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Introduction

1 Introduction

Teleost electric fish are characterized by the electric sense comprising generation (electric

organ) and reception of electric signals (electroreception). They are very diverse and not

restricted to a monophyletic group. They evolved independently multiple times within the

teleosts and are represented by the families Uranoscopidae (Perciformes) and Malapteruri-

dae and Mochokidae (Siluriformes), the superfamily Mormyroidei (Osteoglossifomes)

consisting of two families (Gymnarchidae, Mormyridae) and the order Gymnotiformes

which comprises five families (Gymnotidae, Rhamphichthyidae, Hypopomidae, Sternopy-

gidae, Apteronotidae) (Table 1) (Nelson et al., 2016). Except for the marine species

of Uranoscopidae, the fish occur in fresh water systems of South and Central America

(Gymnotiformes) (Mago-Leccia, 1994) and Africa (Mormyroidei, Malapteruridae) (Poll,

1967; Hopkins, 1986; Moller, 1995) (Table 1). Teleost electric fish became a focus of

evolutionary biology because of the uncommon use of their electric sense for hunting,

communication and orientation (Bass, 1986a; Arnegard et al., 2006; Stoddard & Markham,

2008). Hereof, they developed the specialized organ, enabling them to generate an electric

organ discharge (EOD) which in turn produces a surrounding electric field. Depending on

the species, EODs can range from millivolts up to 800 volts. Those voltage differences

are used to discriminate between weakly and strongly electric fish (Table 1). A strong

EOD is represented in the marine Uranoscopidae and two freshwater families. One family

is the neotropical Gymnotidae (Gymnotiformes) with the strong electric species Elec-

trophorus electricus. The other one is the family of African electric catfish (Siluriformes,

Malapteruridae) (Table 1). Strongly electric fish use their EOD mainly for predation and

defense (Catania, 2015) while weakly electric fish use it for navigation, orientation, and

communication (Stoddard & Markham, 2008; Worm et al., 2018). The weak EOD evolved

in two monophyletic groups, the order Gymnotiformes, and the superfamily Mormyroidei

(Lavoué et al., 2012). The fact that species of these groups share the trait of electrogenesis

but are phylogenetically very distant, makes them an excellent example of convergent

evolution (Lavoué et al., 2012).
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Table 1: Overview of teleost electric fish sorted by continental distribution. Occurring combinations of
main EOD characteristics in each taxonomic order are listed and the silhouette of a generic fish for the
single feature combinations is given.

Distribution
area

Taxonomic order
(family)

EOD
strength

EOD
type

Representative
example

South and Central
America

Perciformes
(Uranoscopidae)

strong pulse Astroscopus sp.?

Gymnotiformes
(Gymnotidae,
Rhamphichthyidae,
Hypopomidae,
Sternopygidae,
Apteronotidae)

strong pulse Electrophorus electricus

weak pulse Gymnotus sp.

weak wave Eigenmannia sp.

Africa Siluriformes
(Malapteruridae,
Mochokidae)

strong pulse Malapterus sp.

Osteoglossiformes
(Mormyridae,
Gymnarchidae)

weak pulse Campylomormyrus sp.

weak wave Gymnarchus niloticus

? marine species

1.1 African weakly electric fish

The superfamily Mormyroidei belongs to the basal teleost order Osteoglossiformes and

consists of two families (Gymnarchidae and Mormyridae). Gymnarchidae contains only

one species (Gymnarchus niloticus) while Mormyridae is the most species-rich family of its

order (∼ 220 described species) (Daget et al., 1984; Alves-Gomes & Hopkins, 1997). The

species are endemic to Africa and are able to generate weak EODs. There are two EOD

types among African weakly electric fish, the wave- and pulse-type EOD (Table 1). Wave-

type EODs have a longer duration than pulse-type EODs. They are continuously emitted

at equal time intervals and merge into a constant frequency wave (Figure 1). Gymnarchus

niloticus is the only species of its superfamily with a wave-type EOD (Lissmann, 1951).
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Pulse-type EODs are emitted in irregular sequences of pulse intervals whereby the pauses

between two pulses are much longer and more variable than the pulse itself. They are

as diverse as the mormyrid species and can be subdivided by polarity, number of phases,

duration and overall shape (Figure 1). It is proposed that EODs are species-specific

and highly stereotyped within individuals (Hopkins & Bass, 1980; McGregor & Westby,

1992). However, the EOD waveform can vary slightly among individuals of the same

species, for example by gender, developmental stage, geographical origin or breeding season

(Hopkins & Bass, 1980; Schwassmann et al., 2014; Gallant et al., 2017; Nguyen et al.,

2017). Individuals of Brienomyrus brachyistius show variation in the EOD duration due to

sexes and dominance among males (Carlson, 2002). Further, population-specific discharges

based on the EOD duration and absence/presence of a so-called P0 phase were found

among different Paramormyrops kingsleyae populations (Gallant et al., 2011).

Figure 1: Different electrocyte geometries and the accompanied EODs in among species of the superfamily
Mormyroidei. (1) Types of electrocytes (a-e) with innervation face and penetration are depicted. The
appropriated EOD waveforms and mormyroid example are given below. (a) Stalkless electrocytes result
in monophasic EODs. (b) A non-penetrating stalk is typical for a biphasic EOD. (c-e) Electrocytes with
stalk penetrations lead to different triphasic EODs. Modified from Hopkins (1995). (2) EOD waveforms
of two Campylomormyrus species with remarkably differences in EOD duration.

For evolutionary biology, the sympatric occurrence of African weakly electric fish is

a further interesting fact. It raises the question whether their diversity is a consequence

of sympatric speciation or allopatric speciation with secondary contact. In the case

of sympatric speciation, certain evolutionary drivers are involved reaching reproductive
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isolation. Temporal or ecological differences can cause reproductive isolation (micro-

allopatry) if individuals are adapted to certain times of activity (nocturnal vs. diurnal) or

habitats (e.g. ecological niches or seasonal migration) (Tsukamoto et al., 2002). In those

cases, speciation depends on individuals not encountering each other despite occupying

the same geographical range. Behavior is another important characteristic in the context

of reproductive isolation. It plays a major role in mating processes and thus can drive

speciation by factors like direct mate choice (Knight et al., 1998; Feulner et al., 2008) or

male courtship (Kitano et al., 2009). These prezygotic reproductive isolation mechanisms

can cause a mating pattern with preferences for individuals with conformities or disparities

(assortative mating). Assortative mating, a form of sexual selection, can in turn act directly

on signals involved in prezygotic reproductive isolation and thus can be a potent driver of

speciation (Carlson et al., 2011). Either way, sexual selection is one of the main hypotheses

in the evolution of sympatric species (Higashi et al., 1999; Boughman, 2001).

Speciation can also be a consequence of disruptive natural selection as shown in sym-

patric fish species where it acts on body size and shape resulting in ecological speciation

(Schliewen et al., 1994). One uncertainty here is whether prezygotic isolation mechanisms

emerged as a consequence of disruptive natural selection or whether disruptive natural se-

lection acts on systems which already developed prezygotic isolation mechanisms (Schluter,

1996). In sympatrically occurring African weakly electric fish, the EOD is presumed to be

a prezygotic isolation mechanism (Albert & Crampton, 2005; Feulner et al., 2009b) and

the divergence of electric signals facilitated the diversification of electric fish under each of

those evolutionary scenarios (Carlson et al., 2011). An alternative process which can cause

sympatric speciation is postzygotic isolation by gametic incompatibility, zygotic mortality,

hybrid sterility and inviability as well as hybrid breakdown. In addition, chromosomal

changes have recently been identified as a postzygotic isolation mechanism in sympatric

electric fish (Cardoso et al., 2018). In addition to these mechanisms, it should be noted

that hybridization and gene flow between sympatric species may be further drivers of

their divergence. For electric fish, this could confound their current species definition and

classification, and prompt a revision of species descriptions with respect to the biological

species concept.
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1.2 Electrogenesis in African weakly electric fish (Mormyridae)

Over the last decades, histological and molecular properties of the electric organ have

been studied in more detail among African weakly electric fish (Lissmann, 1958; Bennett,

1961; Bass, 1986a,b; Stoddard, 2006; Kirschbaum et al., 2016). The organ is derived

from muscle tissue (myogenic organ) whereby its cells, called electrocytes, have lost the

ability to contract, and became electrogenic. Histological investigations showed that

electrocytes vary by structures including innervation faces, papillae, penetrations and stalk

formations (Bass, 1986a; Hopkins, 1995; Paul et al., 2015). Variation in these electric

organ structures are associated with particular EOD waveforms. For example, electric fish

with stalk-penetrated electrocytes emit a triphasic EOD while no penetrations result in a

biphasic EOD (Figure 1). However, the actual generation of a discharge is determined by

cellular processes and molecular mechanisms of electrocytes. In mormyrids, an electric

organ is composed of tens of electrocytes stacked in cylindrical columns which maximizes

the voltage of an EOD. Four columns are arranged in parallel which increases the generated

current. They are orientated rostro-caudally and are surrounded tightly by connective

tissue, blood vessels and nerve fibers (Figure 2). The membrane of each electrocytes is

excitable and equipped with voltage-gated ion channels, which serve as gates for positively

charged sodium (Na+) and potassium (K+) ions (Stoddard & Markham, 2008). By ion

flow through the membrane, the charge of the membrane and intra- and extracellular

speace changes. These ions can flow through the membrane and change the charge of the

intra- and extracellular space. Considering the whole individual, the EOD is similar to an

oscillating dipole embracing the head and tail of the fish with changing head-positive and

head-negative phases that cycle with the EOD repetition rate (Albert & Crampton, 2005).

Assuming a simple biphasic EOD with a first head-positive and a second head-negative

phase, each electrocyte is innervated at the smooth posterior face by electromotor neurons

via a stalk while the anterior face is grooved which increases the cell surface (Figure 2).

The initial phase of an EOD is the resting potential where an excess of positively charged

Na+ ions exists in the extracellular space compared to the intracellular space. When the

posterior face of electrocytes becomes activated, it initiates the first action potential and

Na+ ions enter the cell (depolarization) in anterior direction. A repolarization follows,

meaning that the inward Na+ ion current is countered by a K+ ion outflow as potassium

ion channels are opened at the anterior face of the electrocyte (Figure 2; red). During

these milliseconds, the flow of positive ions is head-ward, charging the head of the fish
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positively (head-positive phase). The second action potential is produced immediately

after the first one (Figure 2; black). But this time, the de- and repolarization run vice

versa leading to a current of positive ions from the head to the tail (head-negative phase).

Afterwards, the resting potential is restored (Stoddard & Markham, 2008). The cellular

principle is similar in all weakly electric fish but the diversity of EODs might be caused by

multiple factors like electrocyte geometry, membrane excitability, or hormone levels (Bass,

1986a; Bass et al., 1986; Freedman et al., 1989).

Figure 2: Morphological position, schematic illustration and histological picture of a mormyrid electrical
organ, and the schematic sequence of ionic flows during the generation of an biphasic EOD. (1) The
electric organ is positioned close to the tail and consists of electrocytes stacked in four columns. (2) On
the left, a biphasic EOD with resting stages (a,f), depolarization (b,d) and re-polarization (d,e). On the
right, a sketch of ion flows is illustrated. The first action potential is initiated by the motor neuron at the
posterior site indicated by the first head-positive phase (red). The following head-negative phase is caused
by a second action potential at the anterior face (black).

1.3 Genetics of African weakly electric fish (Mormyridae)

Today, one of the most common ways to classify taxonomic units and define species is the

usage of genetic markers. Microsatellites and gene sequences serve as tools in topics of

evolutionary biology like species phylogeny or population structure, but are also helpful

in conservation biology. Several genetic markers (e.g. cyt b or COI ) are used to identify

taxonomic lineages. They have been utilized to confirm genetically the convergent evolution

of weakly electric fish (Lavoué et al., 2000, 2012). Within mormyrids they were used
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to reconstruct phylogenies and assign known species to monophyletic groups or distinct

clades (Feulner et al., 2007, 2008; Lamanna et al., 2016). However, single markers have

their restrictions when addressing additional evolutionary questions. Therefore, a wider

range of genetic data is needed to avoid biased conclusions in areas like species admixture

or when investigating the impact of selection on speciation.

The development of Next Generation Sequencing (NGS) allows researchers access

to thousands of genetic markers in a cost-efficient way. It enables genome assemblies

like the one of the mormyrid Paramormyrops kingsleyae (Gallant et al., 2017). This

genome reconstruction has been a crucial step for future research of mormyrid evolution

and can now serve as reference for gene annotations and expression analyses of closely

related species. These NGS applications are essential to gain insights into the genetic

variability of mormyrid fish. Knowledge about karyological features like chromosome

number also supports a genome reconstruction as the number of scaffolds are easier to

estimate. Unfortunately, chromosome numbers are only known for a few taxa in the

species-rich Mormyridae (Uyeno, 1973; Ozouf-Costaz et al., 2015). Especially concerning

the teleost-specific genome duplication, a known chromosome number would facilitate the

estimate of genome sizes and rearrangements.

This genome duplication is assumed to have happened 300 to 350 million years ago

(Meyer & Van De Peer, 2005; Inoue et al., 2015; Pasquier et al., 2016), and resulted in the

presence of numerous paralogous genes which were able to gain sub- or neofunctionalizations

(Ohno et al., 1967; Zhang, 2003; Ozernyuk & Myuge, 2013). Two gene families (sodium and

potassium voltage-gated ion channel genes), which are involved in EOD generation, are

paralogous and studies have focused on their evolution and molecular structure (Arnegard

et al., 2010; Paul et al., 2016). It is presumed that their different genetic structure is

one main factor leading to the EOD diversification, especially in terms of expression of

paralogous genes in different tissues like the skeletal muscle and electric organ (Zakon

et al., 2006; Lamanna et al., 2015; Nagel et al., 2017). Additionally, single mutations in

DNA and amino acid sequences seem to be taxon-specific and can be allocated to distinct

characteristics like the EOD duration (Paul et al., 2016; Swapna et al., 2018). In contrast

to the examination of individual genes, entire transcriptome analyses can be applied by

means of NGS. This has been already used for differential gene expression analyses across

tissues, and across species with EOD variation (Gallant et al., 2012; Lamanna et al., 2015;

Gallant et al., 2017).
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Concerning EOD waveform variability of the electric fish, organ anatomy and electro-

cyte geometry have been well studied, but their underlying genetics have not yet been

comprehensively compared. Consequently, genes which might be involved in the cell

structure, development or differentiation, and thus in tissue formation could be promising

candidate genes. In summary, gene mutation, expression, and regulation have been exam-

ined to address evolutionary questions in African weakly electric fish, but there is still a

lack of knowledge about evolutionary and genetic backgrounds driving EOD diversification

in mormyrids.

1.4 Genus Campylomormyrus

In 1874, the genus Campylomormyrus was defined for the first time (Bleeker, 1874),

however subsequent specimens were listed under the genus name Gnathonemus, for which

Campylomormyrus was synonymous (Boulenger, 1898; Poll, 1945). It was only in 1968

that Taverne (1968) reintroduced the genus name Campylomormyrus (Taverne, 1968; Poll

et al., 1982). Since the first record, the number of valid Campylomormyrus species has

varied. Due to different authors and their morphological analyses, specimens were denoted

with different names (Table 1 in Feulner et al. (2007)). A recent example refers to the

species C. ibis as the juvenile state of C. numenius (Paul et al., 2015), and should no

longer be listed as a distinct species. Thus, 15 described species are currently accepted

(Table 2).

Table 2: Overview of 15 accepted and two putative Campylomormyrus species. The list includes species
name, a generic EOD and its time scale, the stalk form/innervation face, morphological example and the
methods of classification. Fish body sizes are not relative to each other.

Species EOD stalk form/

innervation

face

morphological

shape

classified by ?

C. compressirostris

Morph 1

genetics / morphometrics /

holotypus / EOD

C. compressirostris

Morph 2 ??

? genetics / morphometrics /

EOD

C. curvirostris ? genetics / morphometrics/

holotypus / EOD
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Table 2: continued from previous page

Species EOD stalk form/

innervation

face

morphological

shape

classified by ?

C. tshokwe genetics / morphometrics/

holotypus / EOD

C. numenius genetics / morphometrics/

holotypus / EOD

C. rhynchophorus genetics / morphometrics/

holotypus / EOD

C. elephas ? genetics / morphometrics/

holotypus / EOD

C. alces ? genetics / morphometrics/

holotypus / EOD

C. christyi ? genetics / morphometrics/

holotypus

C. tamandua genetics / morphometrics/

holotypus / EOD

C. n.sp. ?? ? genetics / morphometrics

C. phantasticus ??? ? holotypus / EOD

C. bredori ??? ? ? holotypus

C. cassasicus ??? ? ? holotypus

C. luapulensis ??? ? ? holotypus

C. mirus ??? ? ? holotypus

C. orycteropus ??? ? ? morphology / holotypus

? = no data available, S = stalk, E = electrocyte
? references: Taverne (1968); Poll et al. (1982); Feulner et al. (2008); Lamanna et al. (2016)
?? not an accepted species but listed in the phylogeny of Lamanna et al. (2016)
??? pictures of morphological shape adapted from http://mormyrids.myspecies.info/en
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Campylomormyrus occurs exclusively in the Congo Basin except for two species.

Campylomormyrus tamandua has been also found in northern rivers like Volta, Chad/Shari

and Niger (Daget et al., 1984) while C. phantasticus is endemic to the Sanaga River in

Cameroon (Pellegrin, 1927). Since the distribution area of most of the species overlaps,

they are considered as sympatric species (Feulner et al., 2008; Tiedemann et al., 2010).

The natural habitat of Campylomormyrus species is rather diverse ranging from calm

waters like Lake Moero to strong currents as it is found in some parts of the Lower Congo

River (Gosse, 1984). They are nocturnal and feed on insect larvae, and small crustacean

(Marrero & Winemiller, 1993). Their local name, the "poisson elephant", already indicates

the distinct feature of the elongated trunk-like snout with the small mouth at the end

(Table 2). Morphological characteristics of the head are used to classify species (Bleeker,

1874; Boulenger, 1898; Feulner et al., 2007; Lamanna et al., 2016), but the EOD is also

appropriated for species differentiation as it is supposed to be highly stereotyped within

species and shows no differences among sexes in Campylomormyrus (Feulner et al., 2009a;

Paul et al., 2015). It has been shown that the EOD of some species changes dramatically

during the ontogeny (Paul et al., 2015; Nguyen et al., 2017) but after maturity it remains

constant in the individual and is a reliable discrimination trait (Feulner et al., 2007, 2009a).

Concerning the different EOD characteristics, the phase number and duration have

been intensively investigated (Paul et al., 2015; Kirschbaum et al., 2016; Nguyen et al.,

2017; Nagel et al., 2018a). The different EOD phases and their polarity are traced back

to the anatomy of its electric organ and electrocytes. Duration differences were mostly

studied histologically and genetically. Thereby, differences in electrocyte geometries could

be stated (Paul et al., 2015), and single amino acid changes in the sodium voltage-gated ion

channel were found being exclusively in species with elongated EODs (Paul et al., 2016).

Nagel et al. (2017) detected different gene expression patterns of potassium voltage-gated

ion channels among two species with different EOD waveform lengths. As in all mormyrids,

Campylomormyrus uses the EOD for communication including species recognition and

discrimination (Nagel et al., 2018a,b). Based on mate choice experiments, it is thought that

the EOD facilitates assortative mating and functions as a prezygotic isolation mechanism

which promotes natural divergent selection. Hence it is proposed to be a ‘magic trait’

(Feulner et al., 2009b; Tiedemann et al., 2010). Even if the EOD does not seem to be the

only modality involved in species discrimination, it is hypothesized that discrimination

by electric cues alone might be an apomorphic trait that evolved during a recent species
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radiation in Campylomormyrus (Nagel et al., 2018a,b). Another hypothesis concerning

their radiation is the morphological adaptation to ecological niches. Differences in their

snout morphology leads to the assumption that species evolved by adaptation to different

food sources promoting the divergence of Campylomormyrus (Feulner et al., 2009b). Those

different traits might be involved in the divergence of sympatrically occurring Campylo-

mormyrus species, and each scenario or even a combination seems likely. Nevertheless, it is

still uncertain if its recent radiation is caused by ecological speciation (adaptation to food

sources), sexual selection promoted by the different EODs (assortative mating), and/or

natural divergent selection leading to the prezygotic reproductive isolation or caused by it.

It should be considered that hybridization and gene flow can potentially occur among the

sympatric Campylomormyrus species, especially as inter- and intra-genus F1 hybrids have

been produced under laboratory conditions (Kirschbaum et al., 2016).

The recent species tree of Campylomormyrus was published by Lamanna et al. (2016).

