0.75 0.57
Hyg 0.58 0.80 0.80 0.81
CampGAII42 12 345-376 H, 1.00 0.67 0.90 0.90
Hg 0.88 0.87 0.90 0.88
CampGAIII8 15 377-433 Hq 0.83 0.33 0.63 0.65
Hg 0.85 0.80 0.95% 0.87
CampGTI18a 9 136-166 Hg 0.67 0.00 0.50 0.48
Hg 0.67 0.00 0.78 0.62
CampGTI19 7 188-202 H, 0.33 0.67 042 0.43
Hg 045 0.80 0.37 0.52
CampGTI39 17 167-215 Ho 0.67 0.67 0.75 0.71
Hg 0.76 0.80 0.93 0.93
CampGTII27 2 279-281 Hq 0.00 0.00 0.17 0.10
Hyg 0.00 0.00 0.24 0.14
CampGTII2a 17 193-259 H, 0.67 0.67 0.75 0.71
Hg 0.74 0.60 0.96 0.92
CampGTIl6a 10 188-224 Ho 0.83 0.67 0.83 0.81
Hg 0.74 0.60 0.90 0.88
CampGTII6b 16 144-188 Hq 0.83 0.33 0.67 0.67
Hyg 0.88 0.93 0.73 0.90
CampGTIII41 7 152-195 H, 0.00 0.00 0.67 0.38
Hg 0.00 0.00 0.85 0.67
CampGTIII4b 20 194-244 Ho 1.00 1.00 0.83 0.90
Hg 0.92 1.00 0.96 0.96
All loci Hq 0.67 0.50 0.67 0.64
Hyg 0.68 0.66 0.80 0.79

For each morph and each microsatellite locus, expected (Hg) and observed (H) heterozygosity is given. The range of allele sizes is given for the entire data set.
% A single significant heterozygote deficiency after Bonferroni correction at an experiment-wise error rate of o = 0.05.

3.2. Phylogenetic and network analysis

We sequenced a total of 2222 bp for each individual
included in the study. We found eight indels in the align-
ment of the nuclear genes, while no indels were found in
the alignment of the cytochrome b (cyt b) gene; cyt b has a
low frequency of G’s, especially in 3rd codon position
(G =0.033). This finding is typical of mitochondrial (mt)
genome. Fig. 3 shows the level of sequence variability for
each gene and, for cyt b, for each codon position. Most of
the variation in the combined dataset is due to variation
in the 3rd codon positions of the cyt b gene. Inspection of
the saturation plots (not shown) revealed that saturation
is not apparent in our data set. The % test for base homo-
geneity indicates that base frequency distribution is
always homogeneous among taxa, both when genes are
analysed separately (tests were also performed on each
codon position for cyt ) and when genes are combined in
a single data set. Analyses of all genes combined or of cyt
b alone yielded trees with almost identical topologies.
Fig. 4 shows the Bayesian tree obtained on the complete

data set using the Hasegawa, Kishino and Yano (HKY)
model (Hasegawa et al., 1985) of evolution (model chosen
with Modeltest) and summarises the results of the other
phylogenetic methods employed in the study. MP and NJ
trees were statistically indistinguishable from the Bayes-
ian tree with the AU and the SH test (0.125 < p < 0.996).
MP, NJ, and Bayesian analyses place the C. numenius and
the C. tamandua in two reciprocally strongly supported
monophyletic clades. The two species are separated by a
mean genetic divergence of 0.0401 £0.0001 (Maximum
Likelihood ML distances + standard error SE). Within
C. tamandua, there are four individuals that are placed sis-
ter in a strongly supported clade, which shows a remark-
able amount of genetic divergence (0.0089 4+ 0.0001) from
all other conspecific individuals. The topology of Fig. 4
suggests the existence of a considerable degree of genetic
heterogeneity within C. numenius. Males showing explic-
itly elongated but obviously different EODs are placed in
two supported clades (morphs A and B in Fig. 4). In addi-
tion, clade morph A also contains one female (Cn10), with
a strikingly different EOD compared to the males of the
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Fig. 2. Overlays of amplitude-normalized EODs (n = number of individuals per overlay). (A) Common EOD type of C. tamandua. (B) Common juvenile
and different adult EOD types of three different morphs (A, B, and C) of C. numenius. Note the different time scales.

same clade. We found a genetic divergence of 0.0060 +
0.0002 between morphs A and C, and 0.0102 +0.0003
between morph B and C. The mean genetic divergence
between the morphs A and B is 0.0080 4 0.0002. The
group with the slightest ontogenetic EOD change and no
sexual EOD polymorphism (morph C) does not form a
single monophyletic clade. Rather, it is possible to indi-
viduate two supported clusters (clade C1 and C2). Clade
Cl1 is placed sister to all the other C. numenius individuals,
while the position of the clade C2 is not supported. Simi-
larly, there are three individuals whose position in the tree
is not resolved. On the average, there is a sequence diver-
gence of 0.0044 +0.0003 (all genes, ML distances &+ SE)
within this group of individuals.

Because of some lack of resolution within clade C, we
used the AU and SH tests to evaluate three alternative
hypotheses. First, we constrained Cn25, Cn29, and Cn35 to
be nested alternatively within clade C1 or clade C2. Second,
we forced clade C1 and C2 to collapse in a single monophy-
letic clade. The AU test rejected all these alternative
hypotheses (0.005 < p < 0.001). The more conservative SH
test rejected the placement of Cn25, Cn29, and Cn35 within
C2 (p=10.023) as well as C1 and C2 forming a single mono-
phyletic clade (p=0.01). The same test did not reject the
placement of the above three individuals within clade C1
(p=0.161).

Fig. 5 shows the result of the network analysis obtained
from the cyt b C. numenius data set. There are four groups of
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Fig. 3. Percentage of variable and parsimony informative sites in DNA
sequence analysis. SG: super gene, the combination of all genes (2222 bp);
Cyt b: mitochondrial cytochrome b5 gene, total and subdivided into the
three codon positions (1142 bp); fir: flanking regions of four unlinked
microsatellite loci (185 bp); S7: part of the nuclear S7 ribosomal protein
gene (895 bp).

haplotypes in the network. Three of these groups correspond
to clades A, B, and C2 in the Bayesian tree of Fig. 4. Individ-
uals placed in the clade C1 by the phylogenetic analyses do
not cluster together in the network. Rather, individuals Cn25,
Cn29, and Cn35, whose position was not resolved in the phy-
logenetic tree, are linked to them. This group of haplotypes is
the only one to show ambiguities (i.e., alternative most parsi-
monious connections among haplotypes), while the other
clades (A, B, C2) are supported by the network analysis.