It includes eight morphologically described and one undescribed species, and is based

on three genetic markers. Species delimitations are supported by microsatellite data,

morphometric measurements and differences in EOD waveforms, but not in all cases the

species affiliation is concordant. For example, a classification by morphometric measure-

ments yields a lower species number than one by EOD waveform, as two EOD morphs

of C. compressirostris are observed (Lamanna et al., 2016). However, in the inferred

species tree the nine species are divided into two main clades (Figure 3). One of them is

called the alces-complex (Figure 3) and comprises the three species C. christyi, C. alces

and C. elephas. This clade is not fully resolved and EOD waveforms vary within species

(unpublished data). The other main clade consists of the remaining species excluding

C. tamandua (Clade 1; Figure 3), and splits into two sub-clades and a single lineage

(undescribed species C. n.sp.). One sub-clade includes the species C. compressirostris, C.

curvirostris and C. tshokwe. All species except for C. compressirostris Morph 2 have a

biphasic EOD but with different duration. The other sub-clade consists of C. numenius

and C. rhynchophorus showing elongated EODs (>10ms) but with differences in phase

number (Table 2). Campylomormyrus tamandua is the most basal lineage and the sister

group to both main clades . It possess a triphasic EOD which is consistent with the phase

number of the genus’ sister group Gnathonemus (Sullivan et al., 2000; Lamanna et al.,

2016). Consequently, it is assumed that a triphasic EOD waveform is the ancestral state
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in the genus. Regarding the EOD duration, a short pulse is likely ancestral, and thus,

the elongation of discharges (>2ms) is considered a derived characteristic (Tiedemann

et al., 2010). Comparing these features with the current phylogeny means that an EOD

elongation evolved independently and is fixed in at least two phylogentic lineages of

Campylomormyrus (sub-clade: C. rhynchophorus and C. numenius; species C. tshokwe).

Figure 3: Current Campylomormyrus phylogeny. Eight species are morphologically described, one is
still undescribed (C. n.sp) and 2 EOD morphs are represented for C. compressirostris. Clade 1 and the
alces-complex are labels only used in this thesis. Modified from (Lamanna et al., 2016).

1.5 Aims of the study

The EOD as a species-specific trait in African weakly electric fish is proposed to promote

prezygotic reproductive isolation by facilitating assortative mating (Feulner et al., 2009b).

Hence, it plays a key role in the speciation of the sympatrically occurring fish. The overall

aim of this study is a better understanding of the correlation between EOD characteristics

and species diversification within the African weakly electric fish genus Campylomormyrus,

and which evolutionary concepts are subject to this diversification. In more detail, I want to
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investigate the genetic variation within Campylomormyrus underlying EOD diversification

and species divergence to gain insights into evolutionary processes driving the probalble

sympatric speciation in the genus. For this, I focus on chromosomal evolution, the genetic

background of the EOD diversity, and the genomic differences among Campylomormyrus

species. Therefore I followed three different approaches:

1) Karyological approach: Although some evolutionary events and processes can be

identified by genomic structures, like chromosome number and shape, such a fundamental

information is still lacking for several mormyrid species. Therefore, I aim to describe the

first karyotype of the genus Campylomormyrus and to compare it with existing chromosome

sets within Osteoglossiformes. With this insight, the genus can be classified in the context

of chromosome evolution and chromosome rearrangements among osteoglossiform taxa

can be inferred. Additionally, this information serves as basis for further investigations

including genome reconstruction and gene localization.

2) Genomic approach: Even if the number of chromosomes is a basic information,

differences in phenotypic traits (e.g. EOD) are encoded by single genes. So far, differential

gene expression analyses were applied across Campylomormyrus species with different

EODs, focusing on voltage-gated ion channel genes (Lamanna et al., 2015; Nagel et al.,

2017). The second aim of this thesis is the identification of genetic differences in expressed

genes among closely related Campylomormyrus species with different EOD duration. As

RNA sequencing data are available, I set up a transcriptome-wide SNP analysis pipeline to

discover candidate genes and cellular mechanisms with increased genetic variation which

take part in the determination of EOD characteristics in a species with an elongated EOD

(C. tshokwe).

3) Phylogenetic approach: Campylomormyrus fish occur in sympatry but most of

them can be well discriminated morphologically, genetically, and by their species-specific

EOD. In the current phylogeny, most of the clades can be assigned to previously described

species but some are missing and uncertainties among species, like in the alces-complex,

still exist (Lamanna et al., 2016). Thus, a further aim of this study is a comprehensive

phylogenetic reconstruction based on an increased number of genetic markers and including

two additional species. For this I used the ddRAD sequencing method to gain a higher

amount of genetic markers (SNPs) which aid to resolve phylogenetic ambiguities, delimit

species and provide more information about evolutionary mechanisms driving speciation.
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2 Summary of Articles

2.1 Summary of Article I

Karyotype description of the African weakly electric fish Campylomormyrus compres-

sirostris in the context of chromosome evolution in Osteoglossiformes.

Canitz, J., Kirschbaum, F., Tiedemann, R.

Journal of Physiology - Paris 110, 273-280 (2016)

Despite several genetic studies about Camyplomormyrus species, a key information of

this realm - its karyotype - is still lacking. Hence, I have described the first karyotype

of Campylomormyrus compressirostris in this study. I have tested different conditions

for chromosome preparation following the methods of Shao et al. (2010) and Karami

et al. (2015) to gain the best chromosome spreads. To visualize the chromosomes I

stained them with DAPI and Giemsa. Finally, I preserved the chromosomes with DPX

and took microscopic pictures. The results lead to the conclusion that C. compressirostris

has a diploid chromosome set of 2n=48 consisting of 4 submetacentric, 26 metacentric,

and 18 acrocentric chromosomes (fundamental number=78). This diploid chromosome

number is consistent with the chromosome number of its sister genus Gnathonemus petersii

supporting their close relationship on the chromosome level. Furthermore, the results

extend the current number of karyotypes in Osteoglossiformes to 21 species in 17 genera.

Subsequently, I have used the software ChromEvol to predict the most likely haploid

chromosome number of common ancestors within the order Osteoglossiformes. As the

software takes into account phylogenetic information, a maximum likelihood approach

has been used to generate a phylogenetic tree based on mitochondrial genomes of 16

osteoglossiform species. Based on the data, the software infers a most likely haploid

chromosome number of n=27 for the most recent common ancestor of Osteoglossiformes.

As other studies have suggested a haploid chromosome number of n=24, I compared two

ChromEvol analyses with different fixed ancestral chromosome numbers (n=24 and n=27).

The results of both runs deviate just slightly regarding the ancestral chromosome numbers.

Although the comparison indicates a haploid chromosome number of 27 as most likely,

I suggest that the ancestral haploid chromosome number of Osteoglossiformes is n=24.

This is consistent with the current hypothesis, supported by the most basal phylogenetic
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branch, Pantodon (n=24), and it is assumed that the ancestral chromosome number of

all teleostei is n=24. Furthermore, I suggest that the ancestral chromosome number of

mormyrids is n=24-25 as the probabilities are the highest and second highest ones in

both analyses. Besides all the differences, a higher number of chromosome losses than

gains has been inferred in both runs. The total amount of chromosomal changes from the

root to the tips is supported by the highly variable karyotype formula among the taxa of

Osteoglossiformes. I assume that these changes are caused by Robertsonian fusion and

pericentric inversion.

Authors contribution: I performed the laboratory experiments, took the microscopic

pictures, did the data analyses, and drafted the manuscript. F. Kirschbaum provided

the fish eggs and contributed to experimental design to hatch the eggs. R. Tiedemann

conceptualized and supervised the study, and participated in the discussion and finalization

of the manuscript. All authors read and revised the manuscript.
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2.2 Summary of Article II

Transcriptome-wide single nucleotide polymorphisms related to electric organ discharge

differentiation among African weakly electric fish species

Canitz, J., Kirschbaum, F., Tiedemann, R.

PlosONE, submitted

Pulse duration in African weakly electric fish is presumed to depend on electrocyte

geometry/excitability or hormonal signaling. This study provides the first transcriptome-

wide Single Nucleotide Polymorphism (SNP) analysis among species of the African weakly

electric fish genus Campylomormyrus, as well as putative candidate genes and cellular

mechanisms which are potentially involved in the determination of an elongated discharge

in one of the Campylomormyrus species. To achieve those results, I compared orthologous

transcripts of three Campylomormyrus species (C. tamandua, C. compressirostris, and C.

tshokwe) and Gnathonemus petersii regarding species-specific non-synonymous SNPs for

C. tshokwe, the only species in this group with an elongated EOD.

I identified 27 candidate genes with inferred positive selection and at least one non-

synonymous C. tshokwe-specific SNP. These candidate genes have functions associated

directly or indirectly with transcriptional regulation, cell proliferationa and differentiation.

Additionally, I have found 27 GO terms and two KEGG categories for which C. tshokwe

possesses a significantly higher frequency of expressed genes with species-specific substi-

tutions than C. compressirostris. It is most likely that transcriptional regulation, cell

proliferation and differentiation, which are pivotal for tissue morphogenesis, are involved

in the determination of pulse duration. This supports the observed correlation between

tissue structure of the electric organ and discharge duration.

Authors contribution: I set up the bioinformatical pipeline, analyzed the data, and drafted

the manuscript. F. Kirschbaum participated in the manuscript drafting and supervision.

R. Tiedemann conceptualized and supervised the study and contributed to manuscript

finalization. All authors read and approved the manuscript.
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2.3 Summary of Article III

Genome-wide SNPs provide new insights into the phylogeny of the African weakly electric

mormyrid fish genus Campylomormyrus (Teleostei; Osteoglossiformes)

Canitz, J., Kirschbaum, F., Mamonekene, V., Tiedemann, R.

to be submitted to Molecular Phylogenetics and Evolution

The current species tree of Campylomormyrus is based on three genetic markers and

contains ten species which occur sympatrically at the Lower Congo River (Lamanna et al.,

2016). Since uncertainties in the phylogeny and species delimitation still exist, and six

morphologically described species are not included, this study aims at a reduced genome

approach with focus on individual phylogenetic relationships, species delimitations and

evolutionary processes driving the assumed sympatric speciation. To extend the data

set, I included two additional species (C. phantasticus and C. cassaicus) and to obtain

an increased number of genetic markers I established the double digest restriction-site

associated DNA (ddRAD) sequencing method in our laboratory. In total, libraries for 63

samples have been prepared covering twelve Campylomormyrus and one Gnathonemus

species. Using a denovo assembly pipeline, provided by the analysis tool Stacks 2.2,

I could assemble more than 150,000 loci. All samples were genotyped and the SNPs

were filtered for different parameters like sequence quality, minor allele frequency and

sample coverage. A Maximum Likelihood and Bayesian Inference analysis have been

performed to reconstruct the phylogeny. In addition, more than 8,000 genotyped positions

were used for a Principle Component Analysis (PCA) and a Discriminant Analysis of

Principle Components (DAPC) to group the individuals by genetic similarity. For gaining

a higher resolution among particular species I repeated the pipeline for the specimens of

the so-called alces-complex.

The new phylogeny reveals a major change in the topology as the phylogenetic position

of C. tamandua is not anymore the most basal lineage within the genus Campylomormyrus.

It is now the sister group of the alces-complex. Moreover, the phylogenetic trees yield that

the species C. phantasticus is the basal lineage in one of the main clades and C. cassaicus

belongs to the alces-complex. The individual-based phylogeny reveals well-supported rela-

tionships within and among species (PP > 90). However, the genetic similarity especially

among individuals of the alces-complex is high and they cluster neither by species nor
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by EOD. This in combination with its high EOD diversification could indicate incipient

sympatric speciation for individuals of the alces-complex (Arnegard et al., 2005, 2006).

Such an assumpition would also lead to a higher species number increasing the diversity

of Campylomormyrusin the Lower Congo River. Thus, the ddRAD sequencing method

is a useful tool to uncover species diversity as relationships even among individuals are

solved and well supported.

Author’s contributions: I did the laboratory work including protocol establishment and

library preparation. Furthermore, I performed data processing and drafted the manuscript.

V. Mamonekene supported the group during the field trips and contributed to a successful

sampling. F. Kirschbaum participated in the field trips and contributed to species

classification and manuscript drafting. Ralph Tiedemann also joined the field excursions,

contributed to conceive the study and participated in manuscript drafting.
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a b s t r a c t

Karyotyping is a basic method to investigate chromosomal evolution and genomic rearrangements.
Sixteen genera within the basal teleost order Osteoglossiformes are currently described cytogenetically.
Our study adds information to this chromosomal dataset by determining the karyotype of
Campylomormyrus compressirostris, a genus of African weakly electric fish that has not been previously
examined. Our results indicate a diploid chromosome number of 2n = 48 (4sm + 26m + 18a) with a fun-
damental number of FN = 72. This chromosome number is identical to the number documented for the
sister taxon of the genus Campylomormyrus, i.e., Gnathonemus petersii (2n = 48). These results support
the close relationship of Campylomormyrus and Gnathonemus. However, the karyotype formula of C. com-
pressirostris is different from Gnathonemus petersii, thereby confirming the high variability of karyotype
formulae within the Mormyridae. We infer that the differences in chromosome number and formula of
Campylomormyrus relative to other mormyrids may be caused by Robertsonian fusion and pericentric
inversion. In addition to the karyotype description and classification of Campylomormyrus, a
ChromEvol analysis was used to determine the ancestral haploid chromosome number of osteoglossiform
taxa. Our results indicate a relatively conservative haploid chromosome number of n = 24 for the most
recent common ancestor of Osteoglossiformes and for most of the internal nodes of osteoglossiform phy-
logeny. Hence, we presume that the high chromosome variability evolved recently on multiple indepen-
dent occasions. Furthermore, we suggest that the most likely ancestral chromosome number of
Mormyridae is either n = 24 or n = 25. To the best of our knowledge this is the first attempt to determine
and classify the karyotype of the weakly electric fish genus Campylomormyrus and to analyze chromoso-
mal evolution within the Osteoglossiformes based on Maximum Likelihood and Bayesian Inference
analyses.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Campylomormyrus, a genus of African weakly electric fish, has
been intensively studied with regard to evolution, electric dis-
charge, electric organ anatomy, and behavior (Feulner et al.,
2007, 2009; Lamanna et al., 2015, 2016; Paul et al., 2015). The
genus belongs to the ancient teleost order Osteoglossiformes. An

understanding of phylogenetic relationships within Osteoglossi-
formes has been hampered by the evolutionary history of this
order, its morphological heterogeneity, and its relatively low spe-
cies diversity (in comparison to its sister taxon, the Elopocephala;
Nelson, 1969; Bonde, 1996; Li et al., 1997; Hilton, 2003). Relation-
ships within Osteoglossiformes were first inferred from anatomical
and morphological traits (Greenwood et al., 1966; Nelson, 1969),
while more recent studies have utilized genetic markers (e.g.,
Lavoué and Sullivan, 2004; Lavoué et al., 2011). Several phyloge-
netic hypotheses have been advanced for the order, suggesting dif-
ferent relationships within Osteoglossiformes (Bonde, 1996;
Kumazawa and Nishida, 2000; Hilton, 2003). In the most recent
phylogenetic analyses (Lavoué and Sullivan, 2004; Lavoué et al.,
2011), there is strong support for the hypothesis that the family

http://dx.doi.org/10.1016/j.jphysparis.2017.01.002
0928-4257/� 2017 Elsevier Ltd. All rights reserved.

Abbreviations: a, acrocentric; CI, centromeric index; CRND, Constant Rate with
No Duplication; FN, Fundamental Number; m, metacentric; n, haploid chromosome
number; p, short chromosome arm; q, long chromosome arm; PP, posterior
probability; sm, submetacentric; 2n, diploid chromosome number.
⇑ Corresponding author.
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Pantodonidae is the sister group of the two osteoglossiform subor-
ders Osteoglossoidei (Osteoglossidae) and Notopteroidei, the latter
consisting of the families Notopteridae, Mormyridae, and Gymnar-
chidae. Campylomormyrus, a taxon that has recently diversified in
an adaptive radiation (Feulner et al., 2007; Tiedemann et al.,
2010), is part of the Mormyridae, the family with by far the highest
species diversity (�180 species), while all other families are rela-
tively species-poor (ranging from one species in Pantodonidae
and Gymnarchidae to ten species in Notopteridae).

To date, 20 species from 16 genera of osteoglossiform fishes are
described cytogenetically (Uyeno, 1973; Ozouf-Costaz et al., 2015;
Table 1), but the karyotype of Campylomormyrus has not hitherto
been described. Furthermore, previous studies of osteoglossiform
karyotypes have mainly focused on chromosome morphology
and karyotype formulae, but do not specifically address karyotype
evolution (Suzuki et al., 1982; Marques et al., 2006; Krysanov and
Golubtsov, 2014). Uyeno (1973) describes the chromosome formu-
lae of nine osteoglossiform fishes, and hypothesizes a diploid chro-
mosome number of 2n = 48 for the most recent common ancestor
of Osteoglossiformes. This is supported by later studies in which
the ancestral chromosome number of Teleostei is proposed to be
2n = 48–50 (Jaillon et al., 2004; Mank and Avise, 2006; Kohn
et al., 2006; Nakatani et al., 2007). Here, we describe the first kary-
otype of a Campylomormyrus species (C. compressirostris) and com-
pare it to the karyotype information from other Mormyrids as well
as non-electrogenic osteoglossiforms. Additionally, we estimate
the most likely ancestral chromosome number of Osteoglossi-
formes using Maximum Likelihood and Bayesian Inference meth-
ods to discuss patterns of chromosome number evolution. As this
analysis requires a phylogenetic tree as input, we reconstructed a
phylogeny of those Osteoglossiforms for which karyotypes are
available, based on mitochondrial genomes.

2. Material and methods

2.1. Laboratory procedures

Chromosome preparations were obtained from embryonic
tissue of Campylomormyrus compressirostris. The samples were
provided by the department of Biology and Ecology of Fishes (Prof.

Kirschbaum, HU Berlin) and the protocol was adapted from Shao
et al. (2010) and Karami et al. (2015). First, freshly hatched fish
embryos (less than 24 hours old) were exposed to colchicine solu-
tion. After incubation, they were put on ice until vital signals were
no longer detected. The yolk sac and lipid membrane were
removed. The remaining tissue was incubated in a hypotonic solu-
tion for 30 min. To yield the best chromosome spreads, the prepa-
ration parameters were altered as follows: Two colchicine
concentrations (0.02% or 0.05%) were tested for two different incu-
bation times (3 h or 5 h) with two alternative hypotonic solutions
(0.4% KCL or ddH2O). In total, this resulted in eight different prepa-
rations. Henceforth, each preparation was treated equally. First, an
incubation in Carnoy’s solution (ethanol:glacial acetic acid; 3:1) for
20 min was performed to ensure the fixation of cell components.
This step was repeated twice. The fixed embryonic tissue was then
ground with a pestle in 50% acetic acid, and 10 ll of the cell sus-
pension was pipetted onto a clean slide. Subsequently, the steps
as described in Karami et al. (2015) were performed. To visualize
the chromosomes, each slide was stained either with Giemsa (G-
Banding) or with DAPI. For G-Banding, the slides were first swiv-
elled briefly in a mixture of 2.5%Trypsin and 0.9% NaCl solution,
washed twice with 0.9% NaCl solution, and incubated in 6% Giemsa
staining for 12 min. Afterwards, the slides were washed with
Gurr’s buffer and conserved using DPX. Regarding the DAPI stain-
ing, slides were covered with 0.001% DAPI solution and incubated
for 15 min in the dark, followed by a washing step with phosphate
buffer and the conservation with DPX. The slides were stored at
4 �C in the dark until they were viewed. All slides were scanned
manually under 1000�magnification (oil immersion) using a Leica
DM4000 B microscope. Chromosome spreads were photographed
with a Leica DFC480 digital camera and saved as TIFF-files.

Among all treatments, the highest number of chromosome
spreads per preparation was observed on slides treated with higher
colchicine concentration (0.05%), an incubation of 5 h, and KCl as
hypotonic solution. Chromosomes generally clustered together so
that a complete chromosome set could be expected. In single cell
preparations, we counted diploid chromosome numbers ranging
from 40 to 48. For all other treatments, most cells were either
not bloated so that chromosomes could not be distinguished or
chromosome spreads were not visible. DAPI staining worked

Table 1
Available karyotypes in the teleost order Osteoglossiformes.

Family Species 2n Karyotype formula Reference

Osteoglossidae Arapaima gigas 56 4m, 12sm, 40a Hinegardner and Rosen (1972)
28m, 28a Marques et al. (2006)

Heterotis niloticus 40 26m, 10sm, 4a Hirata and Urushido (2000)
Osteoglossum bicirrhosum 56 1sm, 55a Uyeno (1973)

56a Suzuki et al. (1982)
Osteoglossum ferreirai 54 2m, 4sm, 48a Suzuki et al. (1982)
Scleropages formosus 50 4m, 46a Hirata and Urushido (2000)
Scleropages jardini 48 16m, 6sm, 26a Hirata and Urushido (2000)
Scleropages leichardti 44 16m, 8sm, 20a Hirata and Urushido (2000)

Pantodontidae Pantodon buchholzi 48 12m, 12sm, 24a Uyeno (1973)

Mormyridae Gnathonemus petersii 48 10m, 6sm, 32a Uyeno (1973)
18m, 2sm, 28a Ozouf-Costaz et al. (2015)

Marcusenius brachistius 48 1m, 4sm, 43a Uyeno (1973)
Marcusenius moori 50 4sm, 46a Ozouf-Costaz et al. (2015)
Ivindomyrus opdenboschi 50 10m, 2sm, 38a Ozouf-Costaz et al. (2015)
Brienomyrus sp. 50 2m, 6sm, 42a Ozouf-Costaz et al. (2015)
Stomatorhinus wallkeri 50 2sm, 48a Ozouf-Costaz et al. (2015)
Petrocephalus microphtalamus 50 2sm, 48a Ozouf-Costaz et al. (2015)
Pollimyrus cf. nigricans 40 2m, 38a Krysanov and Golubtsov (2014)
Campylomormyrus compressirostris 48 4sm, 26m, 18a This study

Notopteridae Chitala chitala 42 42a Uyeno (1973)
Notopterus notopterus 42 42a Rishi and Singh (1983)
Papycranus afer 34 4sm, 30a Uyeno (1973)
Xenomystus nigri 42 42a Uyeno (1973)
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successfully in all treatments. The Giemsa staining was partially
successful, as it allowed for chromosome counting. It was however
not possible to unambiguously reveal the G-Banding pattern, pre-
sumably because chromosomes were very small. Hence, homolo-
gous chromosomes could not be assigned.