3.3. Microsatellite analysis

Summary statistics for microsatellite variation are shown
in Table 1. Between 2 and 20 alleles were found per locus.
The loci are inherited independently, as no significant linkage
disequilibrium was detected among any pair of loci. The
mean observed heterozygosity within morphs ranged from
0.50 to 0.67, the mean expected heterozygosity ranged from
0.66 to 0.80. Only one significant deviation from Hardy—
Weinberg expectations was detected, ie., for morph C at
locus CampGALIII8. We performed microsatellite analysis as
an independent line of molecular evidence to further evaluate
the degree of genetic divergence among clades identified by
EOD and phylogenetic analysis. Indeed, microsatellite analy-
sis further corroborates our phylogenetic results: Our three
different morphs (A, B, and C) were also significantly differ-
entiated from one another at microsatellite loci, as pairwise
Fgr values were between 0.10 and 0.16 and the overall fixa-
tion index was 0.12, all values highly significant (Table 2).
The Fgp value comparing the two subclades of C (C1 and C2)
was, however, not significant (Fgp=0.05, p=0.252). The
assignment test based on three different methods assigned all
individuals correctly to the three different morphs with their
characteristic EODs, with very few exceptions: The two
Bayesian-based methods were not able to correctly assign the
female of morph A (Cnl0), whereas the frequency-based
method assigned it to morph A with a probability of 0.31.
Furthermore, one individual of morph C (Cn26) failed to be

Table 2
Genetic variation and pairwise divergence at microsatellite loci in morphs
of C. numenius

Clade A B C

A 0.68 0.16 (p<0.001) 0.10 (p <0.001)
B 0.02 (p =0.313) 0.66 0.15 (p <0.001)
C 0.12 (p <0.001) 0.14 (p=0.001) 0.80

Diagonal, mean expected heterozygosity (Hg); Above, pairwise Fgr;
Below, pairwise difference in Hg.

assigned with a significant probability in one method, but
was correctly assigned by the other methods. The STRUC-
TURE analysis yielded the highest likelihood for k=3 sub-
groups and all but one specimen (Cn10) were unambiguously
assigned to their correct respective morph A, B, or C (data
not shown). By statistically comparing the mean expected
heterozygosities, we were able to show that genetic variability
(at microsatellite loci) is significantly higher within morph C
than within morphs A and B (Table 2).

4. Discussion
4.1. Genetic heterogeneity in C. tamandua and C. numenius

The predefinition of C. tamandua and C. numenius by
morphological characteristics is strongly supported by our
phylogenetic analyses. Individuals of both species form
monophyletic groups, which, however, differ considerably
from each other in several aspects: (1) Despite exhibiting
considerable genetic variation, all our C. tamandua individ-
uals are morphologically uniform, both as juveniles and as
adults; in C. numenius, juveniles are uniform, while adults
develop into three morphs, differentiated from one another
by slight, but consistent morphological differences, espe-
cially regarding trunk (tube like snout) shape and body
shape (height vs. length; cf. Fig. 4). (2) Apart from the larval
stage (see above), C. tamandua displays only one waveform
of EOD, regardless of age, body size, sex, and genotype. In
contrast, there is one common juvenile EOD waveform in
all C. numenius, which develops into different adult EOD
waveforms. In at least one morph, EODs are also sex-spe-
cific. Within both species, there is a great amount of genetic
heterogeneity. In C. numenius, this variation might be due
to cryptic species, indicated by the congruence between
morphology, adult male EOD, and several unlinked genetic
markers (see below). As morphology and EOD were uni-
form within C. tamandua, we could not associate any other
factor with a particular genetic lineage here. So far, we have
no evidence to reject the hypothesis that C. tamandua,
albeit genetically very variable, comprises a single inter-
breeding species. One possible explanation for the high
within-species genetic variation is a potentially large effec-
tive population size, as C. tamandua is the Campylomormy-
rus species with the widest geographic distribution (Gosse,
1984). However, to clarify this point, additional samples
over the entire distribution range of C. tamandua would be
necessary, which was outside the scope of this study.
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Fig. 4. Bayesian phylogeny based on the combined dataset of mitochondrial cytochrome b, nuclear S7 gene and flanking regions of four unlinked micro-
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4.2. Electric organ discharge as indicator of reproductive
isolation

Due to our electrophysiological and phylogenetic data,
we were able to determine at least three different clades
within C. numenius (morphs A, B, and C). As juveniles, all
these fishes were morphologically indistinguishable and
showed identical EODs. The fact that these fishes change
their EOD dramatically at maturity points towards the
importance of this mechanism for species recognition in the
course of mating. This is particularly likely when looking at
morph A. This is the phylogenetic group with strikingly
different EOD among the two sexes (cf. Fig.2), where
females show 15 times shorter EOD than males, together
with large difference in shape and course. An important role
of the EOD during mate choice has been previously sug-
gested in other mormyrids, either triggered by the sequence
of pulse intervals (Bratton and Kramer, 1989; Crawford,
1991) or by the EOD waveform (Hopkins and Bass, 1981).
A single previous study on Campylomormyrus (Kramer and
Kuhn, 1994) stressed the importance of the sequence of dis-
charge intervals for mate recognition. This study, however,
might be partially compromised by investigating mainly
small fishes (under 12cm), some of which—according to
our findings—might not have displayed adult EODs.

Direct evidence from behavioural experiments is still
lacking to prove our hypothesis that it is indeed the EOD’s
waveform and duration which triggers species-specific mate

recognition in the genus Campylomormyrus. Nevertheless,
our findings strongly support that, in C. numenius, different
adult male EODs are indeed confined to sympatrically
occurring, yet most likely reproductively isolated groups of
fishes (i.e., biological species), as they are associated with
genetic sequence divergence at a series of unlinked loci.
Furthermore, our microsatellite data independently proved
our classification into three different morphs. This is partic-
ularly shown by the correct assignment of all individuals to
the three different morphs. In theory, reproductive isolation
should be shown on multiple independent loci, as is the case
here. Our Fgy estimates are at the upper level found in stud-
ies on closely related fish that exhibit behavioural evidence
of reproductive isolation ranging from at least moderate
assortative mating to rather complete premating reproduc-
tive isolation (Barluenga and Meyer, 2004; Schliewen et al.,
2001; Taylor and McPhail, 2000; van Oppen et al., 1998;
Wilson et al., 2000). Another study about morphological
cryptic sympatric mormyrids of the genus Brienomyrus,
which produce alternate EOD types, yielded considerably
lower values (highest five-locus Fgp=0.007, highest single
locus Fgp=0.015) (Arnegard etal., 2005). We therefore
conclude that our genetic evidence supports the hypothesis
of reproductive isolation between identical juvenile morphs
with dramatic adult EOD differences.

If we accept that C. numenius consists of several species, it
remains to be evaluated whether EOD divergence is the cause
or the effect of speciation, i.c., whether EOD, as a reproduc-
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Fig. 5. Network analysis based on statistical parsimony (95% criterion) of
Templeton et al. (1992) showing the relationships among the cyt b haplo-
types found within C. numenius. Each haplotype is represented by a circle;
the size of each circle is proportional to the number of individuals bearing
the haplotype. Empty circles indicate intermediate haplotypes not present
in our sample. * Bracketed connection indicates nine additional nucleo-
tide substitutions.

tive isolation mechanism, possesses the ability to play a key
role during sympatric speciation, or whether it just diverges,
after speciation driven by other factors has occurred. We are
unable to present direct evidence to distinguish between these
alternative scenarios. However, we hypothesize that, if EOD
divergence plays a key role in speciation, divergence should
be particularly prominent among closely related clades. This
is indeed supported by our data (see Fig. 4) as most variation
in EOD (especially in EOD duration) occurs among males of
closely related groups (morphs A, B, and C in C. numenius),
while EOD difference among more distantly related groups
can be much less pronounced (see male EOD in C. tamandua
vs. C. numenius morph C), as other isolation mechanisms
might have evolved here. We also argue that the specific
ontogenetic shift in EOD observed especially in adult males
(Fig. 4) is a further indicator of the importance of this char-
acter for mate recognition.

4.3. Cryptic sympatric species within C. numenius

Like other authors (Hopkins, 1999), we hypothesized
beforehand that, especially in the genus Campylomormyrus,
cryptic species might be hidden behind similar and, at least
as juvenile, identical morphs. Indeed, our data support the
existence of several cryptic species with considerably differ-
ent characteristic adult EOD waveform types. Throughout
our sampling, we were able to identify three different EOD
waveform types (morphs A, B, and C). Two of them show
radical EOD changes towards clearly distinct EOD types at
maturity and form well supported phylogenetic clades
(morphs A and B).

Morph C, however, does not perfectly fit into this picture.
These fishes show little change in their morphological char-
acteristic during growth compared to the other types and
their ontogenetic change in EOD waveform is only slight.
Clade C specimens exhibited significantly more genetic vari-
ation than the others EOD types, both with regard to the
sequenced genes (cytochrome b, S7, and flanking regions of
microsatellite loci) and at 16 microsatellite loci. In theory,
this could reflect a larger effective population size of a single
“morph C” species. This view is however challenged, as
none of our phylogenetic analyses assigned all morph C
specimens to a single supported clade. On the base of our
DNA sequence data, phylogenetic searches identified two
supported clades within the morph C specimens (C1 and
C2). We used our microsatellite data as unlinked markers to
test the hypothesis of genetic divergence among these clades.
The Fgr was not significant among these two clades, and the
assignment test with the same microsatellite data support a
correct assignment of all morph C specimens into a single
clade. This finding is indicative of a single “morph C” spe-
cies. The genetic heterogeneity among “morph C” specimens
could then suggest a large effective population size of this
species. Our most recent catch campaign at the study site at
Congo River indeed revealed morph C specimens to be most
numerous there (pers. obs.).

Our observations of the EOD development during
growth, the EOD differences between morphs, and the cor-
rect assignment of the different morphs based on microsat-
ellites to clades identified by unlinked sequence data
support the idea that mormyrid fishes of the genus Camp-
ylomormyrus comprise a set of cryptic species living in
sympatry. Evidently, that does not necessarily imply that
they have evolved in sympatry from a common ancestor.
Whether the speciation has occurred in sympatry or
whether allopatric speciation was followed by secondary
contact, is hard to evaluate by direct evidence. However,
our data would also be consistent with a scenario of sym-
patric speciation in C. numenius. There is theoretical evi-
dence for sympatric speciation driven by sexual selection
(Doebeli and Dieckmann, 2000; Kirkpatrick and Ravigne,
2002; van Doorn et al., 2004; van Doorn et al., 1998), as
well as an increasing number of case studies, especially in
fishes (Lande et al., 2001; Mendelson, 2003; Seehausen and
van Alphen, 1999). Additionally, the importance of sexual
selection for maintaining reproductive barriers between
species has been demonstrated as well (Seehausen et al.,
1997). In our case, assuming strong assortative mating
based upon the EOD characteristics (which still has to be
proven by mate choice experiments), sexual selection could
have forced speciation. The variation of the EOD wave-
form might not be the only responsible factor, but at least
could have played an important role during speciation.
Interestingly, the small morphological differences among
our adult morphs in C. numenius are mainly in their trunk
morphology (trophic apparatus). This might indicate small
differences in feeding ecology of these morphs. Possibly, the
numerous sympatric mormyrid species are highly adapted
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to a particular ecological niche and the development of
EOD differences as a prezygotic isolation mechanism could
have triggered the enormous radiation of mormyrid fishes
in Africa.
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Abstract

We combined multiple molecular markers and geometric morphometrics to revise the current
taxonomy and to build a phylogenetic hypothesis for the African weakly electric fish genus
Campylomormyrus. Genetic data (2039bp DNA sequence of mitochondrial cytochrome b and
nuclear S7 genes) on 106 specimens support the existence of at least six species occurring in
sympatry. We were able to further confirm these species by microsatellite analysis at 16
unlinked nuclear loci and landmark-based morphometrics. We assigned them to nominal taxa
by comparisons to type specimens of all Campylomormyrus species recognised so far.
Additionally, we showed that the shape of the elongated trunk-like snout is the major source
of morphological differentiation among them. This finding suggests that the radiation of this
speciose genus might have been driven by adaptation to different food sources. The
divergence in adult electric organ discharge (EOD) among Campylomormyrus species might

comprise an effective prezygotic isolation mechanism.

Keywords: Electric fish; Mormyridae; Campylomormyrus; Phylogeny; S7; Cytochrome b;

Microsatellites; Geometric morphometrics; Morphology.
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Introduction

Africa hosts a great number of so-called fish species flocks (i.e. speciose monophyletic
groups with restricted distributions). Among these, lacustrine cichlid species flocks are
probably the most renowned and well studied. However, such explosive speciation
phenomena are not limited to this taxonomic group. Specifically, Sullivan et al. (2002; 2004)
proposed weakly electric fish of the family Mormyridae as potential model organisms to
study species flock evolution in rivers. Mormyrids comprise one of the most diverse clades of
freshwater fish from Africa and the single largest known group of electric fish (AlvesGomes
& Hopkins, 1997). Being nocturnal, these fishes use electric cues to actively locate objects in
darkness (Lissman & Machin, 1958; Bastian, 1994; von der Emde, 1999). More importantly
from an evolutionary point of view, the electric organ discharge (EOD) plays a key role in
pair formation, mating, and social attraction (Bratton & Kramer, 1989; Crawford, 1991;
Kramer & Kuhn, 1994). This is particularly evident in Campylomormyrus, the main object of
the study presented here. This genus exhibits a wide diversity of EOD waveform types, which
are almost invariably species-specific. Therefore, EOD can be used as an important character
to discriminate species that are otherwise cryptic (Hopkins, 1999).