2.2. Chromosome measurements

All photographed spreads were perused manually. If the magni-
fication was insufficient or the coloration too dark, the filter tools
of the software GIMP 2.8.10 (www.gimp.org, 1997–2014) were
used to improve the quality. Among all images, the clearest chro-
mosome spread (i.e., the spread where chromosomes appeared
most separated) was chosen to extract individual chromosomes
for a final karyotype alignment graphic. Chromosome sizes and
arm length were also measured to calculate the centromeric index
(CI) and the q/p quotient (q = long chromosome arm, p = short
chromosome arm) using the image processing software ImageJ
1.50i. (Wayne Rasband, National Institute of Health, USA). Based
on these indicators, chromosome number and karyotype formulae
were specified according to the nomenclature of Levan et al.
(1964). The final chromosome alignment graphic was composed
using GIMP 2.8.10.

2.3. Phylogenetic reconstruction and inference of chromosomal
evolution

To analyze patterns of chromosome number evolution, a phylo-
genetic tree was computed for 17 genera of Osteoglossiformes for
which karyotype information was available, including Campylo-
mormyrus studied here (Table 1). Mitochondrial genome
sequences, downloaded from NCBI (Hrbek and Farias, 2008;
Inoue et al., 2001, 2009; Lamanna et al., 2014; Lavoué et al.,
2012; Yue et al., 2006; Supplementary Table 1), were used to gen-
erate the alignment for a Maximum Likelihood reconstruction
(ML). The alignment was performed using the ClustalW algorithm,
implemented in Geneious R8.0.5, setting the parameters gap open-
ing and gap extension to 15 and 6, respectively. The alignment was
cut to a total length of 15,744 bp. The program RAxML v8.2.X
(Stamatakis, 2014) was applied for the construction of a phyloge-
netic ML tree. Prior to analysis, JModelTest 3.7 (Guindon and
Gascuel, 2003; Darriba et al., 2012) was used to calculate the best
fitting evolutionary model for the given data set (General Time
Reversible with gamma distributed rate; GTR-Gamma), which
was subsequently considered during the ML approach. The genus
Pantodon served as the outgroup to Osteoglossidae + Notopteri-
dae + Mormyridae, as its position as sister group to all remaining
osteoglossiform lineages is phylogenetically well supported
(Lavoué and Sullivan, 2004; Lavoué et al., 2011). The bootstrap
parameter was set to 1000 replicates to evaluate the support of
the inferred clades.

For determination of ancestral chromosome number, the soft-
ware ChromEvol 2.0 (Mayrose et al., 2010; Glick and Mayrose,
2014) was applied, which is based on Maximum Likelihood and
Bayesian phylogenetic inferences. ChromEvol provided eight mod-
els of chromosome-number changes, taking into account the fol-
lowing six parameters: polyploidization (chromosome number
duplication) with rate q, demi-duplication (fusion of different
ploidy gametes) with rate l, and dysploidization (single chromo-
some increase (rate k) or decrease (rate d)). Two further parame-
ters (k1 and d1) were rates of chromosome increase or decrease,
assuming a linear relationship between rates and the actual chro-
mosome number. The eight models were divided in two sets – one
constant (using q, l, k, and d only) and one linear (using q, l, k, d,
k1, and d1). Each set included three models with a different param-
eter combination and one null model that assumed no duplication

events. First, all models were run to test for the model fitting best
to our data. For the best fitting model, ChromEvol analysis was
then performed with optimized parameters identified in the initial
run and no fixed haploid chromosome number (n). The optimized
model was repeated five times with different fixed basal chromo-
some numbers (n = 24; n = 25; n = 26; n = 27; n = 28) to compare
the expected changes of chromosome transitions along each
branch and the ancestral chromosome numbers at internal nodes
under different conditions. Results of the runs were visualized
using the ChromEvol-0.9.1 package in R (Dr. Natalie Cusimano;
LMU München, 2013).

3. Results

3.1. Karyotyping

Thirty-three metaphases were photographed, and the diploid
chromosome number for Campylomormyrus compressirostris has
been determined to be 2n = 48. Chromosome numbers lower than
2 = 48, encountered in some preparations, have been attributed to
losses during chromosome preparation and/or superimposition of
chromosomes. Two images of chromosome spreads
(Fig. 1A and 1B) have been utilized to establish the karyotype using
the following nomenclature and abbreviations: m = metacentric,
sm = submetacentric, and a = acrocentric (including the subtelo-
centric and telocentric chromosomes). Based on the calculation
of chromosomal indicators (CI and q/p), the following karyotype
formula has been identified: 4sm + 26 m + 18a chromosomes with
a fundamental number (arm number) of FN = 78 (Fig. 1C). The
average size of the four submetacentric chromosomes is 7.44 lm,
ranging from 7.03 lm to 7.64 lm. For metacentric chromosomes,
the mean total length is 5.05 lm (range from 3.46 lm to
6.69 lm) and for acrocentric chromosomes the mean is 4.39 lm
(range from 3.71 lm to 5.61 lm) (Supplementary Table 4). Addi-
tionally, there are two conspicuous metacentric chromosomes
which appear to have attached satellites (Fig. 1C, Chromosomes
29 and 30). Fig. 1A has been used to align the final karyotype
(Fig. 1C).

3.2. Phylogenetic reconstruction

Our ML analysis resulted in a well-supported phylogenetic tree
with bootstrap support of 95–100% for all nodes (Supplementary,
Fig. 1). The topology of the families (Osteoglossidae, Notopteridae
and Mormyridae) is consistent to the phylogeny of Lavoué and
Sullivan (2004; Topology O). Within the Mormyridae, Lavoué and
Sullivan (2004) include only two species, so we compare this por-
tion of our tree to the phylogeny of Ozouf-Costaz et al. (2015). Both
phylogenies were consistent, except for the position of Stomatorhi-
nus and Ivindomyrus. This inconsistency could be caused by the dif-
ferent set of molecular markers used and/or the differences in
sequence length (15,744 bp of the mitochondrial genome in our
study vs. 1080 bp of the Cytochrome b gene (Ozouf-Costaz et al.,
2015)).

Except for the genus Pantodon (used as outgroup), all osteoglos-
siform fishes are separated in two major clades corresponding to
the suborders Osteoglossoidei and Notopteroidei (Fig. 2).
Osteoglossoidei consists of two sister clades (Osteoglossum + Scler-
opages; Heterotis + Arapaima). The second major clade (Notopteroi-
dei) comprises the families Notopteridae and Mormyridae (Fig. 2).

3.3. Patterns of chromosome number evolution

The analysis in ChromEvol 2.0 inferred that the best fitting
model to our data was the Constant-Rate-With-No-Duplication
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(CRND), based on the Akaike information criterion (AIC; Supple-
mentary Table 2). A second run with fixed CRND parameters
inferred an ancestral haploid number of n = 27 with the highest
posterior probability (PP) of 0.23. As the PP values of adjacent chro-
mosome numbers (n = 24–26 and n = 28) are close to the probabil-
ity of n = 27 (Table 2), the CRND model has been re-run
independently for each haploid number (n = 24–28). The lowest
computed AIC of the five runs is also found for n = 27
(AIC = 81.0429, bold in Table 2). As the haploid chromosome num-
ber of n = 24 is hypothesized to be the ancestral number of Teleos-
tei, the results of two models (Run1: n = 24, the hypothetical
ancestral number; and Run2: n = 27, the most likely number
inferred from the data) were compared (Supplementary Table 3).
Chromosome numbers of internal nodes and chromosome transi-
tions along branches are visualized for both runs (main text
Fig. 2 for n = 24 (Run1); Supplementary Fig. 2 for n = 27 (Run2)).

For Run1, a total of 88.2 chromosome transition events with an
expectation above 0.5 have been inferred, including 39.5 chromo-
some gains and 48.7 chromosome losses. A similar number of total
transition events is calculated for Run2 (86.2 events), but the dif-
ference between chromosome gains and losses is higher (gains:
27.7; losses: 58.5). No runs infer duplication or demi-duplication
events. The rate of constant losses and gains in Run1 are
d = 20.430 and k = 17.866, whereas in Run2 the rates are
d = 33.47 and k = 14.085. Additionally, there are differences in
inferred chromosome numbers among the two runs at all internal
nodes. While the haploid chromosome number of the most recent
common ancestor of Osteoglossoidei and Notopteroidei is inferred
to be n = 24 in Run1, it is inferred as n = 26 (PP = 0.29) in Run2.

Within the family Osteoglossidae, the chromosome number differs
among the nodes in Run1 (n = 24 for N3 and N4; n = 25 for N5).
This is not the case in Run2, where a chromosome number of
n = 26 has been calculated at each node. The chromosome number
of the most recent common ancestor of Notopteroidei is estimated
as n = 23 (PP = 0.29) in Run1 and n = 25 (PP = 0.31) in Run2. In the
family Notopteridae, both runs infer that the haploid chromosome
number has decreased. The ancestral number of Notopteridae is
predicted to be n = 22 (PP = 0.27) in Run1 and n = 24 (PP = 0.28)
in Run2. For Mormyridae, Run1 inferred a haploid chromosome
set of n = 24 for all internal nodes. Here, Run2 inferred a chromo-
some number of n = 25 except for the most recent clade including
Campylomormyrus and Gnathonemus for which n = 24 (PP = 0.66)
was inferred. The highest posterior probability at each node indi-
cates the most likely haploid chromosome number of this node,
but the differences between this and the second highest PP values
are slight (Run1: DPPmean = 0.10; Run2: DPPmean = 0.12, Supple-
mentary Table 3). For several nodes, one run infers the highest
PP for a chromosome number which yields the second highest PP
in the other run and vice versa (see ‘‘differences in n” in Supple-
mentary Table 3).

4. Discussion

4.1. Karyotypes of Mormyridae

Here, we present the karyotype of the mormyrid fish
C. compressirostris for the first time. We show that it has a diploid

Fig. 1. Chromosomes of Campylomormyrus compressirostris. (A and B) two different chromosome spreads stained with DAPI; (A) This image was used to extract the single
chromosomes and create the karyotype; (C) Karyotype – 48 chromosomes classified as submetacentric (sm), metacentric (m), and acrocentric (a) chromosomes, aligned by
decreasing size and numbered.
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chromosome number of 2n = 48 (Fig. 1); this inferred chromosome
number is identical to the diploid number of 2n = 48 in the genus
Gnathonemus (Uyeno, 1973; Ozouf-Costaz et al., 2015), its sister
taxon. This is consistent with their close relatedness within the
family Mormyridae, as evidenced by phylogenetic analyses (this
study; Ozouf-Costaz et al., 2015).

Seven karyotypes of mormyrid genera have been previously
described (Ozouf-Costaz et al., 2015; Krysanov and Golubtsov,
2014; Uyeno, 1973). Based on these data, our new Campylo-
mormyrus karyotype, and our ChromEvol analysis, we have
inferred an ancestral diploid chromosome number for Mormyridae
of 2n = 48–50. Chromosome numbers in this range are indeed
found in most of the extant mormyrids (Table 1). These diploid
numbers are also considered ancestral in Teleostei (Arai, 2011;
Mank and Avise, 2006; Sember et al., 2015). While chromosome
numbers were inferred to be relatively constant in the evolution
of most mormyrid lineages, karyotype formulae are highly variable
across taxa. Specifically, a high variance in the number of metacen-
tric and acrocentric chromosomes has been observed among the
taxa of Mormyridae. Comparing karyotype formulae to the

mormyrid phylogeny did not reveal any obvious congruence.
Indeed, the changes in karyotype formulae of single taxa appear
to evolve independently. In a previous study, Ozouf-Costaz et al.
(2015) investigated chromosomal evolution in Mormyridae. They
conclude that chromosome formulae have obviously diverged
rapidly and through pericentric inversions. In this type of chromo-
some rearrangements, one break is on each of the two chromo-
some arms, such that the inverted chromosome segment
includes the centromere. Another chromosomal rearrangement,
called Robertsonian fusion or centric fusion, can also be responsi-
ble for changes in chromosome number. Here, a fragment of one
chromosome is attached to a non-homologous chromosome. This
type of rearrangement often leads to a higher number of sub-/
metacentric and a lower number of acrocentric chromosomes.

Campylomormyrus and Gnathonemus (sm/m = 30; sm/m = 20)
possess a higher number of sub-/metacentric chromosomes rela-
tive to their sister taxon, Marcusenius (sm/m = 4). This suggests
that several pericentric inversions occurred, leading to the kary-
otype of Campylomormyrus.

It should be considered that only one species has been kary-
otyped for most genera (cf. Table 1). Interspecific and intraspecific
variationwas not evaluated in this study, but several previous stud-
ies have suggested that chromosome number variation occurs
among closely related species and even among conspecific popula-
tions (Marques et al., 2006). In the genus Marcusenius, two species
were found to differ in both chromosome number and karyotype
formula (Uyeno, 1973; Ozouf-Costaz et al., 2015). In the species
Gnathonemus petersii, two different karyotypes are described by
different authors; both indicate a diploid chromosome number
of 2n = 48, but they differ in their karyotype formulae

Fig. 2. Chromosome evolution along a phylogenetic tree of Osteoglossiformes based on the CRND model with ancestral haploid chromosome number n = 24. The
phylogenetic tree is based on a ML analysis, and tree tips indicate the genera of Osteoglossiformes and their currently published haploid chromosome numbers (see Table 1; if
karyotypes for more than one species of a genus are available, relative frequencies of different n-values are provided). Nodes are labelled by pie charts indicating the
proportional probabilities of the different haploid chromosomes sets. Chromosome numbers with highest posterior probability (PP) at each node are centred in the pie chart.
Color code for both is given in the pie chart legend. Branch labels indicate chromosome transitions (gains in brown, losses in black) along each branch. A total of 88.2
transition events with an expectation over 0.5 are predicted.

Table 2
AIC values of runs with different fixed haploid chromosome numbers (n) and their PP
values of the initial CRND model (inferred most likely n in bold).

n AIC PP of initial optimized CRND run
24 81.2916 0.1028
25 81.1427 0.1695
26 81.0771 0.2172
27 81.0429 0.2267
28 81.0734 0.2136
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(2sm-18m-28a, Ozouf-Costaz et al., 2015 and 6sm-10m-32a, Uyeno,
1973). Unfortunately, the authors provide no detailed information
about the geographic origin of their specimens, and no genotype
information is available for the samples analyzed by Uyeno (1973).
It is thereforenotpossible to concludewhetherGnathonemuspetersii
exhibits two karyotypes within a single interbreeding species or
whether these different karyotypes may be indicative of cryptic
species. Intraspecificvariation in chromosomenumberhasbeenalso
reported in the distantly related Gymnotiform weakly electric fish
(e.g., in the genus Gymnotus). Here, fusion-fission and pericentric
inversion are discussed as processes leading to a reduction in
chromosome number (Milhomen et al., 2008).

Pericentric inversion has been considered an important post-
zygotic reproduction isolation mechanism, and it has been
suggested that variation of karyotypes could contribute to repro-
ductive isolation and ultimately speciation (King, 1993;
Milhomen et al., 2008). Indeed, cases of rapid speciation through
chromosomal rearrangements have been reported in mammals
(e.g., Malagasy lemurs; Ravaoarimanana et al., 2004). Given the
recent radiation and sympatric evolution in the genus Campylo-
mormyrus (Feulner et al., 2007; Tiedemann et al., 2010), it would
be interesting to analyze karyotypes of further closely related
species within this genus in the future.

In summary, the chromosome number of C. compressirostris is
similar to that of several other species of Mormyridae. Although
it is identical to the most closely related genus (Gnathonemus),
the karyotype formula is different. Pericentric inversion and
Robertsonian fusion are proposed to be the most common causes
for changes in karyotypes among teleostean fishes (Silva et al.,
2014; Sember et al., 2015). This may have also occurred during
the evolution of Mormyridae and may have led to the high number
of metacentric chromosomes in Campylomormyrus (cf. Table 1).

4.2. Chromosomal evolution in Osteoglossiformes

Our Maximum Likelihood inference indicates an ancestral hap-
loid number of n = 27 chromosomes. This contrasts with a previous
hypothesis of Uyeno (1973), who suggested a diploid number of
2n = 48 (n = 24). Our analysis has been applied for both a fixed
ancestral chromosome number of n = 24 (the current hypothetical
value; Run1) and n = 27 (the value with the highest likelihood;
Run2). In both runs, the numbers of total events occurring from
the root to the tips are similar, indicating that during the evolution
of Osteoglossiformes more chromosome losses than gains
occurred. However, there are also differences between the two
analyses. While the results of the first run (fixed ancestral n = 24)
shows a stable haploid number of n = 24 at almost all internal
nodes, the run with a fixed ancestral number of n = 27 indicates
a general decrease in chromosome number along the phylogeny.
With regard to the number of necessary changes in chromosome
number (Dn = 7 for n = 24; Dn = 9 for n = 27), the results of Run1
(n = 24) are more parsimonious than those of Run2 (n = 27). We
therefore consider it more probable that the most recent common
ancestor of Osteoglossiformes had a haploid chromosome number
of n = 24. This is also supported by the chromosome number of the
most basal taxon in osteoglossiform fishes presenting the same
haploid number (Pantodon, n = 24). Furthermore, Osteoglossi-
formes is one of the earliest branching clades in the phylogeny of
Teleostei, and the chromosome number of the teleostean ancestor
is also assumed to be n = 24–25. This would indicate a relative con-
stancy in chromosome number. The assumption of an ancestral
chromosome number of n = 24 in osteoglossiform fishes and its rel-
ative stability during its evolution does, however, not apply to all of
the taxa. Specifically within Notopteridae and Osteoglossidae,
inferred gains and losses of chromosomes vary considerably rela-
tive to their respective common ancestor, such that chromosome

numbers appear more dynamic in these groups. Gymnotiform
weakly electric fish also show a high variation in chromosome
numbers within and among families. There are families with a
more conserved chromosome number (Rhamphichthyidae), while
others are highly variable in this measure (Hypopomidae). Kary-
otype information can be beneficial to confirm an existing phyloge-
netic hypothesis or to resolve an uncertain relationship between
taxa, as shown for the Gymnotiform tribe Steatogenini (Cardoso
et al., 2011).

As a cautionary note, we have to point to the fact that our dis-
cussion of chromosome number evolution is mostly based on those
chromosome numbers exhibiting the highest posterior probabili-
ties. It must be stressed here that – for several internal nodes -
the next higher or lower chromosome numbers were assigned
almost as high posterior probabilities in the ChromEvol analysis
(Supplementary, Table 3), rendering a conclusive inference of def-
inite chromosome numbers difficult. At least within the family
Mormyridae, it appears most likely that the ancestral chromosome
number is either n = 24 or n = 25, as both runs reveal a high dis-
tance in posterior probabilities to the next highest values
(DPPmean = 0.3).

From a methodological point of view, we argue that the Maxi-
mum Likelihood method applied here provides a framework for
rigorous evaluation of chromosome number. Moreover, our analy-
sis also reveals that the available karyotype data for Osteoglossi-
formes are still too scarce to infer distinct evolutionary scenarios
with convincing probability. Hence, to verify our hypotheses about
chromosome number evolution at the various taxonomic levels,
karyotypes of more species are necessary. There are still genera
which are not yet described cytogenetically (e.g., Mormyrus and
Paramormyrus). A further inevitable limitation of our inference of
ancestral character states is the small number of extant non-
electrogenic osteoglossiforms. Given that osteoglossiforms com-
prise an ancient clade, a considerable part of the phylogenetic
diversity may have been lost by extinction. Evidently, the inference
of chromosomal evolution becomes more accurate if many extant
related species can be assessed, as in more recent radiations (e.g.,
within the Mormyridae; cf. Suppl. Table 3, differences between
runs 1 & 2).

To have a more complete picture of the chromosome evolution
in Osteoglossiformes, such an extended analysis should include an
assessment of karyotype variation both among closely related spe-
cies and within species. Further assessments of chromosome num-
bers and morphology should also be complemented by analyses
allowing for an exact identification of homologous chromosomes,
such as Fluorescence in-situ hybridization (FISH) or C-banding.
These methods would also provide a proof of hypothesized chro-
mosomal rearrangements (as, e.g., in Gymnotus carapo; Milhomen
et al., 2008).