By monitoring ontogenetic changes in EOD and by combining these observations with the
analysis of multiple molecular markers, we recently demonstrated the existence of cryptic
species hidden under the formal name C. numenius (Feulner et al., 2006). Our findings
suggest that Campylomormyrus could potentially be another compelling system to investigate
speciation in the light of competing models of diversification of ecological, morphological
and behavioural traits. While morphological and genetic analysis strongly support the
monophyly of mormyroids as well as the sister taxa relationship between gymnarchids and
mormyrids (Lauder & Liem, 1983), the existing molecular data sets suggest conflicting

phylogenies at and near the species level. In addition, very few studies considered the genus

ScholarOne, 375 Greenbrier Drive, Charlottesv’?lle, VA, 22901 Support: (434) 817 2040 ext. 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Journal of Evolutionary Biology

Campylomormyrus, whose systematics are extremely puzzling. Based on the analysis of
morphological characters, the number of described species fluctuated through the years from
16 (Taverne, 1972) to three (Roberts & Stewart, 1976) and again to 14 (Poll et al., 1982)
(Table 1). Most of the species considered nowadays valid are endemic to a single river
system, the Congo and its tributary streams (Table 1 and Fig. 1). Some of them can be found
throughout the entire Congo basin, others are restricted to certain areas (Luapula River/Lake
Moero or Kasai River). C. phantasticus is the only Campylomormyrus species not present in
the Congo Basin, being limited to the Sanaga River (Cameroon). C. tamandua is the most
widely distributed species and the only one whose range extends across different river
systems, including Congo, Volta, Niger, and Tchad/Shari (Gosse, 1984). So far, only two
species (C. numenius and C. tamandua) have been included in molecular phylogenies
(Sullivan et al., 2000; Lavoué et al., 2003).

While this genus may be a unique system to study general evolutionary phenomena of
speciation and adaptation, neither a robust phylogenetic hypothesis nor a thoroughly tested
taxonomic arrangement have been proposed so far. Our study aims at addressing both these
essential pre-requisites towards a proper understanding of the relationship between speciation
and ecological/phenotypic diversification in this still enigmatic group. To this end, we rely on
two lines of evidence: (1) we evaluate morphology by quantitative morphometric assessment
based on eleven landmarks. We analysed type specimens representing all the 17
Campylomormyrus species recognized to date, deposited at the Royal Museum for Central
Africa (MRAC) Tervuren (Belgium), also including three type specimens not available there
(Harder, 2000). We compared these museum specimens to 106 individuals caught in the wild
in the course of our project, in order to match our samples to the typed representatives of the
genus Campylomormyrus. Such an approach should ensure a cross-check of correct
identification of the wild samples as well as reveal patterns of morphological variation among

them. (2) We produced for the first time a comprehensive molecular phylogeny for the genus

. . 4
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Campylomormyrus by using sequence polymorphisms of one mitochondrial (cyt b: the
complete cytochrome b gene, 1142 bp) and one nuclear gene (S7: the first and second introns
as well as the second exon of the gene coding for the S7 ribosomal protein, 897 bp). These
genes proved useful in studies on mormyrids at a comparable level of taxonomic separation
(Sullivan et al., 2002; Lavoué et al., 2003; Feulner et al., 2006). Furthermore, we also
screened all individuals included in the study for length polymorphisms at 16 microsatellite
loci. We previously demonstrated for C. numenius that combining such different and unlinked
molecular markers is a powerful method to correctly identify distinct evolutionary lineages
and cryptic species (Feulner et al., 2006). Ultimately, by relating genetic distinctness to
morphological divergence, we aim at identifying those morphological traits which might

relate to adaptation in the radiation of the genus Campylomormyrus.
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Materials and methods

Field sampling

We sampled 66 Campylomormyrus specimens during an expedition to Brazzaville in August
2004 (Fig. 1). All but seven specimens were sampled at the same location (rapids south of
Brazzaville). Four specimens (K01, K66, K67, K68) were sampled a few kilometers
southwards at the inflow of the Foulakari River, while three specimens (K69, K70, K71) are
from Kintele, just north of Brazzaville. Fin clips of the right pectoral fin were taken and
stored in 1ml of tissue buffer (Seutin ez al., 1991).To expand the sample size, we included the
data on 40 Campylomormyrus specimens from Brazzaville/Kinshasa from our previous study
(Feulner et al., 2006) in the statistical analyses. As outgroup species we included one

Hippopotamyrus wilverthi and one Marcusenius sp. specimen.

Phylogenetic analysis

DNA extraction, polymerase chain reaction (PCR) amplifications, and sequencing was
performed as described in Feulner et al. (2006). All obtained sequences for cyt b and S7 were
submitted to GenBank (Accession No. XXxxxxxx-XXxxxxxx). We aligned sequences using
BioEdit version 7.0.0 (Hall, 1999) and reconstructed a phylogeny for the two genes (cyt b and
S7) separately, for the combined dataset and for the 3™ codon postitions of cyt b alone. We
used PAUP 4.0b10 (Sinauer, Inc., Sunderland, USA) to calculate variability estimates, the
number of transition (T1) and transversion (Tv) and to perform Xz—test for homogeneity of base
frequencies. Saturation of sequences was investigated by plotting the absolute number of Ti
and Tv against the percentage of sequence divergence. This was done for the cyt b gene at 34
codon position only. Aligned sequences were analysed by Neighbor-Joining (Saitou & Nei,
1987) and Bayesian methods (Rannala & Yang, 1996; Mau & Newton, 1997; Larget &

Simon, 1999; Mau et al., 1999; Huelsenbeck et al., 2000). We used Modeltest version 3.06
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(Posada & Crandall, 1998) to identify the best model of sequence evolution for each dataset.
These models were then applied to calculate genetic distances and to construct trees via NJ in
PAUP version 4.0b10. To gain statistical support, we performed 1000 bootstrap replicates.
Complex models of nucleotide substitution for estimating evolutionary distances and the
application of neighbour joining methods are recommended for large datasets, like in the case
of our combined dataset (Tamura et al., 2004). For the Bayesian approach, we employed the
same models of sequence evolution used in the NJ analyses, allowing for site-specific rate
variation partitioned by gene and for cyt b by codon position. We ran one cold and three
heated Markov chains for two million generation using MrBayes version 3.0b4 (Ronquist &
Huelsenbeck, 2003). We saved trees every 100 generations for a total sample size of 20,000.
We discharged the first 2,000 sampled trees as burn-in and used the remaining to calculate a
50% majority rule consensus tree. Phylogenetic tree topologies generated with different
phylogenetic methods and competing phylogenetic hypotheses were statistically evaluated
with the approximately unbiased tree selection test (AU; Shimodaira, 2002), as implemented
in the software package CONSEL (Shimodaira & Hasegawa, 2001). For comparison, we also
performed the more conservative Shimodaira & Hasegawa test (SH; Shimodaira & Hasegawa,
1999) as implemented in PAUP version 4.0b10 with the resampling estimate log-likelihood
(RELL) technique. We always compared tree topologies simultaneously (Shimodaira &

Hasegawa, 1999).