In conclusion, the karyotype of the genus Campylomormyrus is
similar to the already known chromosome sets of Mormyridae
(cf. Table 1). For the most recent common ancestor of the family
Mormyridae, a haploid chromosome number of n = 24–25 is
inferred. We assume that pericentric inversion and Robertsonian
fusion played a role in the chromosomal evolution of mormyrid
taxa. Furthermore, our analyses is in congruence with the hypoth-
esized ancestral chromosome number of n = 24 for the entire order
Osteoglossiformes. Moreover, our study provides hypotheses about
the most likely haploid chromosome numbers for ancestral nodes
based on Maximum Likelihood and Bayesian Inference.
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Abstract 34 

 35 

African weakly electric fish of the mormyrid genus Campylomormyrus generate pulse-type electric 36 

organ discharges (EODs) for orientation and communication. Their pulse durations are species-37 

specific and elongated EODs are a derived trait. Differential gene expression among tissue-specific 38 

transcriptomes across species with different pulses and point mutations in single ion channel genes 39 

indicate a relation of pulse duration and electrocyte geometry/excitability. However, a 40 

comprehensive assessment of expressed Single Nucleotide Polymorphisms (SNPs) throughout the 41 

entire transcriptome of African weakly electric fish, with the potential to identify further genes 42 

influencing EOD duration, is still lacking. This is of particular value, as discharge duration is likely 43 

based on multiple cellular mechanisms and various genes. Here we provide the first transcriptome-44 

wide SNP analysis of African weakly electric fish species (genus Campylomormyrus) differing by 45 

EOD duration to identify candidate genes and cellular mechanisms potentially involved in the 46 

determination of an elongated discharge of C. tshokwe. Non-synonymous substitutions specific to C. 47 

tshokwe were found in 27 candidate genes with inferred positive selection among 48 

Campylomormyrus species. These candidate genes had mainly functions linked to transcriptional 49 

regulation, cell proliferation and cell differentiation. Further, by comparing gene annotations 50 

between C. compressirostris (ancestral short EOD) and C. tshokwe (derived elongated EOD), we 51 

identified 27 GO terms and 2 KEGG pathway categories for which C. tshokwe significantly more 52 

frequently exhibited a species-specific expressed substitution than C. compressirostris. The results 53 

indicate that transcriptional regulation as well cell proliferation and differentiation take part in the 54 

determination of elongated pulse durations in C. tshokwe. Those cellular processes are pivotal for 55 

tissue morphogenesis and might determine the shape of electric organs supporting the observed 56 

correlation between electrocyte geometry/tissue structure and discharge duration. The inferred 57 

expressed SNPs and their functional implications are a valuable resource for future investigations 58 

on EOD durations. 59 

 60 

 61 

Introduction 62 

 63 

In closely related teleost fish, species-specific differences can be observed in morphology, behavior, 64 

reproduction, and communication [1-4]. These trait differences are often adaptive, especially if the 65 

species have evolved (or at least occur) in sympatry. African weakly electric fishes of the family 66 

Mormyridae (Osteoglossiformes; Teleostei) comprise numerous sympatric closely related species 67 
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differing in their electric sense. Mormyrids evolved an electric organ enabling them to produce 68 

electric organ discharges (EODs) for orientation and communication, i.e., mate recognition and 69 

species discrimination . The main structure of electric organs is formed by tens of specialized cells, 70 

called electrocytes, which have a disk-like shape and are stacked in cylindrical columns [15–21]. 71 

Either the anterior or the posterior face of electrocytes gives rise to several finger-like evaginations 72 

fusing in a stalk, serving as the interface to the electromotor neuron. Those stalks can penetrate the 73 

electrocyte and occur as single- or multiple stalk-systems  . The electrocyte faces can be smooth or 74 

unevenly invaginated with papillae or folds increasing the membrane’s surface [15, 16]. The 75 

membrane is excitable and packed with different ion channels, such that each single electrocyte is 76 

independently capable of generating an action potential [16]. The simultaneous release of all action 77 

potentials forms the weak pulse-type discharge which varies among closely related species in the 78 

number and orientation of phases as well as in its duration. In several African mormyrid weakly 79 

electric fish, slight differences in EOD characteristics occur between sexes and populations, while 80 

this was never detected in our focus genus Campylomormyrus, rendering their EOD a species-81 

specific trait [14, 18]. Currently, 15 Campylomormyrus species are morphologically described and 82 

for 9 of them the EOD is known. Their waveforms can be bi- or triphasic with putatively ancestral 83 

pulse duration mostly shorter than 400µs (C. compressirostris; C. tamandua). A significantly longer 84 

EOD (> 4ms) occurs in C. tshokwe, C. numenius and C. rhynchophorus and is assumed to be the 85 

derived character state within the genus [22, 23].  86 

In mormyrids, there is evidence that different patterns of electrocyte geometry, like electrocyte 87 

penetrations, cause different EOD waveforms. The electric organ of several mormyrid species has 88 

been histologically analyzed and a relation between electrocytes being stalk-penetrated or not and 89 

the EOD phase number could be observed [15–19]. Further, species with a multiple-stalk system are 90 

found to have a longer EOD than those with a single-stalk system [19]. Stalk size as well as the size 91 

of the electrocytes also seem to play a role in determining pulse duration. This is observed in 92 

Brienomyrus species where longer EODs emitted by males coincide with thicker electrocytes and 93 

larger stalks, relative to females [24, 25]. A comparable correlation can also be found among 94 

differentially discharging species of Campylomormyrus [18]. Moreover, a link between the increase 95 

of the electrocyte surface at the anterior face and EOD length has been found after hormone 96 

treatment (e.g., with testosterone) [24–27]. As these experiments are mainly performed in species 97 

with sex-specific EOD differences, it is not clear, whether hormones also contribute to inter-specific 98 

variation.  99 

Further crucial components for an EOD generation are different types of ion channels integrated in 100 

the electrocyte membrane. They are responsible for generating the action potential, as they regulate 101 
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the in- and out-flux of sodium and potassium ions. Hence, variations in the abundance or molecular 102 

structure of ion channels may also contribute to different pulse durations. All these components are 103 

encoded in the genome. Sequence variation of genes coding for major cellular components like the 104 

ion channels has been assessed in relation to EOD duration in several mormyrid species [28–31], 105 

but could not fully explain the observed variation in EOD characteristics.  106 

Mutations can affect a particular phenotypic trait in different ways. Single point mutations in the 107 

coding region of a particular gene can change the protein sequence and hence, its function, resulting 108 

in variation of a phenotypic trait [32–34]. Often, however, traits have a quantitative inheritance, i.e., 109 

they depend on several or many genes and multiple mutations in these genes may contribute to trait 110 

variability. Regarding the ion channels, SNPs have been detected between wave-type and pulse-111 

type African weakly electric fish in one of the two paralogous genes of the voltage-gated potassium 112 

ion channel kcna7a [35]. Among Campylomormyrus species with shorter and longer EODs, SNPs 113 

are also found in one paralog of the voltage-gated sodium channel gene (scn4aa) [31]. In those 114 

genes, non-synonymous SNPs likely alter the protein function and thus, can contribute to a change 115 

of the EOD duration. Mutations can also affect gene expression by impairing promoter and 116 

transcription factor interactions, modifying the function of regulatory proteins like 117 

activators/repressors, or changing mRNA conformations (stability) [36–38]. Indeed, the elongated 118 

EOD in C. tshokwe is associated with significantly elevated expression in several ion channel genes 119 

[30] but the regulatory elements behind this up-regulation are not yet known. EOD characteristics 120 

are likely encoded by multiple genes being part of various cellular processes. Thus, an identification 121 

of genes and processes related to the EOD in weakly electric fish will provide further insights into 122 

its evolution and the mechanisms which cause the different pulse duration.  123 

In this study we aim at identifying further genes potentially influencing the pulse duration by using 124 

RNA sequencing data of the electric organ of three Campylomormyrus and one Gnathonemus 125 

species with different EOD durations [40]. Specifically, we look for putative candidate genes with 126 

non-synonymous SNPs which are related to EOD duration. Such expressed single mutations may 127 

have an impact either on gene expression or protein functions. Furthermore, we put our data in the 128 

context of gene ontology to infer those biological processes which are likely involved in the 129 

determination of EOD duration. As EOD differentiation is likely due to divergent selection among 130 

closely related species, genes with species-specific mutations may be more common for those 131 

biological processes and mechanisms which are relevant for a derived elongation of pulse duration. 132 

Conceptually, we screen two closely related species with short and long EOD, respectively, for 133 

species-specific non-synonymous SNPs, having two further species with ancestral EOD 134 

characteristics as outgroup to discern putatively derived from ancestral SNP states. 135 
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 136 

Results 137 

 138 

Transcriptome assemblies 139 

In total, 66986804, 117994270, 41018678 and 99097520 high quality reads were used to assemble 140 

de novo the transcriptomes of C. compressirostris, C. tshokwe, C. tamandua and Gnathonemus 141 

petersii, respectively. The four Trinity assemblies produced between 141384 and 218372 contigs 142 

with N50 length of 1393 to 1881 bp (Table 1). According to the BUSCO analysis, the four 143 

transcriptomes matched an adequate proportion of 62.5% to 76.9% of the Actinopterygii core genes 144 

data set, depending on the species (Table 1). After isolating transcripts with the longest open 145 

reading frame (LORF) by following the TransDecoder pipeline, transcriptome size decreased by 146 

around 70%, leaving a remainder of 50241 transcripts for C. compressirostris, 48929 for C. 147 

tamandua, 65330 for C. tshokwe, and 52226 for G. petersii (Table 1). The identification of 148 

orthologous sequences among the four transcriptomes outputted a total number of 36285 149 

orthogroups containing 16661 orthogroups present in all species of which 5284 were Single Copy 150 

Orthogroups (SCO). Subsequent alignment and filtering steps reduced the data set to a final number 151 

of 5071 SCO.  152 

 153 

Approach I: Identification of candidate genes potentially related to EOD elongation in C. 154 

tshokwe 155 

The goal of approach I was the identification of distinct putative candidate genes supposed to play a 156 

role in the EOD elongation in C. tshokwe. Candidate genes were identified by fulfilling two 157 

conditions: an inferred positive selection among the four mormyrid species (ω > 1) and the 158 

occurrence of species-specific non-synonymous SNPs in C. tshokwe. The PAML/codeml analysis 159 

for inferring positive selection revealed 131 SCOs with ω > 1. Among these SCOs, 39 sequences 160 

had at least one C. tshokwe-specific non-synonymous SNP. For 27 of them, only C. tshokwe was 161 

deviant, while C. compressirostris was identical to the outgroup taxa. These genes were considered 162 

as potential candidates related to the elongated EOD in C. tshokwe (see Methods for details). 163 

Twenty of these candidate genes had 1, six had 2 and one had 3 C. tshokwe-specific non-164 

synonymous substitutions (Table 2).  165 

The BLASTn analysis assigned 23 sequences to known coding genes, 3 sequences to 166 

uncharacterized proteins/regions and one sequence had no blast hit. Sixteen genes could be assigned 167 

to GO terms. Most of them were assigned to the terms 'binding' (75%) in the category Molecular 168 

Function (MF), 'cellular process' (25%), 'metabolic process' (25%) as well as 'response to stimuli' 169 
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(20%) in the category Biological Process (BP), and 'cell'/'cell part' (50%) and 'membrane' (15%) in 170 

the category Cellular Component (CC). Other GO terms were 'catalytic activity' (MF), 'localization' 171 

and 'biological regulation' (BP), 'protein-containing-complex' and 'organelle' (CC) (S1 Figure). The 172 

KEGG pathway annotation yielded 7 genes involved in 27 pathways, mainly belonging to the 173 

categories 'Human Diseases' (5 genes in 15 pathways), 'Environmental Information Processing' (3 174 

genes in 5 pathways) and 'Organismal System' (3 genes in 4 pathways) (S1 Table). In three 175 

candidate genes, C. tshokwe-specific SNPs led to amino acid substitutions that likely impair/alter 176 

the protein function according to the MAPP analysis: SprT-like N-Terminal Domain (sprtn), EWS 177 

RNA binding protein 1a (ewsr1), and REV3 Like, DNA Directed Polymerase Zeta Catalytic 178 

Subunit (rev3l).  179 

 180 

Approach II: Comparative annotation analyses of orthogroups between C. compressirostris 181 

and C. tshokwe 182 

Approach II was established to identify those biological mechanisms which are likely to take part in 183 

the EOD elongation of C. tshokwe. By SNP calling of multiple sequence alignments, 2203 and 1195 184 

SCOs with species-specific SNPs were found for C. tshokwe and C. compressirostris, respectively. 185 

At least one non-synonymous SNP was detected in 824 SCOs for C. tshokwe and 825 for C. 186 

compressirostris. In 261 cases, the same SCO was affected (albeit at different non-synonymous 187 

sites), yielding 563 and 564 unique SCOs for C. tshokwe and C. compressirostris, respectively. 188 

After filtering for SCOs with inferred positive selection (ω > 1), the data set of C. tshokwe 189 

contained 201 SCOs and that of C. compressirostris 192 SCOs. All the sequences of these SCOs 190 

matched the criteria of inferred positive selection and of carrying at least one non-synonymous SNP 191 

in only one of the two respective species (C. tshokwe or C. compressirostris) and named hereafter 192 

"candidate SCO-sequences".  193 

For the identification of biological processes being relevant for the EOD duration, (i) a GO term 194 

annotation comparison and (ii) KEGG orthology annotation comparison of level A and B categories 195 

were performed among the two species. Regarding the first comparison, Blast2GO assigned 126 196 

GO terms to 110 candidate SCO-sequences of C. tshokwe, while 116 candidate SCO-sequences 197 

were annotated to 114 GO terms for C. compressirostris. A combination of both annotations 198 

resulted in a total of 141 GO terms (S2 Table). For 42 GO-terms, there was a significant difference 199 

among the two species in the proportion of candidate SCO-sequences assigned to them. For 27 GO 200 

terms, this proportion was significantly higher in C. tshokwe than in C. compressirostris (Figure 1). 201 

These GO terms were mainly related to molecule binding, ion transport, signal transduction, cell 202 

communication, peptides, membrane, extracellular matrix and transcription factor complexes. 203 
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Conversely, the proportion of candidate SCO-sequences was significantly higher for 15 GO terms 204 

in C. compressirostris (Figure 1). These GO terms were associated with metal ion binding, 205 

cytoskeleton and phosphate related metabolic processes as well as cell organelle lumen and 206 

cytoskeleton components (S2 Table).  207 

 208 

Figure 1: Proportional ratio of candidate SCO-sequences between C. tshokwe and C. 209 

compressirostris for any annotated GO-term. The figure illustrates the proportional ratio of 210 

candidate SCO-sequences between the two Campylomormyrus species (y-axis) relative to the total 211 

candidate SCO-sequence number for any annotated GO term (x-axis). The 95% confidence interval 212 

for an equal ratio (50:50) is depicted as the gray shaded area, rendering dots (i.e., GO terms) outside 213 

of the area significant (red circles).  214 

 215 

The KEGG orthology analysis (KO) assigned 134 (C. tshokwe) and 130 (C. compressirostris) 216 

candidate SCO-sequences, respectively, to 145 and 188 KEGG pathways, of which 82 were found 217 

in both species, 63 only in C. tshokwe and 106 only in C. compressirostris (S3 Table).  218 

For the KEGG level A categories, total candidate SCO-sequence counts were significantly different 219 

among the two species for 3 KEGG level A categories (Table 3). Candidate SCO-sequences were 220 

fewer in C. tshokwe for the categories 'Environmental Information Processing' (22 vs. 40 candidate 221 

SCO-sequences; p = 0.034), ‘Cellular Processes' (25 vs. 45 candidate SCO-sequences; p = 0.031) 222 

and ‘Organismal System’ (26 vs. 73 candidate SCO-sequences; p < 0.001). Furthermore, we 223 

compared the distribution of candidate SCO-sequences in each KEGG level A category based on 224 

the next lower hierarchical KEGG level B (see Materials and Methods for details). The distribution 225 

of SCO-sequences to KEGG level B categories differed significantly among the two species within 226 

the A categories ‘Genetic Information Processing’ (p = 0.009), ‘Cellular Process’ (p < 0.001), 227 

‘Organismal Systems’ (p = 0.007), and ‘Human Diseases’ (p = 0.008) (Table 3, S3 Table).  228 

For a comparative analysis of the next lower hierarchal level (KEGG level B categories), the 251 229 

pathways (82 shared, 63 and 106 unique pathways) were pooled to 45 KEGG level B categories (S3 230 

Table). Among these, 11 categories exhibited significant differences in the percentage of candidate 231 

SCO-sequences among species (Figure 2). In C. tshokwe the 2 categories 'Transcription' and 232 

'Cancer: specific types' were significantly overrepresented in terms of its proportion of candidate 233 

SCO-sequences, while in C. compressirostris 9 KEGG level B categories were overrepresented 234 

('Signal transduction', 'Catabolism and transport', 'Endocrine system', 'Replication and repair', 235 

'Cardiovascular diseases', 'Sensory system', 'Excretory system', 'Biosynthesis of other metabolites' 236 

and 'Drug resistance: antimicrobial') (Figure 2).   237 
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 238 

Figure 2: Proportional ratio of candidate SCO-sequences among C. tshokwe and C. 239 

compressirostris with annotated KEGG pathways. The figure represents the proportional ratio of 240 

candidate SCO-sequence counts among both species in a found KEGG level B category (y-axis), 241 

relative on the total number of candidate SCO-sequences in the respective category (x-axis). The 95% 242 

confidence interval for 50:50 ratio is depicted as gray shaded area, rendering dots (i.e., KEGG level 243 

B categories) outside of the area significant. 244 

 245 

We also compared the annotations of the candidate SCO data set to those of the corresponding 246 

transcriptome (KEGG level A categories and GO terms) to evaluate whether certain annotation 247 

terms/categories are enriched among candidate SCO-sequences compared to all transcripts. In both 248 

species, no GO term was enriched at a FDR threshold of 0.05. Regarding the KEGG level A 249 

categories, a significant difference between the candidate SCO and transcriptome data set of C. 250 

tshokwe was observed in 5 categories (Figure 3). Here, the categories 'Metabolism', 'Genetic 251 

Information Processing' and 'Human Diseases' exhibited a significantly higher and 'Environmental 252 

Information Processing' and 'Organismal System' a significantly lower proportion in the candidate 253 

SCO data set. In C. compressirostris, only a single KEGG level A category, 'Human Diseases', 254 

yielded a significantly different (i.e., lower) proportion of sequence annotations in the candidate 255 

SCO data set compared to the entire transcriptome (Figure 3, S4 Table).  256 

 257 

Figure 3: KEGG level A category assignments among the candidate SCO sequences, 258 

compared to the entire transcriptome. The bar chart shows the sequence percentage (y-axis) with 259 

an annotated KEGG Level A category (x-axis) in the SCO data set and entire transcriptomes of C. 260 

tshokwe (red) and C. compressirostris (blue). The error bars indicate the 95% confidence interval, 261 

taking the total absolute number of candidate SCO-sequences into account (confidence limits of 262 

proportions). Asterisks (*) depict significance at p<0.05.   263 

 264 

 265 

Discussion 266 

 267 

Within mormyrid species, several mechanisms are discussed to explain differences in EOD 268 

characteristics, i.e., electrocyte and stalk geometry, variation in hormone levels, and cell membrane 269 

excitability [18, 19, 43]. In this study, we identified 27 genes, which (1) are expressed in the electric 270 

organ, (2) are inferred to experience positive selection during the evolution of Campylomormyrus, 271 
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and (3) contain at least one non-synonymous mutation in the target species with the derived 272 

elongated EOD, i.e., C. tshokwe. These genes contain expressed genetic variation associated with 273 

EOD length differences and can hence be considered as potential candidates underlying this trait.  274 

One of the most abundant functions among the candidate genes is transcriptional regulation. Ten of 275 

these genes regulate gene expression directly (e.g., zinc finger) or affect transcription factors and 276 

their pathways (e.g., Nuclear Factor kappa B (NFкB) and the Extracellular Signal-Regulated Kinase 277 

1/2 (ERK1/ERK2) signaling cascade). The SLP Adaptor and CSK interacting membrane protein 278 

(scimp) positively regulates the ERK1/2 pathway which in turn modifies the activity of transcription 279 

factors, and hence changes gene expression levels of target genes that are important for the cell 280 

cycle progression and cell fate [44]. Additional three genes (tsr2, mapkbp1 and cd40) play a role in 281 

the regulation of NFкB signaling pathway [45–47]. The protein complex NfкB is a transcription 282 

factor regulating the expression of several target genes being responsible for cell proliferation and 283 

differentiation as well as apoptosis. Neuroscientific studies proposed that the NFкB pathway 284 

mediates long-term changes in synaptic structures and neuronal plasticity via gene expression 285 

regulation [48, 49]. The co-repressor interacting with RBPJ1 (cir1) negatively regulates the 286 

NOTCH signaling pathway which is essential in cell-cell communication and cell differentiation 287 

processes at embryonic and adult stages [50–52]. It also plays a role in neuronal function and 288 

development, angiogenesis and cardiac valve homeostasis [53–56]. Furthermore, three genes code 289 

for zinc finger proteins (znf32, znfx1 and znf678). This class of nucleic acid binding proteins has a 290 

zinc finger domain interacting with DNA and thus, acts as transcription factor. While the target 291 

genes of two of the zinc finger proteins (znfx1 and znf678) are unknown in zebrafish, a knock-down 292 

of znf32 suppresses the SOX2 transcription which in turn enhances the regeneration of the nervous 293 

lateral line system [57]. In other model organisms, these three zinc finger proteins are associated 294 

with cancer pathways and epigenetic methylation [60–63]. Transcriptional regulation is also linked 295 

to the gene coding for Annexin A3 (anxa3b) and the EWS RNA binding protein 1 (ewsr1) [62, 63]. 296 