Microsatellite analysis

For genotyping we used microsatellites specifically developed for Campylomormyrus
(Feulner et al., 2005). Specifically, we used the same 16 microsatellite loci and the same
experimental conditions as in Feulner er al. (2006). We calculated observed and expected
heterozygosity using Arlequin version 2.000 (Schneider et al., 2000) and tested for linkage

disequilibrium and deviation from Hardy-Weinberg equilibrium using Genepop on the web
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(Raymond & Rousset, 1995). Significance was tested after correction for multiple
comparisons via sequential Bonferroni correction at an experiment-wise error rate of o = 0.05.
In addition, we used microsatellites to assess the accuracy of classifications based on
morphology and sequence data. To summarise the degree of genetic differentiation, we
calculated pairwise Fgr-values using F statistics (Weir & Cockerham, 1984). The significance
of Fsr was tested by permutation analyses and an analysis of molecular variance (AMOVA;
Excoffier et al., 1992) was conducted as implemented in Arlequin version 2.000 (Schneider et
al., 2000). By means of pairwise t-tests, we compared mean pairwise differences between
expected heterozygosities to contrast genetic variability within groups. Assignment tests were
performed with GeneClass version 2.0 (Piry et al., 2004). Two Bayesian-based tests (Rannala
& Mountain, 1997; Baudouin & Lebrun, 2001) and one frequence- based test (Paetkau et al.,
1995) were used to calculate the probability of each individual’s assignment to a particular
clade. Genetic subdivision was further evaluated using the STRUCTURE software, estimating
the likelihood and sample composition of different numbers of subgroups (k=4; k=5; k=6;

Pritchard et al., 2000).

Morphometric analysis

In addition to the specimens we sampled in the field, we performed morphometric analysis on
the type material of all the 17 recognized taxa in Campylomormyrus (Table 1). Digital images
of the types were taken at the Royal Museum for Central Africa (MRAC) Tervuren
(Belgium). Images of the three types not available at MRAC were taken from Harder (2000).
Digital photographs were taken with a scale bare forthright beside the animal. Landmark-
based geometric morphometric methods were used to record X, y coordinates of 11
homologous landmarks and capture information of body shape using TPSdig (Rohlf, 2003).
Landmark configuration is shown in Fig. 4a. All the following morphometric analyses were

conducted using the IMP package (Sheets, 2002). First, differences due to size, orientation,
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and position were removed by Generalized Procrustes Analysis (Rohlf, 1999; Slice, 2001).
After superimposition, the data were converted into Principal Warps using the thin-plate
spline model (Bookstein, 1989). These variables can then be used in conventional multivariate
analyses because they posses the same number of variables as degrees of freedom (Zeldith et
al., 2004). We used canonical variates analysis (CVA) of morphological variables to
demonstrate the discrimination among predefined groups identified by the screening for
genetic polymorphisms. In addition, we also performed a principal component analysis for
subsets of samples whose placement was not resolved in the phylogenetic tree. Shape based
assignments were performed with CVAgen6N (part of IMP) following the method outline by
Nolte & Sheets (2005) which includes a jackknifing procedure as a test of performance of the
assignment. In 500 replicates 10% of the data were left out and assigned to groups in the
remaining data set. In this way, we were able to test the distinctiveness of the different
groups. We used the same approach to assign the samples screened for genetic variation to the
type specimens. To this purpose, we calculated mean Mahalanobis distances between each

type specimen and each clade recovered in the phylogenetic analyses.
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Results

Phylogenetic analysis of sequence data

We sequenced a total of 2039 bp for each individual included in the study. The alignment of
the S7 gene included ten indels, while no indels were found in the alignment of cytochrome b
(cyt b) gene. As typical for mitochondrial genomes, there was a low frequency of G's in cyt b,
especially in 3™ codon position (G = 0.033). Most of the variation in the combined data set is
due to variation in 3™ codon position of the cyt b gene. Inspection of the saturation plots (not
shown) revealed that saturation is not apparent in our data set. The y* test for base
homogeneity indicates that base frequency distribution is always homogenous among taxa,
both when genes are analysed separately (test were also performed on each codon position on
cyt b) and when genes are combined in a single data set. Fig. 2 shows the Bayesian tree
obtained on the complete data set using the unequal-frequency Kimura 3-parameter plus
Gamma (K81uf+I+G) model (Rodriguez et al., 1990) of evolution (model chosen with
Modeltest) and summarises the results of the NJ analysis. Trees obtained with different
methods (Bayesian or NJ) and based on different data sets (cyt b, S7 or both combined) were
statistically indistinguishable with the AU and the SH tests (0.137 < p < 0.991). We
consistently recovered five strongly supported monophyletic clades (A, B, D, E, and F). Clade
F is clearly separated from the rest, while clade D forms a monophylum with A, B, and C.
The node grouping A, B, C vs. D is strongly supported. Within C there are two weakly
supported clades (C, and Cy) plus three specimens (K13; K16; Cn29) whose placement could
not be resolved by the data. In the case of Cn34 the two homologous alleles we detected at the
S7 gene (Cn34a and Cn34b; differing by a single indel) do not cluster together. Rather, Cn34a
is placed within the C, clade while Cn34b is embedded within the C, clade. To further
evaluate resolution among clades A, B, and C as well as within clade C, we used the AU and

SH test to evaluate two alternative hypotheses. First, we forced clade C to be monophyletic

. . L
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with A and B basal to it. Second, we took advantage of the morphometric results to constrain
four individuals (K13; K14; K16; K52, see below) to form a monophyletic clade within C.

Both the AU and SH tests rejected these two alternative hypotheses (0.003 <p <0.027).

Microsatellite analysis

Summary statistics for microsatellite variation are shown in Table 2. Between seven and 33
alleles were found per locus. The loci are inherited independently, as just one significant
linkage was detected between locus GAII26 and locus GAII42 in a single clade (clade C). The
mean observed heterozygosity within morphs ranged from 0.51 to 0.70, the mean expected
heterozyosity ranged from 0.61 to 0.78. Only five significant deviations from Hardy-
Weinberg expectations were detected, but they are scattered among loci and populations. We
performed microsatellite analysis as an independent line of molecular evidence to further
evaluate the degree of genetic divergence among clades identified by analyses of sequence
and morphometric data. Indeed, microsatelitte analysis further corroborates our phylogenetic
analysis: All the five identified clades (A, B, C, D, and F) were also significantly
differentiated from one another at microsatellite loci, as pairwise Fst values were between
0.08 and 0.33 and the overall fixation index was 0.19, all values highly significant (Table 3).
We did not consider clade E in the microsatellite analysis due to its small sample size. The
Fsr value comparing the two poorly supported subclades of C (C, and Cy) was lower but still
significant (Fsy = 0.01, p = 0.007). However, within C the four samples identified
morphologically (K13; K14; K16; K52) were clearly differentiated from the remaining
individuals (Fst = 0.08, p < 0.001). The assignment test based on three different methods
assigned all individuals correctly to the five phylogenetic clades, with very few exceptions:
All methods were unable to assign Cn10 to clade A, and one method failed in assigning K16
and K17 to clade C. The sample composition by the STRUCTURE analysis yielding the

highest likelihood (k = 6) showed similar results (Fig. 3). All five clades were clearly distinct.