The relevance of this mechanism is corroborated by the GO terms 'cell communication', 'signal 297 

transduction' and 'transcription factor complexes' being significantly overrepresented among 298 

candidate SCO-sequences in C. tshokwe compared to C. compressirostris (S2 Table). Moreover, the 299 

KEGG orthology comparison of C. tshokwe yields the category ‘Genetic Information Processing’ 300 

(including processes of transcriptional regulation) to be significantly overrepresented among 301 

candidate SCO-sequences, compared to its occurrence in the entire transcriptome (Figure 3). 302 

Furthermore, the KEGG level B category ‘transcription’ is more abundant among candidate SCO-303 

sequences of C. tshokwe than those of C. compressirostris (Figure 2). These categories refer to 304 

RNA polymerase, basal transcription factors and splicosome. Our results reveal that genes related to 305 
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processes and components of transcriptional regulation, exhibit an accelerated evolution in C. 306 

tshokwe with species-specific non-synonymous substitutions and inferred positive (divergent) 307 

selection. This emphasizes the importance of gene expression regulation for differences in EOD 308 

length among species. Indeed, previous studies already showed differential gene expression among 309 

C. tshokwe and C. compressirostris [30, 40], indicating the impact of transcriptional regulation on 310 

EOD waveforms. Transcriptional regulation would provide also a feasible explanation for the 311 

remarkable changes in EOD waveforms during the ontogeny of a Campylomormyrus fish [64], as 312 

expression levels may change during ontogeny [65, 66]. Experimental evidence on ontogenetic 313 

expression levels is however still lacking for our target taxa. 314 

Our regulatory candidate genes are mainly associated with cell proliferation, cell differentiation and 315 

apoptosis, which holds true also for some non-regulatory candidate genes like the Vascular Cell 316 

Adhesion Molecule 1 (vcam1), DNA heat shock protein family member A1 (dnaja1) and REV3-317 

like DNA directed polymerase subunit zeta (rev3l) (Table 2). The functions of their encoded 318 

proteins are related to cell expansion, cell survival and cell fate [67–70]. Furthermore, besides its 319 

regulatory function, Annexin A3 is mainly responsible for blood vessel and vascular cords 320 

formation [71, 72]. According to the MAPP results, the observed species-specific substitutions in 321 

the genes ewsr1 and rev3l are likely to alter the protein function. The function of EWS RNA 322 

binding protein 1 (ewsr1) is shown to maintain miotic integrity and proneural cell survival in early 323 

developmental stages of zebrafish. A knock-down of this gene results in abnormalities of miotic 324 

spindles, followed by apoptosis and leading to a reduction of the proneural cell number and 325 

disorganization of neuronal networks during the early development stages [68]. Knock-down 326 

experiments of the second gene, rev3l, yield disorganized tissue with significantly reduced cell 327 

density [69]. A substitution at a functionally important site in these genes might lead to a functional 328 

loss or neofunctionalization and thus, to a modification of subsequent processes affecting cell fate. 329 

The association of cell proliferation processes to EOD duration is not only supported by many 330 

candidate genes (Approach I), but also by the KEGG categories ‘Human Diseases’ and ‘Cancer: 331 

Specific types’ which are significantly more abundant among candidate SCO-sequences of C. 332 

tshokwe. Indeed, most of the cancer pathways are linked to cell proliferation, cell differentiation and 333 

apoptosis, all crucial processes of tissue morphogenesis. Expressed genetic variation in these 334 

candidate genes may hence contribute to variation in electric organ tissue structures (e.g., multi- or 335 

single stalk systems) or cell morphs, supporting the hypothesis of an association between EOD 336 

duration and cell geometry [19, 24, 25].  337 

Due to the teleost-specific whole genome duplication 350 mya [73], paralogous copies of 338 

essentially all genes emerged, and many of them were retained during teleost evolution. Some of 339 
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the paralogs may have retained their ancestral function or deteriorated into pseudogenes, but others 340 

underwent a neofunctionalization. One of our candidate genes, anxa3, is known to have two 341 

paralogs in zebrafish (anxa3a/ anxa3b) [74]. In C. tshokwe only one gene copy, anax3b, was found 342 

to be expressed in the electric organ. Annexin A3 has a similar function as some voltage gated ion 343 

channels shown to exhibit an electric organ-specific expression [30], i.e., the increase of membrane 344 

permeabilization activity and the influx regulation of calcium ions (Ca2+) [75] which points out the 345 

known importance of ion activity and related proteins during EOD generation.  346 

 347 

 348 

Conclusion 349 

 350 

To our best knowledge, this is the first transcriptome-wide SNP analysis among African mormyrid 351 

weakly electric fish (genus Campylomormyrus). Our inferred 27 candidate genes and two molecular 352 

biological domains (transcriptional regulation and cell proliferation/cell fate) putatively support a 353 

link between tissue structures and EOD durations and provide new opportunities for molecular 354 

research regarding the EOD divergence in Campylomormyrus and other mormyrids. Genes 355 

affecting transcriptional regulation, and subsequent cell proliferation, cell differentiation and 356 

apoptosis seem likely to play a crucial role in determining pulse durations. Such processes are 357 

important for tissue morphogenesis and cell structures. They have hence the potential to contribute 358 

to different electric organ or electrocyte forms. Thus, our results are congruent with the hypothesis 359 

of the electric organ geometry not only to affect the shape of EOD pulses, but also their duration. 360 

Biochemical or physiological experiments via, e.g., knock-out trials were out of the scope of this 361 

study. Consequently, we can so far not proof a direct link between the inferred candidate genes and 362 

processes and the actual electric organ/electrocyte features. Thus, our study provides hypotheses 363 

about genes and processes relevant for EOD duration, which future research could build upon.  364 

 365 

Methods 366 

 367 

Transcriptome assemblies 368 

We used RNA sequencing data from the electric organ (EO) of three Campylomormyrus species (C. 369 

compressirostris, C. tshokwe and C. tamandua) and the closely related species G. petersii to 370 

assemble tissue-specific transcriptomes (Figure 4A). We downloaded the Illumina raw reads from 371 

the Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra) with the accession number 372 

SRP050174 [40]. The processing of raw reads (quality filter, adapter trimming, etc.) was achieved 373 
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as described in Lamanna et al. (2015) [40]. Filtered paired-end reads of the four species were 374 

assembled de novo into separate transcriptomes using Trinity v. 2.2.0 with default parameters [76]. 375 

The four tissue-specific assemblies were tested for transcriptome completeness using BUSCO v3 376 

[77]. For this purpose, transcriptomes were compared to the core gene set of Actinopterygii (state: 377 

2018). The assemblies had been analyzed with the TransDecoder 3.0.1 pipeline to obtain the longest 378 

open reading frame for the transcripts [78]. The four transcriptomes served as input for the 379 

subsequent orthology analysis for which Orthofinder 1.1.10 was used (Figure 4) [79]. The 380 

Orthofinder tool is based on an all-versus-all blast of amino acid sequences, followed by a first 381 

sequence clustering taking into account the normalized bit score of the blast results. Afterwards, 382 

orthologous genes are selected and a final clustering by the Markov Cluster algorithm results in 383 

discrete orthogroups. Orthofinder distinguished between orthogroups with multiple sequences per 384 

species and Single Copy Orthogroups (SCO; one sequence per species). Further analyses were 385 

applied only to the SCOs to ensure analytical comparison among orthologous genes. The four 386 

nucleotide sequences of each SCO had been aligned codon-wise using PRANK v. 140110 (default 387 

parameters) [80] and trimmed to equal length by a customer bash script. To discard remaining 388 

paralogs, YASS 1.15 [81] was used. It compared all sequences pair-wisely and outputs the 389 

similarity for each pair in percentage. Single copy orthogroups with a similarity value below 90% 390 

were discarded from our data set. This procedure ensured that our retained genes are either clearly 391 

distinguishable from an ancient paralog (i.e., identified as separate SCOs) or do not have a paralog, 392 

at least not expressed in the electric organ. Furthermore, sequences shorter than 200bp were 393 

removed. Finally, a randomly chosen subset of SCOs was checked manually for correct filter 394 

criteria confirming the performance of the bioinformatical scripts and tools. The resulting data set 395 

of SCOs served as basis for our subsequent analyses (Figure 4). 396 

 397 

Figure 4: Overview of the workflow of used data-analytical approaches. Shown are the major 398 

bioinformatical steps to create an input data set (A), steps for potential candidate gene identification 399 

(B), and the computational steps to create the candidate SCO data sets as well as their three 400 

annotation comparisons (C).  401 

 402 

Approach I: Identification of candidate genes potentially related to EOD elongation in C. 403 

tshokwe 404 

First, the ratio of non-synonymous (dN) to synonymous (dS) nucleotide substitution rates was 405 

calculated for all SCOs using the codeml package implemented in PAML v. 4.9 [82]. Therefore, the 406 
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sequence alignments of each SCOs were loaded to codeml separately and the site model M0 was 407 

chosen to compute the respective omega value (ω = dN/dS). The ω value is an indicator of selective 408 

pressures on genes. A ratio significantly greater than 1 indicates positive selection. A ratio of 1 409 

indicates neutral evolution at the protein level. A ratio less than 1 indicates selection to conserve the 410 

protein sequence (i.e., purifying selection). By using Geneious R 8.1.9, SCOs with ω > 1 were 411 

screened manually for non-synonymous species-specific SNPs occurring only in the sequence of C. 412 

tshokwe (elongated EOD), when compared to the species with short EOD (C. compressirostris,  C. 413 

tamandua and G. petersii; Figure 4B). As C. tshokwe and C. compressirostris are closely related, 414 

the direct comparison of these two species allowed us to focus on genes which experienced genetic 415 

changes since they diverged from their last common ancestor. Single Copy Orthogroups with ω > 1 416 

and non-synonymous, species-specific SNPs in C. tshokwe were considered as putative candidate 417 

genes for an elongated EOD (Figure 4B). Nucleotide sequences of these SCOs were blasted against 418 

the current nucleotide database of NCBI (nt database) using the BLASTn algorithm [83]. We also 419 

blasted sequences against the protein database of the Zebrafish Information Center (ZFIN) and the 420 

UniProtKB/Swiss-Prot database using the BLASTx algorithm. Putative candidate genes were 421 

assigned to GO terms using Blast2GO version 5.2.4 (java version) [84]. Gene ontology terms 422 

represent a controlled vocabulary of gene attributes which are organized hierarchically with three 423 

top categories: Biological Process (BP); Molecular Function (MF); Cellular Component (CC). In 424 

order to identify biological pathways in which the candidate genes occur, we uploaded the 425 

nucleotide sequences to the Kyoto Encyclopedia of Genes and Genomes Automatic Annotation 426 

Server (KAAS) [85] and blasted them against the gene data base of all available fish species as well 427 

as the human (Homo sapiens) and mouse (Mus musculus) data bases. Each run was performed with 428 

a bi-directional best hit algorithm (BBH). The Kyoto Encyclopedia of Genes and Genomes (KEGG) 429 

is a database of molecular functions which stores orthologs of experimentally characterized genes 430 

and proteins which are included in different biological processes (KEGG pathways). Each unit of 431 

these pathways is defined by a KO number. The KO numbers can be pooled by pathways which in 432 

turn can be grouped to level B categories. Several level B categories form a level A category. 433 

KEGG distinguishes six level A categories: 'Metabolism', 'Genetic Information Processing', 434 

'Environmental Information Processing', 'Cellular Processes', 'Organismal Systems', and 'Human 435 

Diseases'. We applied a multivariate analysis of protein polymorphisms (MAPP) for the same gene 436 

set to detect impaired amino acids in the sequence. MAPP calculates a score to predict the impact of 437 

amino acid substitutions on protein function and structure. This impact score considers the 438 

properties of the amino acids and the phylogenetic relationship in the appropriated gene (gene tree) 439 

[86]. 440 
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 441 

Approach II: Annotation comparisons of orthogroups between C. compressirostris and C. 442 

tshokwe 443 

The second approach aimed at identifying cellular and molecular mechanisms which play a role in 444 

the differentiation of EOD duration. Therefore, all SCO alignments were converted into a VCF file 445 

format using the tool SNP-sites to call SNPs from multiple sequence alignments [87]. Singe copy 446 

orthogroups with non-synonymous species-specific SNPs in C. tshokwe and C. compressirostris 447 

were isolated separately, creating two candidate SCO data sets. Subsequently, ω values for each 448 

remaining SCO were determined with the Ka/Ks Calculator 2.0 using the model selection according 449 

to the AICs (MS) [88]. Its underlying calculation deviates from the M0 site model (codeml), as it 450 

relies on a pairwise calculation across all input sequences and outputs a ω value for each possible 451 

combination. Only SCO with ω > 1 for the pairing of C. tshokwe and C. compressirostris were 452 

retained in the candidate SCO data sets (Figure 4C). As we wanted to look for over-453 

/underrepresentation of candidate SCO-sequences in certain biological processes, the candidate 454 

SCO data sets of both species were analyzed separately by a GO term annotation using Blast2GO 455 

version 5.2.4. Furthermore, KEGG orthology annotations were performed for both candidate SCO 456 

data sets as well as for both transcriptomes, considering for any gene only the transcript with the 457 

longest open reading frame (Figure 4C). We uploaded each data set separately to KAAS and used 458 

the same parameters and databases as in approach I. The GO term and KEGG pathway annotations 459 

were used for four annotation comparisons (Figure 4C).  460 

The species-specific candidate SCO data sets were sorted by GO terms and the number of candidate 461 

SCO-sequences in each GO term was determined. Their proportion (in their respective candidate 462 

SCO data set) was compared among the two species. To account for different absolute sequence 463 

numbers underlying this comparison, we determined 95% confidence intervals of proportions at an 464 

equal ratio (50:50) for different total numbers of sequences (2 ≤ n ≤ 200) (S5 Table). Upper and 465 

lower confidence intervals were plotted using R version 3.4.4 (R Development Core Team, 2008). 466 

To identify the GO terms with a significant difference among C. tshokwe and C. compressirostris, 467 

we calculated the proportional ratio of candidate SCO-sequences between both species for each GO 468 

term and plotted them against the confidence interval, rendering GO terms outside the confidence 469 

interval significant. For the second analysis (KEGG annotation comparison), total numbers of 470 

candidate SCO-sequences in each KEGG level A category were compared among the two species 471 

and significant differences were tested with the Fisher Exact Test (α = 5%). In addition, for each 472 

KEGG level A category, it was tested with the Chi2 test (α = 5%) whether candidate SCO-473 
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sequences were assigned disproportionally to the level B categories (next lower hierarchical KEGG 474 

level) among the two species. For a closer look on the KEGG annotations, we grouped the pathways 475 

by KEGG level B categories and counted the candidate SCO-sequences in each KEGG level B 476 

category for both data sets. Here, KEGG categories were tested for significance among C. tshokwe 477 

and C. compressirostris analogous to the GO terms, i.e., identification of outliers to the 95% 478 

confidence interval of proportions. Data were visualized using R version 3.4.4. We further 479 

evaluated whether certain GO terms or KEGG Level A categories are enriched among the candidate 480 

SCO-sequences, compared to the respective transcriptome (Figure 4C). The enrichment analysis of 481 

Blast2GO (Fisher’s Exact test; FDR=0.05) was used to identify over- or underrepresented GO terms 482 

in the candidate SCO data set. We applied this analysis to both species separately. To reveal KEGG 483 

level A categories with significant differences between the candidate SCO and transcriptome data 484 

set, the sequence number which matched each of the 6 KEGG level A categories were determined 485 

in each single data set separately (2x candidate SCO data sets and 2x transcriptome data sets). Their 486 

proportions (in their respective data set) were calculated and the respective 95% confidence 487 

intervals were determined using the online tool of the Allto Market Research web site [89]. The 488 

data were illustrated as bar chart with Microsoft Excel 2010. 489 
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compressirostris. 771 
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Table 1: Assembly statistics for the four transcriptomes 

 C. compressirostris C. tshokwe C. tamandua G. petersii 

# of processed reads 66 986 804 117 994 270 41 018 678 99 097 520 

# of contigs (Trinity assembly) 160 665 218 372 141 384 176 155 

N50 (Trinity assembly) 1393 1873 1881 1643 

# of transcripts with LORF 

(TransDecoder pipeline) 

50 241 65 330 48 929 52 226 

BUSCO completeness 

(Actinopterygii core gene set) 

62.5 % 76.9 % 64.4 % 68.0 % 

 778 

 779 

Table 2: List of 27 candidate genes potentially related to EOD elongation in C. tshokwe.    

Gene Gene Name 

SNP 

position 

** 

Amino 

acid 

change 

General function 

trs2 TSR2, Ribosome Maturation Factor A 432 G K 138 E 
- transcriptional regulation 

- apoptosis 

znf32 Zinc Finger Protein 32 
T 110 C 

T 452 C 

V 37 A 

V 151 A 
- transcriptional regulation 

mapkbp1 
Mitogen-Activated Protein Kinase 

Binding Protein 1-like 
G 122 A S 40 N 

- immune system response 

- regulatory function 

cd40 
Tumor Necrosis Factor (TNF) Receptor 

superfamily member 5 
T 330 G D 110 E - immune system response 

sprtn 
SprT-like N-Terminal Domain 

(Spartan) 
T 919 C S 307 P * - DNA damage response 

trim56 Tripartite Motif Containing 56 
G 271 A 

G 413 A 

V 91 I 

G 138 E 
- immune system response 

nfu1 
NFU1 iron-sulfur cluster scaffold 

homolog 
A 454 G I 152 V - iron-sulfur cluster biogenesis 

wdyhv1 WDYHV Motif Containing 1 G 305 C R 102 P - cellular protein modification process 

cir1 Corepressor Interacting With RBPJ, 1 

T 1000 C 

A 1238 

G 

F 334 L 

D 413 G 

- transcriptional regulation 

- signal transduction 

dnaja1 
DnaJ Heat Shock Protein Family 

(Hsp40) Member A1 

T 838 A 

T 1034 C 

S 280 T 

V345 A 

- protein folding 

- regulation of androgene receptor 

activity  
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cstl1 Cystatin-like G 92 A G 31 E - regulatory function  

ewsr1 EWS RNA-binding protein 1 A 598 G T 200 A* 
- neuron development  

- transcriptional regulation  

anxa3b Annexin A3b A 544 G 
N 182 

D/E 

- cell morphogenesis 

- membrane permeability  

rev3I 
REV3 Like, DNA Directed Polymerase 

Zeta Catalytic Subunit 
A 400 G T 134 A* 

- DNA repair  

- cell proliferation 

ap4b1 
Adaptor Related Protein Complex 4 

Subunit Beta 1 

G 404 A 

C 806 T 

G 135 D 

A 269 V 
- localization  

vcam1 Vascular Cell Adhesion Molecule 1 G 77 A A 26 N - cell-cell recognition 

znfx1 Zinc finger, NFX1-type containing 1 T 173 C V 58 A 
- DNA-binding  

- transcription factor activity 

hbba1 Hemoglobin, beta adult 1 T 57 G F 19 L - oxygen transport 

Scimp 
SLP Adaptor and CSK Interacting 

Membrane Protein 
T 256 C S 87 P 

- immune synapse formation 

- signal transduction 

znf678 Zinc Finger Protein 678 T 491 C 
V 164 

T/A 
- transcriptional regulation 

igdcc4 
Immunoglobulin superfamily DCC 

subclass member 4 
A 428 G N 143 S - binding  

atp5mf ATP Synthase Membrane Subunit F A 275 G D 92 G/S - ATP production  

Rgmb 
Repulsive Guidance Molecule BMP 

co-receptor b (3'UTR) 
G 8 C W 3 S - development of nervous system  

cunh2orf42 
Chromosome unknown C2orf42 

homolog 

A 52 G 

T 97 C 

K 18 E 

S 33 P 
- integral component of membrane 

- 
uncharacterized LOC111853234 

transcript variant X2 
G 209 A G 70 E - 

- 
uncharacterized protein 

LOC109871595 
A 268 G T 90 A  

- unknown gene 

T 65 C 

C 150 G 

T 166 C 

V 22 A 

D 50 E 

W 56 R 

- 

* amino acid substitutions predicted to impair/alter protein function; ** SNP position refers to the SCO alignments. 780 
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Table 3: Comparison of proportional assignment of candidate SCO data among C. tshokwe and C. compressirostris for 

KEGG level A categories.  