. . L
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Again, Cn10 was either placed in A or D. Clade C was separated from the other clades and a

large amount of genetic heterogeneity was evident within this clade.

Morphometric analysis

All the six distinct clades (A, B, C, D, E, F) identified by our phylogenetic analysis are clearly
differentiated also on morphometric grounds. All of them formed discrete clusters in a
canonical variates analysis (CVA) along the first two axes, which displayed the greatest
separation between groups relative to within group variance (Fig. 5a). The differentiation in
shape as captured by CV axes could be visualized as displacement vectors for each landmark
on a deformation grid relative to a reference (Fig. 4). The first axis (Lambda=0.0007
chisq.=619.1097 df=108 p<0.001) described variation in trunk length, whereas the second
axis (Lambda=0.0076 chisq.=417.0081 df=85 p<0.001) was mainly related to body height.
There were four more significant but less differentiating CV axes (Lambda>0.04). By means
of a distance-based assignment test, all the individuals could be assigned correctly to their
source cluster. This proved the utility of the derived axes to discriminate among groups and to
determine a given specimens group affinity. The robustness of the CV axes and the
assignment test were evaluated by a jackknife test. In this way, 89.8% of the left out data were
assigned significantly and correctly into their source groups. PCA analysis identified four
specimens within C (K13; K14; K16; K52), which differed clearly from the other individuals
in the clade. These individuals formed a distinct cluster in CVA with one significant CV axis
(Lambda=0.1068 chisq.=87.2181 df=18 p<0.001) and could be assigned to an additional
morphological group (Fig. 5b). Jackknifing-based tests (500 replicates, 10% unknowns)
resulted in 90.6% of correct and significant assignments. Table 4 reports the shortest
Mahalonobis distances between each cluster of the morphometric analyses (clades recovered
by phylogenetic analyses of sequence data) and the assigned type specimen. Clade A was

assigned to C. rhynchophorus, clade B to C. numenius, clade C-I to C. compressirostris, clade

. . L
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C-Il to C. curvirostris, clade D to C. tshokwe, clade E to C. elephas and clade F to C.

2 tamandua. Specimen K15 achieved the shortest distance to C. bredoi.

. . L
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Discussion

Phylogeny and taxonomy within the genus Campylomormyrus

To our knowledge, we were the first to prove that there are genetically distinct clades within
Campylomormyrus which correspond to characteristic waveform types of the electric organ
discharge (EOD) (Feulner et al., 2006). In the study presented here, we were able to
substantially expand our sample set to 106 Campylomormyrus specimens, as well as we
associated phylogenetic clades with taxonomic units by morphometric means. Morphometric
analysis has already proven to possess the ability to investigate complex taxonomic problems
at the species level (Fink & Zelditch, 1997; Fadda & Corti, 2001; Dobigny et al., 2002;
Baylac et al., 2003). Here we used a distance-based method already successfully used in
teleosts for identifying hybrids and assigning species into their source population (Nolte &
Sheets, 2005). By this approach, distinct phylogenetic clades could be associated with type
specimens to obtain a classification. This classification is generally in line with the currently
accepted taxonomy proposed by Poll ef al. (1982), with a few exceptions: The genetically
supported clade C-I was assigned to C. compressirostris. C. compressirostris was first
described by Pellegrin (1928) and later also denominated in the classification of Taverne
(1972), but was considered synonymous to C. rhynchophorus by Poll et al. (1982). Both
genetically and morphologically, our analysis significantly supported the distinct clades A and
C-1, assigned to C. rhynchophorus and C. compressirostris types, respectively. Genetically,
this distinctiveness is not only proven by our phylogenetic result based on two unlinked
genes, but further independently confirmed with our microsatellite data. Hence, we consider
C. compressirostris a valid species.

Generally, the resolution within clade C was complicated by its high variation, both in
morphology and genetics. The genetic heterogeneity is particularly well reflected in the

results of our microsatellite analysis: Clade C has the highest mean expected heterozygosity

. . 1
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(Table 3) and STRUCTURE reveals specimens with diverse genotype composition (Fig. 3).
By means of our morphometric analysis we could identify four specimens within C (C-II)
which are differentiated from the rest of C (C-I) (see Fig. 5b) and could be assigned to C.
curvirostris. While this separation is not visible in the phylogenetic tree, it is supported by the
multilocus microsatellite data, which yield a highly significant pairwise Fsr. Our molecular
data obviously reject the assumption that Campylomormyrus includes only three species, as
suggested by Roberts & Steward (1976). Nevertheless, all taxa called "species" by these
authors form well supported clades in our molecular phylogeny, some of them consisting
however of several valid species (Fig. 2, Table 4): C. tamandua, considered a separate species
by all authors (Table 1), is confirmed as such (clade F; Fig. 2). C. mirus (sensu Roberts &
Stewart, 1976) is reflected by clade E which we assigned to C. elephas, a taxon incorporated
in the "C. mirus" summation (Table 1). In fact, the number of species within clade E could not
be resolved here, because of small sample size and the large differentiation between these
specimens within this robust clade. At least, the three specimens analyzed here show slight
but pronounced morphological differences. Finally, C. rhynchophorus sensu Roberts &
Steward (1976) formed a large and strongly supported monophyletic group in our
phylogenetic analyses, consisting of clades A to D (Fig. 2). By combining genetics and
morphology, we could however unambiguously demonstrate that these clades (A, B, C-I, C-
IL, and D) represent five sympatrically occurring reproductively isolated groups (i.e.,
biological species) hidden under the name “rhynchophorus”.

Basal in the phylogenetic tree, we found a single specimen (K15), not significantly associated
with any other clade. In our morphological assignment to type material, K15 appeared most
similar to C. bredoi (Table 4). We are however in doubt about this assignment, for two
reasons: (1) K15 shows special morphological features, e.g. a relatively narrow elongated
caudal peduncle, which are not shared by the holotype of C. bredoi. (2) C. bredoi is so far

only known from the headwater region of the Congo and has never been detected in our
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sampling region, the Lower Congo. Unfortunately, genetic comparison to the type material is
precluded by the fact that all type specimens have been stored in concentrated formalin for
prolonged periods of time. Based on its distinct position in our phylogenetic tree, the peculiar
morphology, and the lack of a morphologically similar specimen among the
Campylomormyrus types, it appears possible that K15 might comprise a so far undescribed
new species. This has to be verified by further extensive examination of this specimen,

beyond the scope of the study presented here.