KEGG level A category 

Species-wise comparison of the 

total number of candidate SCO-

sequences assigned to the 

respective level A category 

(Fisher Exact Test; p-values) 

Species-wise comparison of 

candidate SCO-sequence 

distributions in a KEGG level A 

category according to the KEGG 

level B assignment 

(Chi2 Test; p-values) 

Metabolism 0.691 0.090 

Genetic Information Processing 0.877 0.009 

Environmental Information 

Processing 

0.034 0.578 

Cellular Processes 0.031 < 0.001 

Organismal Systems < 0.001 0.007 

Human Diseases 0.691 0.008 
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Abstract 34 

 35 

The African weakly electric fish genus Campylomormyrus belongs to the species-rich family 36 

which is capable of electrogenesis. In the past, the exact species number of 37 

Campylomormyrus was highly discussed ranging two to 16 with currently 15 accepted 38 

species. The most recent phylogeny is only based on three genetic markers and just 10 39 

species are included which possess a species-specific electric organ discharge (EOD). We 40 

aim in this study a comprehensive analysis based on the ddRAD sequencing method to 41 

obtain genetic markers (Single Nucleotide Polymorphisms) that cover a large part of the 42 

genome. Furthermore, two species (Campylomormyrus phantasticus and Campylomormyrus 43 

cassaicus) not yet part of the phylogeny are now included. The phylogenetic reconstruction 44 

reveals two main clades. C. phantasticus is positioned as sister group to one of the main 45 

clades and C. cassaicus belongs to the alces-complex. This species complex is not fully 46 

resolved by former studies and its specimens possess different EODs. In applying an 47 

individual-based approach we obtain well-supported relationships among individuals within 48 

the alces-complex (bootstrap>90 and posterior probabilities=1) although they are genetically 49 

similar. As those specimens cluster neither by species nor by EOD waveforms, incipient 50 

sympatric speciation is hypothesized to explain this pattern. Moreover, one single specimen 51 

(K71), originally identified as C. elephas, shows an outstanding phylogenetic position 52 

within the alces-complex and might better classified as unknown species. The main 53 

difference to previous phylogenies is the position of C. tamandua which is now the sister 54 

group to the alces-complex and not the most basal taxon within Campylomormyrus.  55 

In conclusion, the phylogenetic analysis inferred by genome-wide distributed differences 56 

aids at resolving relationship uncertainties among single individuals. They further support 57 

current species classification, but unravel a discordance among different classification 58 

methods (e.g. by genetics and EOD waveforms). A taxonomic revision of the genus 59 

Campylomormyrus is therefore necessary, as new information have been continuously 60 

revealed during the last decade, in particular through genetic analysis. 61 

 62 

Keywords: ddRAD sequencing, Campylomormyrus, phylogeny 63 

 64 

 65 

 66 
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1. Introduction 67 

 68 

The African weakly electric fish family Mormyridae is the most diverse lineage within the 69 

basal teleost order Osteoglossiformes. The family is monophyletic, comprises more than 200 70 

species in 20 genera, and occurs exclusively in the freshwater systems of Africa (Daget et 71 

al., 1984; Lavoué and Sullivan, 2004; Poll, 1945). A specialized electric organ enables 72 

mormyrid fish to generate electric organ discharges (EODs) which are used for orientation 73 

and communication (Arnegard et al., 2006; Bass, 1986a; Moller, 1995; Stoddard and 74 

Markham, 2008). Among mormyrid species, EOD waveforms vary in duration, phase 75 

number, and orientation (Bass, 1986b; Hopkins, 1995). Thus, it is proposed to be a species-76 

specific trait and assists in species classification (Friedman and Hopkins, 1996; Hopkins, 77 

1980). In some mormyrids, sex dimorphism and population differences of EOD waveforms 78 

are reported (Bass and Hopkins, 1985; Gallant et al., 2017b) but among Campylomormyrus 79 

species, the target genus of this study, those variations have not yet been observed (Feulner 80 

et al., 2008).   81 

Campylomormyrus occurs mainly in the Congo Basin and is characterized by an elongated 82 

snout whose differences belong to the major morphological distinctions. In the Lower 83 

Congo River, most of its species occur in sympatry but are supposed to be reproductive 84 

isolated. The EOD is used for species discrimination and mate recognition and serves likely 85 

as prezygotic reproductive isolation mechanism which promotes assortative mating (Feulner 86 

et al., 2008; Nagel et al., 2018; Tiedemann et al., 2010).  87 

Campylomormyrus species were first described morphologically at the end of the 19th 88 

century (Bleeker, 1874). Since then, the number of species varied between two and 16 89 

(Boulenger, 1898; Poll, 1945; Taverne, 1968). Today, 15 species are accepted and can be 90 

discriminated by morphology, EOD waveform and/or genetics. In first phylogenetic 91 

analyses monophyletic groups correspond to known species but for several individuals the 92 

species affiliation is ambiguous (Feulner et al., 2007; Feulner et al., 2008). However, the 93 

current well supported species tree represents the main relationships of Campylomormyrus 94 

species (Lamanna et al., 2016). It includes nine accepted and one yet undescribed species 95 

(Figure 1) and is based on three genetic markers (Cyt b, rps7 and scn4aa). Species 96 

delimitations are supported by microsatellite data, morphometric measurements, and EOD 97 

waveform differences. The species tree states C. tamandua as the most basal taxon. Due to 98 
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its phylogenetic position, its short triphasic EOD waveform is proposed to be the ancestral 99 

state implying that a bi-phasic waveform evolved after the divergence of C. tamandua.  100 

The other nine species are divided in two main clades (Figure 1). One clade comprises the 101 

species C. alces, C. christyi and C. elephas (alces-complex) while the other one includes the 102 

six remaining species (Figure 1). Within species of the alces-complex, individuals are 103 

morphologically similar but show several differences in EOD characteristics like phase 104 

number and duration (unpublished data), and the species cannot be distinguished due to 105 

microsatellite data (Lamanna et al., 2016). In contrast, species delimitation in the second 106 

main clade (Clade 1) is consistent among the different approaches except for the two EOD 107 

morphs of C. compressirostris (EOD morph 1 is bi-phasic while EOD morph 2 is tri-phasic) 108 

(Figure 1). Clade 1 is further separated in two sub-clades and the undescribed species C. 109 

n.sp.. Campylomormyrus rhynchophorus and C. numenius (both with an elongated EOD) 110 

form one sub-clade, while C. tshokwe (intermediate long EOD), C. curvirostris (short EOD) 111 

and C. compressirostris (short EOD) are part of the second sub-clade. All of these species 112 

possess a bi-phasic EOD (except C. compressirostris EOD morph 2). Although the species 113 

tree represents well supported phylogenetic relationships, there are still uncertainties 114 

between genetic, morphological, and EOD classifications (Feulner et al., 2008; Lamanna et 115 

al., 2016; Tiedemann et al., 2010). This aspect raises the question whether those differences 116 

reflect the existence of cryptic species or certain species are not as reproductively isolated as 117 

expected.  118 

 119 

Figure 1: Current species tree of nine Campylomormyrus species. The tree depicts the 120 

phylogenetic relationships among nine Campylomormyrus species. A morphological type 121 

example and a generic EOD record are depicted for each species. Modified from Lamanna et 122 

al. (2016).  123 

 124 

 125 

Since the development of Next Generation Sequencing (NGS) methods, phylogenetic 126 

analyses are no longer restricted to single genes representing only a nominal part of the 127 

genome. A specialized NGS method is the double digest restriction enzyme associated DNA 128 

sequencing (ddRADseq) (Peterson et al., 2012). This approach allows the sequencing of 129 

thousands of genetic markers distributed throughout the genome. It is based on the DNA 130 

digest by two restriction enzymes and enables the comparison of DNA fragments among 131 
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multiple individuals of closely related species. The method was initially used to infer 132 

population structures but its application on the species level is increasing (Alter et al., 2017; 133 

Chattopadhyay et al., 2016; Rancilhac et al., 2019; Xu et al., 2017).  134 

From an evolutionary perspective, those genomic approaches have changed the view on 135 

speciation as it turned out that gene flow/hybridization among closely related species occurs 136 

more often than expected during and after speciation (Campbell et al., 2018; Foote, 2018; 137 

Han et al., 2017; Nosil, 2008). There are different scenarios explaining sympatric speciation 138 

by either no, neutral or aided (secondary) gene flow. In the latter case, gene flow may trigger 139 

sympatric divergence or promotes previous initial divergence in sympatry. Furthermore, 140 

secondary contact after allopatric occurrence can lead to coexistence or reinforcement if 141 

species do not merge to an admixed population (reviewed in preprint Richards et al., 2018). 142 

Among cichlid fish, there are some evidences of introgression in the past even in long 143 

diverged species (Martin, 2012; Meier et al., 2017; Wagner and McCune, 2009). In addition, 144 

genes contributing to reproductive isolation are rare and distributed over the entire genome. 145 

Hence, investigations of genome architecture and its link to species divergence is necessary 146 

for a better understanding of sympatric speciation in the face of gene flow, introgression, 147 

and/or hybridization (Campbell et al., 2018; Harrison and Larson, 2014; Payseur and 148 

Rieseberg, 2016). 149 

This study aims at the resolution of uncertain relationships among Campylomormyrus 150 

species with different EOD waveforms and the ascertainment of the phylogenetic position of 151 

two additional species which have not yet been included in phylogenetic reconstructions (C. 152 

phantasticus and C. cassaicus). By performing ddRAD sequencing, we presume that the 153 

usage of a highly increased number of genetic markers will clarify the relationships among 154 

species. Furthermore, we expect that a genome-wide approach provides more insights into 155 

evolutionary mechanisms driving speciation in the genus Campylomormyrus. 156 

 157 

 158 

2. Material and methods 159 

 160 

2.1 Sampling and laboratory work 161 

 162 

Tissue samples of Campylomormyrus and Gnathonemus specimens were collected from two 163 

samples sites at the Lower Congo River near Brazzaville/Kinshasa during three field trips in 164 
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2004, 2006, and 2012 (Supplementary Table 1). DNA of 109 individuals was extracted 165 

using the Qiagen Dneasy Blood & Tissue Kit following the manufacturer's instructions. 166 

With a Quibit 3 Fluorometer (Invitrogen/ ThermoFisher) and the 4200 TapeStation System 167 

(Agilent) DNA concentrations and fragment length distributions were measured. 65 samples 168 

with high quality DNA were used for ddRAD sequencing covering the twelve 169 

Campylomormyrus and one Gnathonemus species (Supplementary Table 1). Library 170 

preparation was adapted to the protocol of Peterson et al. (2012) and Illumina adapters were 171 

modified by an insertion of four randomly chosen nucleotides in front of the inline barcode 172 

(5-7bp length). Library preparation is described briefly: 500ng DNA per sample were 173 

digested by the restriction enzymes EcoRI and MspI (New England Biolabs); modified 174 

adapters were ligated to the digested DNA fragments; samples were pooled equimolar by 175 

Illumina index sequence; size-selection of DNA fragments (300-450bp) was conducted by 176 

gel extraction (Macherey-Nagel PCR Cleanup Kit); Illumina adapters were completed via 177 

PCR attaching different Illumina indexes to DNA fragments of the respective sample pool. 178 

Library molarity was calculated by DNA concentration (Qubit 3 Fluorometer) and average 179 

fragment length (4200 TapeStation). Sequencing was performed using the Illumina NextSeq 180 

500/550 machine at the Adaptive Genomics group (University Potsdam) to generate paired-181 

end reads of 150 bp.  182 

 183 

2.2 Sequence clean-up and read assembly  184 

 185 

Raw reads were adapter-clipped using Cutadapt (Martin, 2011) and reads shorter than 32bp 186 

were removed from the datasets. The four bases which had been inserted before the inline 187 

barcode were trimmed by using a customer bash script. FastX Toolkit 0.0.13 (Hannon, 188 

2010) was performed for quality and artifact filtering. Finally, reads were de-multiplexed by 189 

inline barcode using the package process_radtags implemented in Stacks 2.2 with default 190 

settings (Catchen et al., 2013). Reads shorter than 128 bp were removed. The remaining de-191 

multiplexed reads were assembled following the reference-aligned pipeline of Stacks 2.2 192 

(ref_map.pl). Bowtie2-2.2.9 (Langmead and Salzberg, 2012) mapped reads of each sample 193 

separately to the reference genome of Paramormyrops kingsleyae (Gallant et al., 2017a) 194 

with default parameters. Mapping results were controlled with Samtools 1.3.1. Two samples 195 

of C. tamandua (C08 and C105) were excluded from the data set as read numbers and 196 

mapping qualities were low. The package gstacks (Stacks 2.2) was applied to build a catalog 197 
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of RAD tags which were represented in the entire data set. Afterwards, gstacks mapped the 198 

reads of each sample back to the RAD tag catalog with a minimum mapping quality of 8 (--199 

min-mapq 8) and genotyped them. Subsequently, the populations script (Stacks2.2) was 200 

executed to filter for loci shared among a given number of species. Based on this principle, 201 

we created two data sets with a different species number. In both data sets, all parameters 202 

were set to default except for minimum allele frequency (--min-maf 0.05) and the minimum 203 

proportion of individuals in a species to process a locus (-r 0.5). For an individual approach, 204 

the program was told to treat each of the 63 individuals as different 'species' and filter for 205 

loci shared by a minimum number of 60 'species' (-p 60; individual-based data set). For the 206 

other data set, individuals were assigned to the 13 known Campylomormyrus species 207 

(considering both EOD morphs of C. compressirostris as separate species) and one 208 

Gnathonemus species, and the populations script was executed with a minimum species 209 

number covering a locus of 13 (-p 13; species-based data set). In both data sets, the 210 

populations script called only one SNP per locus (--write-single-snp), produced outputs in 211 

multiple formats (i.e. structure, vcf and phylip), and generated several statistic summaries of 212 

population genetics like observed heterozygocity or nucleotide diversity.  213 

 214 

2.3. Clustering analysis regarding all species 215 

 216 

In order to identify species clusters within Campylomormyrus, we conducted a Principal 217 

Component Analysis (PCA), followed by a K-means clustering approach with an increasing 218 

number of clusters which was subsequently implemented in a Discriminant Analysis of 219 

Principle Components (DAPC). Those analyses were executed by functions implemented in 220 

the R package adegenet 2.1.1 (Jombart, 2008; Jombart and Ahmed, 2011). It ran with default 221 

parameters and 300 axis were retained. K-means algorithm calculated the best fitting cluster 222 

number for the given data set by computing the Bayesian Information Criterion (BIC). K-223 

means clustering was executed with 10000 iterations, a maximum cluster number of 20 and 224 

100 randomly choses starting centroids. As the computed clustering number (k = 8) deviated 225 

from our expectations (k = 14) we obtained the species-cluster matrix for both k values. 226 

 227 

 228 

 229 

 230 
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2.3 Phylogenetic analyses 231 

 232 

The populations script outputted concatenated SNPs fixed within a population as well as 233 

concatenated biallelic SNPs encoded by the IUPAC nucleotide code, as PHYLIP format. 234 

Both variants of the individual- and species-based data sets were used to compute 235 

phylogenetic relationships, as they contained different number of informative sites. RaxML 236 

7.2.8 (Stamatakis, 2006) implemented in Geneious R8.1.9 was used to reconstruct the 237 

phylogeny by maximum likelihood (ML). The substitution model was set to GTR+CAT and 238 

Gnathonemus petersii served as outgroup. We chose the algorithm of rapid bootstrapping 239 

with searching for best-scoring ML tree. The program ran with 1000 bootstrap replicates. 240 

Furthermore, a bayesian inference (BI) approach  was performed on the same data sets with 241 

MrBayes (Geneious R8.1.9, Hülsenbeck and Ronquist, 2001) using the GTR+GAMMA 242 

substitution model, 1,000,000 generations running with four heated chains and a burn-in of 243 

100,000 generations. Again G. petersii was used as outgroup.  244 

 245 

2.4 Analyses of the main clades 246 

 247 

We performed the same Stacks2.2 pipeline for the two sub-sets comprising one of the main 248 

clades inferred by the phylogenetic analyses, respectively (Clade 1 and alces-complex), to 249 

gain insights into the species structure of each clade. The populations script was executed 250 

with a minimum number of species covering a locus of 4 (-p 4; alces-complex) and 6 (-p 6; 251 

Clade 1). The clades were analyzed by PCA, K-mean clustering, and DAPC using the R 252 

package adegenet. 253 

 254 

 255 

3. Results 256 

 257 

3.1 ddRAD sequencing and SNP calling  258 

 259 

The sequencing of 63 Campylomormyrus individuals resulted in a total of 222.1M raw 260 

reads. After adapter clipping, quality and artifact filter, and discarding short sequences, the 261 

read number has been decreased to 154.99M reads (69.78%). After the de-multiplexing by 262 

inline barcode, the average number of reads per individual ranges from 194K to 3.91M with 263 
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a mean of 1.87M (± 881K SD). On average, 61.97% ± 13.9% of reads per sample map to the 264 

references genome of P. kingsleyae with a mean mapping quality of 32.7 ± 1.01 (samtools 265 

phred score) and a mean coverage depth of 9.43 ± 3.55.  266 

 267 

Table 1: SNP calling statistics of the Stacks reference-aligned pipeline for the four different data sets  268 

 individual-based 

data set  

species-based data 

set 

alces- 

complex 

Clade 1 

number of shared loci in at least 

2 species/individuals 
125,833 106,307 82,807 110,858 

number of loci passed 

population filter  

(--min-maf; -p; -r) 

33,269 50,050 65,688 68,979 

# of fixed SNPs 1,794 3,203 311 1,976 

# of variable sites 4,329 12,109 20,959 20,669 

missing data [% ] 13.55 2.89 21.0 18.5 

 269 

Among the 77.67M mapped read records, the individual-based data set detect 125,833 and 270 

the species-based 106,307 RAD loci which are shared by at least two species (Table 1). Due 271 

to the parameter setting, the populations scripts filtered 33,269 and 50,050 RAD loci for the 272 

individual-based and species-based data set, respectively. The shared RAD loci of the 273 

individual-based data set contained 1794 fixed SNPs within each individual, but different 274 

between at least two of them, 4329 variable sites (biallelic and fixed SNPs) and include 275 

13.55% missing data. In contrast, the number of fixed SNPs and variable sites in the species-276 

based data set is 3203 and 12,109, respectively, and only 2.89% of the data are missing 277 

(Table 1). Genomic statistics inferred by Stacks2.2 for the species-based data set reveal a 278 

similar number of informative sites, observed heterozygocity (Hobs), and nucleotide diversity 279 

(π) among species. For all species the analysis computes a nominal negative inbreeding 280 

coefficient (FIS) (Table 2). 281 

 282 

Table 2: Summary of genetic diversity statistics for the species -based data set calculated by Stacks2.2  283 

Taxon N sites %  poly Hobs π FIS 

C. compressirostris Morph 1 4.85 3,075 0.051 0.0002 0.0002 -0.00001 

C. compressirostris Morph 2 4.89 4,874 0.081 0.0003 0.00029 -0.00004 
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C. curvirostris 5.63 5,182 0.086 0.00028 0.00027 -0.00002 

C. tshokwe 5.71 3,197 0.053 0.0002 0.00018 -0.00005 

C. numenius 10.41 5,640 0.094 0.00028 0.00026 -0.00006 

C. rhynchophorus 5.75 3,460 0.057 0.00027 0.00023 -0.00009 

C. n.sp. 1.92 3,225 0.054 0.00047 0.0004 -0.00011 

C. phantasticus 1.95 2,137 0.035 0.00022 0.00021 -0.00001 

C. alces 3.76 2,754 0.046 0.00023 0.00022 -0.00002 

C. elephas 3.82 2,888 0.048 0.00025 0.00023 -0.00003 

C. christyi 3.82 4,161 0.069 0.00039 0.00033 -0.0001 

C. cassaicus 1 2,053 0.036 0.00036 0.00036 - 

C. tamandua 5.74 4,190 0.070 0.00045 0.00032 -0.00023 

G. petersii 1 1,278 0.012 0.00023 0.00023 - 

 284 

N = mean number of individuals genotyped at each locus; sites = number of polymorphic sites across the data 285 

set; % poly = proportion of polymorphic loci; Hobs = average observed heterozygocity per species; π = average 286 

nucleotide diversity; FIS = average inbreeding coefficient 287 

 288 

3.2 Phylogenetic analyses 289 

 290 

The phylogenetic reconstruction of the individual-based data sets (1,794 fixed SNPs and 291 

4,329 variable sites) are concordant among analysis approaches (ML versus BI), but the 292 

topology differs slightly among data sets. As several splits in the phylogenetic tree of the 293 

fixed SNP data set are not supported (BS < 90) and some relationships are polytomous 294 

(Supplementary Figure 1), the tree topology inferred from 4,329 variable sites of the 295 

individual-based data set is described here (Figure 2). The tree is separated in two main 296 

clades. One clade includes the species C. alces, C. cassaicus, C. elephas, and C. christyi 297 

(alces-complex), in which a distinct split of C. christyi is shown. Individuals associated with 298 

C. alces and C. elephas are mixed and C. cassaicus is positioned among them. Its sister 299 

group C. tamandua is separated by a long branch representing a high number of 300 

substitutions since divergence. All major splits in this main clade are well supported by 301 

bootstrap values (BS > 90) and posterior probabilities (PP > 0.9; Figure 2). Within the 302 

second main clade (Clade 1), individuals being classified as one species are clustered in 303 

monophyletic groups (BS > 90, PP > 0.9; Figure 2). Clade 1 is divided in two sub-clades and 304 
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C. phantasticus which splits first from the other species. One sub-clade comprises C. 305 

numenius and C. rhynchophorus and the other is formed by C. n.sp., C. curvirostris, C. 306 

tshokwe, and C. compressirostris. Individuals of C. compressirostris possessing difference 307 

EOD morphs are mixed within its monophyletic group (Figure 2).  308 

 309 

Figure 2: Phylogenetic reconstruction based on the 4,329 variable sites of the individual-310 

based data set. Branch labels indicate bootstrap values (BS > 90) and posterior probabilities 311 

(PP > 0.9) of the major clades. Scale represents substitutions per site. 312 

 313 

The main topology of the species-based phylogeny is consistent among data sets and 314 

analysis approaches (Supplementary Figure 2). Only the position of C. tshokwe changes in 315 

the ML phylogeny inferred from the fixed SNPs but this relationship is not supported (BS < 316 

50). In comparison to the inferred topology of the individual-based data sets, the position of 317 

C. n.sp. is different and segregates after the split of C. phantasticus. The topology is well 318 

supported at all nodes of the species-based tree, except for the separation of C. curvirostris 319 

and C. compressirostris (Supplementary Figure 2). The branch length of C. compressirostris 320 

(both EOD morphs), C. curvirostris, C. alces, and C. elephas are remarkable short compared 321 

to other branches which lead to extant species.  322 

 323 

3.3 Clustering analyses regarding all species 324 

 325 

The PCA analysis yields a similar pattern as shown by monophyletic groups in the 326 

phylogeny (Figure 3A). The first two principle components (PC) explain more than 50% of 327 

variation among species separating the samples in four clusters which represent one to seven 328 

taxa. A segregation of the individuals by the first and third component (~ 44.0%) structures 329 

the data set in six clusters with an overlap of individuals of the alces-complex as well as an 330 

overlap of both C. compressirostris morphs with C. curvirostris individuals (Figure 3A).  331 

The K-means clustering analysis inferred k = 8 as best fitting cluster number (lowest BIC 332 

value; Supplementary Figure 3A). Individuals of both C. compressirostris morphs and C. 333 

curvirostris share one cluster, but are also represented in a second one together with C. n.sp. 334 

(Figure 3B). A similar pattern occurs for species of the alces-complex. The four species are 335 

assembled to one cluster by the K-means algorithm (Figure 3B). C. phantasticus and G. 336 

petersii share a cluster which is consistent with the PCA analysis. To compare the best 337 
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fitting cluster number with the expected one (k = 14), the cluster-species matrix for 14 338 

clusters is also plotted (Figure 3C). In this case, the cluster corresponds approximately to the 339 

described species, but both morphs of C. compressirostris share one cluster, individuals of 340 

C. numenius are split in two clusters, and the individuals of the alces-complex are mixed and 341 

divided into two clusters (Figure 3C).  342 

 343 

Figure 3: Principle Component Analysis (PCA) and species-cluster matrix of 13 344 

Campylomormyrus and one Gnathonemus species. (A) The first two components of PCA are 345 

plotted. Dots represent individuals and are colored by species (see legend). (B) Species 346 

assigned to the best fitting cluster number inferred by K-means algorithm (k=8) and (C) to 347 

the expected number of clusters (k=14). Sizes of squares represent number of individuals 348 

(see legend).  349 

 350 

The DAPC results in a similar pattern in which the individuals of C. tamandua, C. tshokwe, 351 

C. rhynchophorus, and C. numenius form well separated groups. Resolutions within the 352 

alces-complex as well as the separation of C. compressirostris, C. curvirostris, and C. n.sp., 353 

cannot be deduced by this data set (Supplementary Figure 4).  354 

 355 

3.4 Analyses of separate clades 356 

 357 

Running gstacks for the separated clades reveals 82,807 and 110,858 RAD loci shared by at 358 

least two species for the alces-complex and Clade 1, respectively. After executing the 359 

populations script 65,688 (alces-complex) and 68,979 (Clade 1) RAD loci passed the filter 360 

parameters. Among loci shared by species of the alces-complex, 311 fixed SNPs and 20,669 361 

variable sites with 21% missing data are found. 1,976 fixed SNPs and 20,959 variable sites 362 

have been called in Clade 1 including 18.5% missing data (Table 1). 363 

Within the data set of the alces-complex, K-means clustering result in a best fitting k-364 

number of 2 (lowest BIC values; Supplementary Figure 3B). The two clusters separate C. 365 

christyi from the other species (C. alces, C. elephas, C. cassaicus). Setting the cluster 366 

number to the expected species number (k=4) yields a single cluster for C. cassaicus and C. 367 

christyi, but individuals of C. elephas and C. alces are merged except for the specimen K71 368 

which represents the fourth cluster (Figure 4A). PCA and DAPC analyses separate the 369 

species in three groups whereby C. cassaicus and C. christyi are well segregated and 370 
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individuals classified as C. alces and C. elephas overlap (Figure 4A, Supplementary Figure 371 

5).  372 

 373 

Figure 4: Results of PCA and cluster analysis regarding Clade 1 and the alces-complex. (A) 374 

The first two principle components of the PCA are plotted above, explaining 34.9% of 375 

variation in the alces-complex and the species-cluster matrix for k=2 (best fitting k) and k=4 376 

(expected k) is shown below. (B) Results of the PCA analyses for Clade 1 are plotted above 377 

in which the first two axis represent 27.8% of variation. Below, the species-cluster matrix 378 

for k=6 (best fitting k) and k=8 (expected k) are shown. Square sizes in the matrices 379 

represent the individual number of each species in the particular cluster.  380 

 381 

For Clade 1, k=6 fits best to the data according to K-means clustering algorithm (lowest BIC 382 

value; Supplementary Figure 3C). The species C. tshokwe, C. numenius, C. rhynchophorus, 383 

and C. phantasticus form single clusters, respectively. The individuals of C. 384 

compressirostris (morph 1) and C. curvirostris are split in two clusters sharing it once with 385 

C. compressirostris morph 2 and once with C. n.sp. (Figure 4B). Setting the cluster number 386 

to the expected number of species (k=8) results in a species-wise segregation except for both 387 

C. compressirostris morphs which share a cluster, while C. numenius is split into two 388 

(Figure 4B). The PCA and DAPC indicate a similar pattern with an overlap of both C. 389 

compressirostris morphs and C. curvirostris, and a distinct separation of the other species 390 

(Figure 4B, Supplementary Figure 6).  391 

 392 

 393 

4. Discussion 394 

 395 

It is the first time that a phylogenetic reconstruction of Campylomormyrus includes the 396 

species C. phantasticus and C. cassaicus. Our results demonstrate that C. phantasticus is 397 

positioned as basal lineage within one of the main clades representing the sister taxon to 398 

most of Campylomormyrus species (Figure 2). Although type specimens of C. phantasticus 399 

are described and EOD records as well as its distribution area is known (Daget et al., 1991; 400 

Pellegrin, 1927; Stiassny et al., 2007), an identification of our individuals by a 401 

morphological comparison to the type specimens cannot be provided as neither pictures nor 402 

EOD records exist. However, we emphasize that the clear separation of two individuals from 403 
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all others in the phylogenetic and cluster analysis, means the presence of another distinctive 404 

Campylomormyrus species in the Lower Congo River being most likely C. phantasticus.  405 

The inclusion of new species and the increase of genetic markers infer a new phylogenetic 406 

position for C. tamandua as sister taxon of the ‘alces’ group which is supported by tree 407 

reconstructions of different data sets (Supplementary Figures 1 and 2). In all phylogenetic 408 

trees C. tamandua has a remarkably long branch compared to the other species which 409 

indicates that the species is genetically highly different compared to others. The early 410 

divergence but low diversification of the C. tamandua lineage might be due to an under-411 

representation of the species. It is the only species which has apart from the Congo Basin 412 

additional distribution areas like parts of the Chad and Niger River (Daget et al., 1984). An 413 

incomplete taxon sampling can have those effects in the phylogeny as closely related taxa 414 

which would intersect a long branch, are missing (Cummings and Meyer, 2005; Heath et al., 415 

2008).  416 

The first classification of our C. cassaicus sample (K56) was obtained via visual comparison 417 

to the type specimen described by Poll (1967) (Supplementary Figure 7A). In the phylogeny, 418 

it forms a clade with two C. elephas individuals that represents the sister group to a clade 419 

containing two C. alces and one C. elephas specimens (Figure 2). These relationships are 420 

well supported in the Bayesian analysis (PP=1). However, genetic differences among those 421 

individuals are low according to branch lengths. PCA and DAPC clearly separate C. 422 

cassaicus from other species of the alces-complex (Figure 4) and considering a cluster 423 

number of 4 supports this segregation. As a sample set of one is less sufficient for distinct 424 

inferences of phylogenetic relationships our results can just confirm that C. cassaicus is part 425 

of the alces-complex. The same sample is also included in a previous phylogeny which is 426 

based on two genetic markers (Feulner et al., 2008). There it is part of the separated clade E 427 

assigned to the species C. elephas which is consistent with our results. Based on the genetic 428 

data, it can therefore be assumed that C. cassaicus belongs to C. elephas, which raises the 429 

question of whether it is a distinct species.  Hence, it can be presumed that C. cassaicus is 430 

just a specimen of C. elephas raising the question if it can be considered as separated 431 

species. 432 

From a phylogenetic perspective and regardless of the species affiliation, the ‘alces’ group is 433 

divided into three lineages whereby one is represented by four specimen classified as C. 434 

christyi, one by eight individuals which are previously assigned to the species C. alces, C. 435 

elephas and C. cassaicus and the one containing only the sample K71. The separation of C. 436 



 

Page 15 

christyi is supported by the K-means clustering analysis, as k=2 is suggested to be the best 437 

fitting number of clusters and  all individuals of C. christyi belong to one of the two clusters. 438 

Those results support that C. christyi is a distinct species (Boulenger, 1898; Lamanna et al., 439 

2016). 440 

The pooling of the eight species-mixed individuals is reasonable, as in comparison to other 441 

monophyletic clades representing a species (e.g. C. rhynchophorus) the genetic differences 442 

among specimen are similar according to branch lengths (Figure 2). Furthermore, clustering 443 

analysis with k=2 merges those individuals to one cluster. Even a calculation with the 444 

expected number of k=4 isolates only the C. cassaicus sample from the group and the PCA 445 

and DAPC analyses demonstrate an overlap of C. elephas and C. alces specimens (Figure 4, 446 

Supplementary Figure 5). Hence, due to our results, the samples of C. elephas and C. alces 447 

used in this study do not represent two separate species casting doubts whether those species 448 

can be discriminated. Low genetic difference but high EOD diversity within a sympatrically 449 

occurring group is also shown for the species magnostipes-complex of Brienomyrus 450 

(Arnegard et al., 2006, 2005). There are several hypotheses including behavioral and 451 

ecological selection as driver for EOD diversification. Only the assumption of incipient 452 

sympatric speciation takes into account the high genetic similarity among individuals with 453 

different EODs (Arnegard et al., 2006). As our genome-wide approach indicates high 454 

genetic similarity among individuals of the alces-complex with different EOD waveforms, 455 

incipient sympatric speciation might be a sufficient explanation as EODs are thought to 456 

serve as prezygotic isolation mechanism (Feulner et al., 2008). Furthermore, this would 457 

mean that our RAD loci cover no genes which are responsible for EOD waveform 458 

differences.  459 

In the individual-based phylogeny a special position is inferred for the sample K71 which 460 

diverged even before the split of C. christyi. This outstanding position and its segregation by 461 

PCA and cluster analysis (k=4) as well as the special coloration (Supplementary Figure 7B) 462 

suggests that this individual may represent an unknown species. Among mormyrid fish, 463 

species diversity and especially the identification of new and cryptic species are increasing 464 

so that even an entire genus has been recently described (Rich et al., 2017).  465 

The usage of a highly increased number of genetic markers for phylogenetic analysis 466 

confirms the monophyly of the species C. rhynchophorus, C. numenius, C. tshokwe, C. 467 

compressirostris, C. curvirostris, and C. n.sp. which are stated by previous studies (Feulner 468 

et al., 2008, 2007; Lamanna et al., 2016), but there are discordances of their phylogenetic 469 
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relationships. Additionally, even an increase of genetic markers does not indicate a 470 

separation by EOD morph among C. compressirostris specimens which can be explained by 471 

the same hypotheses mentioned for EOD variation within the alces-complex. 472 

Moreover, we want to point out that the usage of ddRAD sequencing and the gathering of 473 

thousands of genetic markers lead to the resolution of polytomous relationships among 474 

single individuals in a problematic clade like the alces-complex (individual splits have a 475 

PP=1 and BS>90). It is also important to emphasize that our data show discrepancies among 476 

species- and individual-based phylogenies which are a result of species synonymization or 477 

miss-assignment. Especially in taxonomic groups where specimens are hard to discriminate 478 

by morphology or other features are missing (e.g. EOD records for weakly electric fish), 479 

species tree inferences may miss diversity and recent divergence within a species if the 480 

affiliation is not clear. Hence, before relationships between species are analyzed, the 481 

specimens need to be classified uniquely otherwise it should be kept separately.  482 

In conclusion, our results show that main phylogenetic relationships among 483 

Campylomormyrus species are consistent with previous studies (Feulner et al., 2008; 484 

Lamanna et al., 2016) and that even a good resolution on the individual level is discordant 485 

with species classification. Especially the species of the alces-complex do not show a clear 486 

separation by species which raises the question of their evolutionary history. The remaining 487 

and reappearing uncertainties within the phylogeny of Campylomormyrus species despite an 488 

immense increase of genetic marker indicate that for an informative phylogeny (especially 489 

of the alces-complex) the sample set needs to be increased, different sampling areas should 490 

be considered and if possible, genetic data of the type species should be included. 491 

Furthermore, an a priori revision of the Campylomormyrus taxonomy would be 492 

advantageous as the knowledge about this genus has increased immensely during the last 493 

decade.  494 
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Supplementary Table 1: Overview of the 65 samples used for the ddRAD sequencing 658 

analysis. Sample ID, classified species, EOD phase number and approximate duration and 659 

collection site are listed.   660 
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Supplementary Figure 1: Phylogenetic analysis based on the fixed and biallelic SNPs of 664 

the individual-based data set. Branch labels indicate either bootstrap values or posterior 665 

probabilities.  666 

 667 

Supplementary Figure 2: Phylogenetic analysis based on the fixed and biallelic SNPs of 668 

the species-based data set. Branch labels indicate either bootstrap values or posterior 669 

probabilities.  670 

 671 

Supplementary Figure 3: Graphical depiction of the K-means clustering analyses. Bayesian 672 

information criteria (BIC) are shown for a range of potential clusters. (A) Graph of complete 673 

data set; Graphs of the separate analyses regarding (B) alces-complex; and (C) Clade 1 674 

 675 

Supplementary Figure 4: DAPC plot of the complete data set. The two graphs show the 676 

variation based on DA eigenvalues 1 and 2, and 1 and 3, respectively. Dots represent each 677 

individual and are colored by species (see legend).  678 
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Supplementary Figure 5: DAPC plot of the first two eigenvalues for the separated analysis 680 

of the alces-complex. Dots represent single individuals and are colored by species (see 681 

legend).  682 

 683 

Supplementary Figure 6: DAPC plot of the first two eigenvalues for the separated analysis 684 

of Clade 1. Dots represent single individuals and are colored by species (see legend).  685 

 686 

Supplementary Figure 7: (A) Picture of the specimen K71 collected from the market in 687 

Kintele (Brazzaville, Republic of the Congo). (B) Above the type specimen of C. cassaicus 688 

obtained from http://mormyrids.myspecies.info/en and below the sample K56 classified as 689 

C. cassaicus and collected from Les Rapides (Brazzaville, Republic of the Congo). 690 
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6 Discussion

The ability of bioelectrogenesis, the sympatric occurrence, and the question of their un-

derlying mechanism render the African weak electric fish genus Campylomormyrus an

interesting research organism in evolutionary biology. Several studies cover histological,

behavioral, and genetic investigations on their EOD diversification and its evolutionary

effects (Kramer & Kuhn, 1994; Feulner et al., 2008; Paul et al., 2015, 2016; Lamanna et al.,

2015, 2016; Kirschbaum et al., 2016; Nagel et al., 2018a,b). However, far too little is known

to draw accurate conclusions. Karyological and genomic approaches have been pursued in

this study to expand this knowledge and emphasize the importance of conventional as well

as modern methods. In this study, I describe the first karyotype of Campylomormyrus

compressirostris by means of chromosome preparation from free embryos and two staining

methods (Giemsa and DAPI). The results are analyzed in the context of chromosomal

evolution among Osteoglossiformes fish. Furthermore, I set up a SNP analysis pipeline

which is based on transcriptomic data, and have identified potential candidate genes and

cellular processes that are most likely involved in the determination of the elongated EOD

in C. tshokwe. The genes and processes are linked to biological functions including cell

proliferation and differentiation which support the existing hypothesis of associations

between electrocyte geometry and EOD characteristics. Moreover, I have established

the ddRAD sequencing method in the laboratory of the Evolutionary Biology/Zoological

Systematics group at the University of Potsdam, to gain insights into the phylogeny and

evolution of Campylomormyrus considering genome-wide distributed genetic markers. In

the following, the obtained results will be discussed in the context of current research.

6.1 Karyological evolution

Cytogenetic investigations provide pivotal information about the genome architecture

and its evolution (Potter et al., 2017). In the order Osteoglossiformes and in the family

Mormyridae in particular, the karyotype is assumed to be conserved which is shown

by the narrow range of mormyrid diploid chromosome numbers (2n=48-50) (Ráb et al.,

2016; Canitz et al., 2016; Barby et al., 2019). However, in the species-rich Mormyridae,

cytogenetic information are missing for a high number of species. As Campylomormyrus

is among them, the first karyotype of C. compressirostris has been described (Canitz
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et al., 2016). Its diploid chromosome number (2n=48) is accordant with those of other

mormyrids and supports its high conservation within the family. The fundamental number

(FN=78) indicates that C. compressirostris has a relatively high number of bi-armed

chromosomes (metacentric and sub-metacentric) which is unusual for mormyrid species

(Ráb et al., 2016). A slightly higher number of bi-armed chromosomes is also described

for G. petersii (Uyeno, 1973; Ozouf-Costaz et al., 2015) the phylogenetic sister group

of Campylomormyrus (Lamanna et al., 2016). Hence, an increased number of bi-armed

chromosomes within the monophyletic group, comprising both genera, indicates that events

of chromosome rearrangements or gains by pericentric inversion and Robertsonian fusion

probably already happened before they diverged. However, to underline such a hypothesis,

karyological examinations for further species of both genera as well as a larger sample set

are required.

Recently, the karyotype of Gymnarchus niloticus, which is the only species within

Gymnarchidae has been described with a karyotype formula of 2n=34 consisting only

bi-armed chromosomes (Hatanaka et al., 2018). In contrast, a second karyotype of the

same species was published by Jegede et al. (2018) with a highly deviating chromosome

number and karyotype formula (2n=54; 26m+14sm+14a) (Jegede et al., 2018). As both

karyotypes originate from individuals of different localities, it is assumed that such a

high intra-specific variation might be attributed to two different species of Gymnarchus

(Jegede et al., 2018). Even if the argumentation of a new species based on the karyotype

information is slightly overrated, intra-specific karyological diversity is observed, also

within other mormyrid species including G. petersii and Pantodon buchholzi (Uyeno, 1973;

Ozouf-Costaz et al., 2015; Ráb et al., 2016). Thus, variation in chromosome number and

karyotype formula highlights the needs of further cytogenetic investigations among and

in particular within species. In the genomic era, karyotyping is a basic tool on which

further analysis are built upon. Especially regarding fish genomes which experienced

the teleost-specific whole genome duplication (Pasquier et al., 2016), the identification of

homologous chromosomes, and chromosome rearrangements by for example fluorescence

in-situ hybridization aids to understand the complexity of genome structures and how

they arose (Potter et al., 2017; Barby et al., 2019).

Karyological results are also helpful to infer speciation scenarios (Bakloushinskaya,

2017; Romanenko et al., 2018; Supiwong et al., 2019). In terms of sympatric speciation,

reproductive incompatibility by chromosome rearrangements is suggested to play a primary
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role for the speciation of a spider-complex (Rezác et al., 2018). Such a scenario might be

also a potential postzygotic isolation mechanism among Campylomormyrus species. More-

over, considering inter-specific hybridization, karyological analyses of hybrids can provide

information about possible speciation mechanisms. In butterflies, for example, inter-specific

hybrids become reproductive isolated by the fixation of novel chromosome combinations

through fusion and/or fission but without a change in the chromosome number (homoploid

hybrid speciation) (Lukhtanov et al., 2015). As inter-specific hybridization is shown

for some Campylomormyrus species at least under laboratory conditions (Kirschbaum

et al., 2016), cytogenetic analysis of these hybrids might provide new information about

evolutionary processes leading to sympatric speciation. Although these scenarios may

be feasible for Campylomormyrus, extensive and thorough studies including approaches

with fluorescence in-situ hybridization or comparative genomic hybridization, and whole

chromosome painting are needed.