Adaptive radiation within the genus Campylomormyrus

Beside the taxonomic clarification, the major aim of this study was to better understand the
adaptive radiation of this group of weakly electric fish. According to Schluter (2000), an
adaptive radiation is the evolution of ecological and phenotypic diversity within a rapidly
multiplying lineage. Adaptive radiations can be identified by certain criteria, i.e., common
ancestry, rapid speciation, phenotype/environment correlation and trait utility: Common
ancestry has been proven multiple times for Campylomormyrus, a single genus clearly
characterised by its morphology. Campylomormyrus formed a well-supported monophyletic
taxon in our phylogeny with two different outgroup genera, as well as in various other
phylogenies which included a higher number of mormyrid genera (Alves-Gomes & Hopkins,
1997; Lavoué et al., 2000; Sullivan et al., 2000; Lavoué et al., 2003). Rapid speciation is
apparent both generally in the entire group of mormyrids and specifically in the genus
Campylomormyrus. This can be shown by a comparison of numbers of species among
contempory clades: While the mormyrids comprise almost 200 described species, their sister
taxon, the gymnarchids, are monotypic (Nelson, 1994). Moreover the species-rich mormyrids
belong to the osteoglossomorpha, an otherwise species-poor group (Lavoué & Sullivan,
2004). In our study on Campylomormyrus, particularly rapid speciation has apparently

occurred in the monophyletic group consisting of clades A to D (see Fig. 2; "C.
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rhynchophorus" sensu Roberts and Steward, 1976), as we could detect 5 species, some of
which genetically similar, yet significantly different. This is in particular true for the Clades
C-I and C-II, which were significantly separated in the morphological and multilocus
microsatellite analysis, but had not acquired reciprocal monophyly at the cytochrome b and
S7 locus.

Finally, our morphometric analysis allows us to discuss this speciation in the light of
phenotype-environment correlation and trait utility. We were able to show that our distinct
phylogenetic clades are associated with significant morphological differences (Fig. 5a);
therefore the variation at neutral genetic markers is consistent with phenotypic traits.
Visualization of the morphological changes captured by the CV axis reveals that shape
changes are mainly caused by differences in the trunk like snout (Fig.4b). Campylomormyrus
feed on insect larvae that burrow into, or hide within, interstitial spaces and holes in clay
sediment or river channels (Marrero & Winemiller, 1993). It is therefore reasonable to
hypothesise that different trunk shapes are associated with different diets, as the accessibility
of certain food items might depend on the morphology of the trophic apparatus. At present,
we cannot verify our hypothesis of a correlation between trophic apparatus and feeding
ecology by direct evidence, as neither feeding behaviour nor stomach content has been
analyzed so far in these nocturnal tropical fishes. Nevertheless, as all species identified on
genetic grounds significantly differed in an important morphological trait, i.e., their trophic
apparatus, we consider this a first indication for a correlation with the substrate structure
(criterion of "phenotype-environment correlation"), as well as the shape of the snout
presumably impacts the accessibility of specific food resources (criterion of "trait utility").
We could previously demonstrate that reproductive isolation in Campylomormyrus (as
detected by phylogenetic analysis and further confirmed by multilocus microsatellite
genotyping) is strongly correlated with divergence in waveform types of the electric organ

discharge (EOD, Feulner et al., 2006). Here we could demonstrate that these reproductively

. . L
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isolated groups, i.e., biological species, have significantly diverged in their feeding apparatus.
Therefore we are arguing for a diversification of Campylomormyrus caused by an adaptation
to different food sources and triggered by EOD differences as prezygotic isolation
mechanism. A few other studies have also postulated speciation due to disruptive natural
selection as adaptation to different food sources and sexual selection via assortative mating as
the isolation mechanism (Schliewen et al., 2001; Salzburger et al., 2005; Barluenga et al.,
2006). While theoretical models show that speciation by sexual selection alone is unlikely,
because of the lack of ecological differentiation to stabilize coexistence of incipient species
(Arnegard & Kondrashov, 2004; Kirkpatrick & Nuismer, 2004; van Doorn et al., 2004),
sexual selection can promote speciation during an adaptive radiation. While our findings on
Campylomormyrus are fully consistent with such a hypothesis of sexual selection as a trigger
for speciation, we have so far no observational data confirming mate choice based on EOD.
We nevertheless argue that, if the species-specific EODs are subject to sexual selection, they
should be particularly diverse in adult males. This is indeed confirmed by experimental data,
as morphologically indistinguishable juveniles with a common EOD develop into
morphologically (slightly) distinct adults with very diverse male EOD (Feulner et al., 2006).
In summary, we conclude that Campylomormyrus has undergone a rapid speciation with
disruptive selection for diverse feeding apparatus and promoted by sexual selection based on
strikingly different adult male electric signals (EODs), serving as an effective prezygotic

isolation mechanism.

. . L
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Described species according to three different authors, their distribution, and type museum

material used for morphometric comparison. H, S, P refers to inclusion of holotypus,

syntypus, or paratypus in the analysis.

Taverne 1972

Roberts & Steward 1976

Poll et al., 1982

distribution (Gosse 1984)

-
<
=

¢

C. alces

C. bredoi

C. cassaicus

C. christyi

C. curvirostris
C. elephas

C. luapulaensis
C. mirus

C. numenius

C. ibis

C. phantasticus

C. rhynchophorus
C. compressirostris
C. lualabaensis

C. tamandua

C. tshokwe

C. mirus
C. rhynchophorus
C. mirus
C. mirus
C. rhynchophorus
C. mirus
C. rhynchophorus
C. mirus
C. rhynchophorus
C. rhynchophorus

C. rhynchophorus
C. rhynchophorus
C. rhynchophorus
C. rhynchophorus
C. tamandua

C. rhynchophorus

C. alces

C. bredoi

C. cassaicus

C. christyi

C. curvirostris

C. elephas

C. luapulaensis
C. mirus

C. numenius

C. numenius

C. orycteropus

C. phantasticus
C. rhynchophorus
C. rhynchophorus
C. rhynchophorus
C. tamandua

C. tshokwe

Congo Basin

Lake Moero and Luapula River

Afflux Kasai River
Congo Basin
Congo Basin
Congo Basin
Upper Luapula
Congo Basin
Congo Basin
Congo Basin
Lake Moero
Sanaga River
Congo Basin
Congo Basin

Congo Basin

Volta, Niger, Tchad/Shari and Congo Basin

Kasai River and afflux

“w wu @D @m v oD wvom»

T T v T T
%%

H*
H

Type museum specimens were analyzed at the Royal Museum for Central Africa (MRAC),

Tervuren (Belgium), except for * for which type specimen information was taken from

Harder (2000).
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Table 2

Genetic diversity at 16 microsatellite loci in clades of Campylomormyrus. For each clade and
each microsatellite locus, expected (Hg) and observed (Hop) heterozygosity is given. The range

of allele sizes is given for the entire data set.

Journal of Evolutionary Biology

Locus Number of alleles  Range of allele size  Test Clade A CladeB CladeC CladeD Clade F  Mean
CampGAIl4 23 189-243 Ho 1.00 0.60 0.78 0.71 043 0.71
He 0.97 0.67 0.82 0.92 0.37 0.90
CampGAI28 22 165-233 Ho 0.57 0.60 0.69 0.36 0.62 0.62
He 0.57 0.73 0.86 0.71 0.88* 0.84
CampGAI8 19 173-215 Ho 1.00 0.80 0.85 0.86 0.71 0.83
He 0.90 0.64 0.92 0.84 0.66 0.92
CampGAIIl7 15 216-246 Ho 0.71 0.40 0.89 0.21 0.57 0.70
He 0.76 0.87 0.89 0.27 0.68 0.88
CampGAII26 24 204-284 Ho 043 0.60 0.78 0.71 0.86 0.75
He 0.60 0.87 0.80 0.71 0.84 0.88
CampGAII42 13 346-376 Ho 1.00 0.60 0.89 042 0.05 0.65
He 0.86 0.80 091 0.61 0.09 0.88
CampGAIII8 27 377-451 Ho 0.86 0.40 0.33 0.29 0.95 048
He  0.88 0.67 0.93 0.74° 0.92 0.94
CampGTI18a 18 136-192 Ho 0.71 0.00 043 0.64 0.45 0.47
He 0.66 0.00 0.52 0.69 091" 0.69
CampGTI19 8 188-204 Ho 0.29 0.60 0.53 0.79 0.62 0.57
He 0.40 0.67 0.50 0.69 0.64 0.69
CampGTI39 31 159-227 Ho 0.71 0.80 0.93 0.93 1.00 0.92
He 0.74 0.80 091 0.80 0.96 0.94
CampGTII27 7 257-281 Ho 0.00 0.00 0.16 0.07 0.33 0.17
He 0.00 0.00 0.20 0.37 048 047
CampGTII2a 28 193-273 Ho 0.57 0.60 0.82 0.71 0.95 0.80
He 0.69 0.53 0.93 0.80 0.90 0.93
CampGTII6a 18 184-228 Ho 0.86 0.60 0.84 0.64 0.05 0.65
He 0.75 0.53 0.92 0.69 0.15 0.89
CampGTII6b 33 136-204 Ho 0.86 0.60 0.87 0.86 0.90 0.86
He 0.90 0.98 0.94 0.90 0.95 0.96
CampGTIII41 12 177-217 Ho 0.00 0.00 0.40 0.00 0.62 0.34
He 0.00 0.00 0.44 0.00 0.87 0.58
CampGTIII4b 30 188-248 Ho 1.00 1.00 0.93 1.00 0.76 0.91
He 0.95 0.93 0.95 0.94 0.88 0.96
All loci Ho 0.66 0.51 0.70 0.58 0.62 0.65
Hg 0.66 0.61 0.78 0.68 0.70 0.83

~ Significant heterozygote deficiency after Bonferroni correction at an experiment-wise error

rate of & = 0.05.
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1  Table3
2 Genetic variation and pairwise divergence at 16 microsatellite loci in clades of
3 Campylomormyrus. Diagonal, mean expected heterozygosity (Hg); Above, pairwise

4  difference in Hg; Below, pairwise Fsr.

Clade A B C D F

A 0.66 0.06 (p =0.345) 0.11 (p=0.008) 0.00 (p=0.924) 0.04 (p=0.741)
B 0.20 (p < 0.001) 0.61 0.17 (p=0.003) 0.06 (p=0.385) 0.09 (p=0.391)
C 0.08 (p <0.001) 0.13 (p <0.001) 0.78 0.11 (p=0.070) 0.08 (p =0.391)
D 0.17 (p <0.001) 0.23 (p<0.001) 0.12 (p<0.001) 0.68 0.03 (p =0.739)
F 0.29 (p <0.001) 0.33 (p <0.001) 0.23 (p<0.001) 0.29 (p <0.001) 0.70
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Table 4

Assignment of type specimens to phylogenetic clades based on morphometric analysis of
eleven landmarks. Clade C-II consists of K13, K14, K16, and K52, Clade C-I of the
remaining specimens of clade C. Typus with the nearest Mahalanobis distances was assigned

to each clade.

least distance

n species value
clade A 6 C. rhynchophorus 4.672
clade B 5  C. numenius 5.122
clade C-1I 46 C. compressirostris* 4.789
clade C-II 4  C. curvirostris 7.272
clade D 14 C. tshokwe 6.080
clade E 3 C. elephas 5.396
specimen K15 1 C. bredoi 6.984
clade F 20 C. tamandua 3.663

* Clade C-I yielded a lower distance (3.595) to C. tamandua in this analysis. However, based
on a unique coloration pattern not captured in the landmarks, C. tamandua can

unambiguously be assigned to clade F.

. . 3
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Fig. 1 Geographic location of African river systems in which Campylomormyrus occurs. Most
species are endemic to the Congo Basin. * indicates the sampling location at

Brazzaville/Kinshasa.

Fig. 2 Bayesian phylogeny based on the combined dataset of mitochondrial cytochrome b and
nuclear S7 gene (2039 bp). Branch length is proportional to the amount of character changes.
Numbers in brackets give statistical support (Bayesian and Neighbour Joining analysis) for

the respective clade.

Fig. 3 Sample composition (clade A, B, C, D, and F) by the STRUCTURE analysis yielding
the highest likelihood (k = 6). Clear structuring into five clades is visible as well as

heterogeneity within clade C.

Fig. 4 Landmark configuration and displacement vectors that distinguish clades of
Campylomormyrus. (a) The eleven landmarks chosen to analyse variability in
Campylomormyrus body shape. (b-c¢) Deformation grid with relative displacement vectors
visualizing for each landmark the shape changes captured by CVA axes, due to which
different groups can be discriminated. The first two of six significant axes are shown. The two
shown axes possess by far the smallest Lambda values (Wilks™ Lambda 0.0007, respectively

0.0076), indicating the greatest differentiation between the groups along these axes.

Fig. 5 (a) Results of the CVA analysis conducted on morphological variables for all
Campylomormyrus samples analysed genetically. Letters (A to F) match coding of clades in
the tree of Fig. 2. The main six different clades identified on genetic grounds are clearly
separated due to the first two CVA axes. (b) CVA analysis restricted to individuals of clade C

in the tree of Fig. 2. Four individuals (K13-14-16-52) are clearly differentiated.
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