6.2 Diversification of electric organ discharges

Within Campylomormyrus EOD pulses are characterized by their phase number, discharge

polarity, and pulse duration. An elongated EOD pulse (∼ 40ms) is shown in the species

C. rhynchophorus and C. numenius, which are phylogenetically closely related and form a

monophyletic group (Feulner et al., 2008). The longer EOD occurs also in some specimens

of the alces-complex, which includes the species C. alces, C. elephas, C. cassaicus and C.

christyi. Campylomormyrus tshokwe possesses an intermediate long EOD (∼ 4ms). It is

the sister group of C. curvirostris and C. compressirostris which emit a short EOD (∼

0.4ms) like the remaining species (Feulner et al., 2008; Lamanna et al., 2016) (Figure 1).

In order to understand the EOD diversification among Campylomormyrus species,

histological and genetic examinations among species with different EOD characteristics

have been conducted (Lamanna et al., 2014, 2015; Paul et al., 2015, 2016; Nguyen et al.,

2017; Nagel et al., 2017). Differential gene expression analyses reveal that genes associated

with electrical and metabolic activity as well as transcriptional regulation are up-regulated

in the electric organ compared to the skeleton muscle (Lamanna et al., 2015). Especially,

several ion channel genes are up-regulated in the electric organ of C. tshokwe compared to

those of C. compressirostris (Nagel et al., 2017). Furthermore, non-synonymous nucleotide

substitutions are observed in the sodium voltage-gated ion channel gene, scn4aa, which
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are exclusive to two species with a long EOD (C. rhynchophorus and C. numenius) (Paul

et al., 2016). These results support the hypothesis that ion channels play a major role

in the diversification of EOD waveforms in mormyrid fish (Zakon et al., 2008). However,

they could not fully explain the observed variation in EOD characteristics.

Histological examinations of the electric organs indicate an association between pulse

duration and particular electrocyte and stalk structures. In several mormyrid fish, the

electrocytes of species with longer EODs show increased cell surfaces by the development

of papillae and have multi-stalk systems (Bass, 1986b; Paul et al., 2015). This hypoth-

esis is supported by the candidate genes and biological processes I obtained from the

transcriptome-wide SNP analysis considering to two main criteria: (1) Positive selection is

inferred for the gene (ω > 1) and (2) it carries a species-specific non-synonymous SNP

in the species with elongated pulse (C. tshokwe). These genes have functions related

to cell proliferation and differentiation as well as apoptosis which are crucial for tissue

morphogenesis. Non-synonymous nucleotide substitutions within those genes may lead

to a functional change or loss of the corresponding protein and thus likely contribute to

the shaping of electric organs. Apart from the gene functions related to cell proliferation

and differentiation, transcriptional regulation is a further process which is suggested

to be relevant for determining the EOD duration. The importance of this process is

already emphasized by the differential gene expression patterns among C. tshokwe and

C. compressirostris (Lamanna et al., 2014, 2015; Nagel et al., 2017). Variation in genes

coding for transcriptional regulation can cause changes in expression patterns of their

target gene. Thus, non-synonymous SNPs might alter their protein confirmations leading

to an impaired interaction between transcription factor and promoter region or modifying

the function of transcriptional activators or repressors (Murgatroyd, 2004; Shastry, 2009).

The results obtained by the transcriptome-wide SNP analysis study indicate an impact

of both processes, transcriptional regulation and cell proliferation, on the elongation of

EODs at least in the species C. tshokwe.

In other mormyrid weakly electric fish, a further aspect, the hormone level, is considered

to mediate the EOD duration (Bass & Hopkins, 1982; Bass et al., 1986; Carlson et al., 2000).

Experiments with gonad steroids reveal that after hormonal administration electrocyte sizes

and membrane surfaces are increased and that emitted EODs are elongated, regardless of

sex (Bass et al., 1986). As those experiments are restricted to species with sex dimorphism

in EOD duration raises the question if hormone levels are also involved in inter-specific
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determination of this characteristic. Furthermore, hormone effects are studied in the

gymnotiform fish Sternopygus for which it is proposed to impact membrane integrated

voltage-gated ion channels in terms of regulation or property change (Few & Zakon,

2006; Ferrari & McAnelly, 1995). Although genetic indications of processes related to, for

example, hormone metabolism or segregation have not been reported for Campylomormyrus,

their impacts on the EOD duration should not be ignored.

Combining the results of all studies provides a general overview of the genetic complexity

which underlies the determination of EOD characteristics. At the same time, it also shows

that the various factors identified, such as transcriptional regulation, cell proliferation

and ion channel activity, are interrelated. In this case a potential scenario could be that

an enlarged cell surface provides space for a higher number of membrane-integrated ion

channels which are controlled by transcriptional regulation, and each factor can be affected

by genetic mutations. An untoward aspect is that these investigations were only carried

out for a few species. Therefore it cannot be ruled out whether the results found can

be attributed to the actual characteristic including EOD duration, or to the respective

diverging lineage. Hence, to continue this work a large-scale transcriptome analysis is

needed including differential gene expression of the obtained candidate genes, and further

species with different EOD duration.

Electric organ discharges represent a communication system within mormyrid fish and

are used for species discrimination and mate recognition (Hopkins & Bass, 1980). It is

a species-specific trait (Hopkins & Bass, 1980) which diversified along the evolution of

these fish and, at least for Campylomormyrus it is thought to be a prezygotic isolation

mechanism that is either the cause or effect of selection (Tiedemann et al., 2010). Hence

knowing the underlying genes which contributes to the EOD diversification may help to

understand to which extent EODs are involved in evolutionary processes and speciation.

It should be point out that transcriptomic data provide a huge potential to identify

genes and biological processes which are involved in the determination of particular phe-

notypic traits, especially as those genes are expressed and their genetic variation affects

directly the phenotype. Hence, regarding the identification of candidate genes coding for

certain traits, transcriptomic analysis regardless of whether differential gene expression or

SNP detection, should be continued and improved.
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6.3 Phylogenetic classification of Campylomormyrus

The species of Campylomormyrus have been sampled during three field trips in 2004,

2006, and 2012. Those specimens originated from the Lower Congo River where they

occur in sympatry. Among these individuals, several species have been be identified

by phylogenetic and morphometric analyses (Feulner et al., 2006, 2008; Lamanna et al.,

2016). Six species show clear genetic differences (C. compressirostris, C. curvirostris,

C. tshokwe, C. rhynchophorus, C. numenius, and C. tamandua) while three species, C.

elephas, C. alces, and C. christyi, are genetically not well distinguishable (Lamanna et al.,

2016). For this reason, they are still regarded as species-complex and are combined to

the alces-complex. However, these nine species are accepted and it is thought that they

are reproductively isolated (Feulner et al., 2008). Phylogenetic relationships among these

Campylomormyrus species were inferred by a comprehensive analysis of coalescence-based

species tree estimation with well-supported posterior probabilities at each split (Lamanna

et al., 2016) but there are still uncertainties among relationships of single individuals

(Feulner et al., 2007, 2008). Although each species of the alces-complex is accepted, genetic

differences among them are low based on the used genetic markers including microsatellite

data and the genes cytb, rps7, and scn4aa (Feulner et al., 2007, 2008; Lamanna et al.,

2016).

The genome-wide distributed loci, which are obtained in this study, provide informative

phylogenetic relationships among individuals, lead to a change of the main species tree

topology and might uncover cryptic species. Previously inferred monophyletic groups of

the species C. numenius, C. rhynchophorus, C. tshokwe, C. n.sp., C. compressirostris, C.

curvirostris, and C. tamandua are supported by the genome-wide genetic structure and

except for C. compressirostris, all of them possess a species-specific EOD. In contrast, the

specimens of the alces-complex cluster neither by species nor by EOD. Short branch lengths

as well as species overlaps in the cluster analyses indicate their high genetic similarity.

Among mormyrids, a sympatrically occurring species complex of the genus Brienomyrus

(magnostipes-complex) presents a similar pattern of high diversity in EOD waveforms but

low genetic differences (Arnegard et al., 2005, 2006). It is hypothesized that this pattern

is representing incipient sympatric speciation meaning that the species of this complex

just recently started to diverge and that EOD diversification arises before genome-wide

genetic differences accumulate between sister species (Arnegard et al., 2006). This might

be also the case for the alces-complex of Campylomormyrus.
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In this study, two additional species, C. cassaicus and C. phantasticus, are added

to the analysis which have not been included in the species tree. Campylomormyrus

phantasticus is positioned as basal taxa within one of the inferred main clades including

most of the Campylomormyrus species. As the identity of the used specimens is uncertain

because of missing pictures and EOD records, I can just claim that a further genetically

distinct Campylomormyrus species is distributed in the Lower Congo River. If they are

representing C. phantasticus, it would mean that the species is not endemic to the Sanaga

River (Cameroon) as assumed by Daget et al. (1984) and Stiassny et al. (2007), and

has a much wider distribution area than other Campylomormyrus species (except for C.

tamandua).

The second newly added species is C. cassaicus. This species is represented by a single

individual and clusters among the specimens of the alces-complex. The unique color pattern

assumes that the specimen belongs to the C. cassaicus, but the genome-wide analysis

indicates low genetic difference to other individuals of the complex. Color traits can be

involved in sympatric evolution due to mate choice. For example, among sympatrically

occurring cichlid species, color patterns are linked to sexual selection (Seehausen et al.,

1997; Seehausen, 2000). In Campylomormyrus visual signals are unlikely to affect mate

choices. The usage of the EOD for species discrimination and mate recognition (Tiedemann

et al., 2010; Nagel et al., 2018a) underlines that the vision might be less pronounced.

Hence, the distinct color pattern of C. cassaicus is probably an insufficient character to

distinguish the species. In contrast, as the specimen is part of the alces-complex, and

incipient speciation is assumed for this group, its different color pattern would be another

trait, which evolved at early stages of the species history and is uniquely for this lineage.

However, the species is represented by a single individual, which poorly supports these

hypotheses. A larger sample set of C. cassaicus and further information on ecology and

distribution would help to corroborate or reject them.

The high species diversity within the Mormyridae family (Poll, 1945, 1967; Gosse, 1984)

would support the theory that species are just diverged. Especially in the recent years,

new species were identified and even an entire new genus has been described (Feulner

et al., 2008; Sullivan et al., 2016; Rich et al., 2017). An increased diversity might be

also found within Campylomormyrus. The individual-based approach, conducted by this

study, reveals an outstanding phylogenetic position of a single individual, labeled as K71.

It diverged even before the monophyletic group of C. christyi splits from the remaining
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specimens and first observations of its morphology and color show differences to other

specimens. In comparison to C. cassaicus which has also a deviating color pattern, its

genetic difference to other specimens of the alces-complex is higher and indicates the

occurrence of cryptic species. The alces-complex, in general, is obviously an interesting

group of specimens, which should be investigated in more detail.

The inclusion of two additional species and the higher amount of genetic markers have

changed one major aspect in the topology of the species tree. Regardless whether the

tree is based on genetic differences of single individuals or on a previously merging of

those to described species, the results show that C. tamandua is not anymore inferred

as basal lineage being the sister group to all other Campylomormyrus species. Instead

it is positioned as sister taxon of the alces-complex. Within Campylomormyrus, C.

tamandua is the only distinct species with a clear triphasic EOD and a description of stalk-

penetrating electrocytes (Paul et al., 2015). These are considered to be ancestral according

to its former phylogenetically basal position, and the suggestion of an early evolution of

the same characteristics in the family Mormyridae (Hopkins, 1995; Sullivan et al., 2000).

Consequently, non-penetrated electrocytes and the accompanied biphasic EOD evolved after

C. tamandua diverged, and are derived. Such a reversal to non-penetrating electrocytes

and the biphasic EOD occurs in multiple phylogenetically independent lineages and

clades (Sullivan et al., 2000, 2004). Hence, the new phylogenetic position of C. tamandua

raises alternative hypotheses about the ancestral state of electric organ structures and its

corresponding EOD waveform within Campylomormyrus. These theories depend further

on the electric organ structure and EOD of the species thought to be C. phantasticus. If

C. phantasticus and thus a triphasic EOD waveform is represented by the two individuals

examined here, an ancestral triphasic EOD waveform is more likely. According to the

parsimony principle, this scenario needs only two instead of three evolutionary events to

explain current EOD characteristics within Campylomormyrus (Figure 4.1). The multiple

reversals of a biphasic EOD in mormyrid linages increases the probability that the common

ancestor of Campylomormyrus fish had a biphasic EOD. Otherwise, if the individuals

belong to a species with biphasic EOD, both scenarios, an ancestral biphasic and an

ancestral triphasic EOD, are likely according to the parsimony principle (Figure 4.2). In

both cases, two evolutionary events are required to explain the pattern of extant species.

However, a triphasic EOD waveform in the common ancestor of Campylomormyrus is

supported by the presence of the same EOD waveform in its sister clade Gnathonemus.
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Figure 4: Schematic display of two different scenarios of EOD evolution within Campylomormyrus
assuming (1) a triphasic or (2) a biphasic EOD for "C. phantasticus". The cladograms represent the
alternate tree topology obtained by this study and taxa sharing the same waveform are collapsed. The two
scenarios assume either a tri- or a biphasic ancestral EOD and arrows indicate the number and positions
of evolutionary events regarding the EOD waveform. Colors code always either for biphasic (bi - turquoise)
or for triphasic (tri - red) EODs.

6.4 Conclusion and future perspective

The different approaches conducted by this study, regardless of being conventional (karyol-

ogy) or modern (genomics), provide new information about the evolutionary history and

EOD diversification of Campylomormyrus. In the context of sympatric speciation, which is

the evolutionary divergence of reproductive isolated species in the absence of any barriers

to gene flow, the EOD is considered as prezygotic isolation mechanism among Campylo-

mormyrus species. The transcriptome-wide SNP analysis identified new candidate genes

and biological processes those functions have not yet been considered for the determination

of EOD waveform characteristics including its duration. Hence, the identification of genetic

differences in expressed genes is a crucial step to understand the EOD diversification of

mormyrids. Future genetic analyses, regardless of gene expression or sequence variation,

should focus on genes which are involved in transcription and cell formation.

Due to the continuously increase of genomic approaches, conventional methods such as

karyotyping, are getting more attention again. Comparative analyses including cytogenetic

and molecular markers can provide a better understanding of genome organization and

can demonstrate evolutionary dynamics and hybridization events as it is shown in the

teleost genus Clarias (Maneechot et al., 2016). For this reason, the karyotype description
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of C. compressirostris is a first step to obtain a complete picture of cytogenetic processes

driving speciation in Campylomormyrus. Further karyotype descriptions are needed to

draw conclusions on chromosome rearrangements among and within species. Moreover,

the karyotype is a key aspect of the genome and can be linked to a whole genome

sequence to generate a so-called chromosome-level assembly. Hence, the karyotype of

Campylomormyrus would support the genome sequencing of the species which is demanded

for future genomic studies.

Genomic approaches have changed the perspective on sympatric speciation, because

hybridization and gene flow are assumed to occur more frequently than expected before

and after speciation (Nosil, 2008; Han et al., 2017; Foote, 2018; Campbell et al., 2018). For

example, there are some evidences for gene introgression among long diverged cichlid species

(Wagner & McCune, 2009; Martin, 2012; Meier et al., 2017). The genome architecture

plays an important role to comprehend sympatric speciation in the face of signals of

gene flow, introgression, and/or hybridization (Harrison & Larson, 2014; Payseur &

Rieseberg, 2016; Campbell et al., 2018). Considering those aspects, the genomic data

of Campylomormyrus which have been obtained by the ddRAD sequencing method,

are an useful basis for investigating the impact of these processes on the evolution of

Campylomormyrus. Especially as hybridization under laboratory conditions has been

shown among some of its species (Kirschbaum et al., 2016), those processes should be

considered as potential driver of speciation and EOD diversification. Furthermore, this

method is an important tool to improved the inference of phylogenetic relationships among

single individuals as shown for the alces-complex. With a higher amount of genetic markers

it is also helpful to uncover species diversity.

For future research, I suggest to continue the application of these methods for the

investigation of Campylomormyrus’ evolutionary history. Phylogenetic analysis based on

genomic data should consider more specimens and a wider sampling area. In addition, a

revision of the genus Campylomormyrus is requested as the knowledge about the species

and, in particular its genetics, is continuously increasing. Finally, it is suggested to apply

the established genomic approaches to other mormyrids, as Carlson & Gallant (2013)

already underlines the importance of genomic resources to understand the evolutionary

processes underlying mormyrid diversification in terms of communication and behavior.
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7 Abstract

The African weakly electric fish genus Campylomormyrus is a well-investigated fish group

of the species-rich family Mormyridae. They are able to generate species-specific electric

organ discharges (EODs) which vary in their waveform characteristics including polarity,

phase number and duration. In mormyrid species EODs are used for communication,

species discrimination and mate recognition, and it is thought that they serve as pre-zygotic

isolation mechanism driving sympatric speciation by promoting assortative mating. The

EOD diversification, its evolutionary effects and the link to species divergence have been

examined histologically, behaviorally, and genetically. Molecular analyses are a major tool

to identify species and their phenotypic traits by studying the underlying genes. The

genetic variability between species further provides information from which evolutionary

processes, such as speciation, can be deduced.

Hence, the ultimate aim of this study is the investigation of genetic variability within

the African weakly electric fish genus Campylomormyrus to better understand their

sympatric speciation and comprehend their evolutionary drivers. In order to extend the

current knowledge and gain more insights into its species history, karyological and genomic

approaches are being pursued considering species differences.

Previous studies have shown that species with different EOD duration have specific gene

expression patterns and single nucleotide polymorphisms (SNPs). As EODs play a crucial

role during the evolution of Campylomormyrus species, the identification of its underlying

genes may suggest how the EOD diversity evolved and whether this trait is based on a

complex network of genetic processes or is regulated by only a few genes. The results

obtained in this study suggest that genes with non-synonymous SNPs, which are exclusive

to C. tshokwe with an elongated EOD, have frequent functions associated with tissue

morphogenesis and transcriptional regulation. Therefore, it is proposed that these processes

likely co-determine EOD characteristics of Campylomormyrus species. Furthermore,

genome-wide analyses confirm the genetic difference among most Campylomormyrus

species. In contrast, the same analyses reveal genetic similarity among individuals of the

alces-complex showing different EOD waveforms. It is therefore hypothesized that the low

genetic variability and high EOD diversity represents incipient sympatric speciation. The

karyological description of a Campylomormyrus species provides crucial information about

chromosome number and shapes. Its diploid chromosome number of 2n=48 supports the
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conservation of this trait within Mormyridae. Differences have been detected in the number

of bi-armed chromosomes which is unusually high compared to other mormyrid species.

This high amount can be due to chromosome rearrangements which could cause genetic

incompatibility and reproductive isolation. Hence an alternative hypothesis regarding

processes which cause sympatric speciation is that chromosome differences are involved in

the speciation process of Campylomormyrus by acting as postzygotic isolation mechanism.

In summary, the karyological and genomic investigations conducted in this study

contributed to the increase of knowledge about Campylomormyrus species, to the solution

of some existing ambiguities like phylogenetic relationships and to the raising of new

hypothesis explaining the sympatric speciation of those African weakly electric fish. This

study provides a basis for future genomic research to obtain a complete picture for causes

and results of evolutionary processes in Campylomormyrus.
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8 German Abstract

Die Gattung Campylomormyrus gehört zur Familie der afrikanisch schwach elektrischer

Fische Mormyridae (Osteoglossiformes, Teleostei). Die Arten können elektrische Organent-

ladungen (engl. Electric Organ Discharge; EOD) generieren, die bezüglich der Wellenform

und -dauer artspezifisch sind und somit der Kommunikation und Arterkennung dienen.

Durch Verhaltensexperimente wurde festgestellt, dass bei Campylomormyrus Arten das

EOD auch die Partnerwahl beeinflusst, was zur Annahme führt, dass EODs als ein pre-

zygotischer Isolationsmechanismus fungieren. Dies fördert die assortative Paarung und

kann somit zur sympatrischen Artbildung führen. Die Vielfalt der EOD Wellenform in

Campylomormyrus und ihr Einfluss auf die evolutionären Geschichte der Arten, sind bereits

vielfach Gegenstand histologischer, verhaltensbedingter und genetischer Studien gewesen.

Derzeit sind vorallem genetische Untersuchungen ein wichtiges Instrument, um Arten

zu unterscheiden oder genetische Variabiliät in Genen zu finden, die den verschiedenen

Phänoypen zu Grunde liegen. Genetische Unterschiede zwischen Arten können auch Infor-

mationen liefern, von denen evolutionäre Prozesse, wie die sympatrische Artentstehung,

abgeleitet werden können.

Das Ziel dieser Arbeit ist es deshalb, genetische Unterschiede zwischen den Arten der

Gattung Campylomormyrus zu identifizieren und Rückschlüsse auf mögliche Mechanismen

zu ziehen, die zur ihrer sympatrischen Artbildung geführt haben. Zur Erweiterung des ak-

tuellen Wissens über die Gattung Campylomormyrus, werden genomische und karylogische

Ansätze unter Berücksichtigung von Artunterschieden verfolgt. Bisherige Studien haben

gezeigt, dass Arten mit unterschiedlichen EOD Längen auch verschiedene Genexpressionen-

muster aufweisen und spezifische nicht-synonyme Einzelnukleotid-Polymorphismus (engl.

Single Nucleotide Polymorphism; SNP) besitzen. Da die EOD Diversifizierung eine wichtige

Rolle in der Evolution der Campylomormyrus Arten spielt, ist davon auszugehen, dass die

Identifizierung der zu Grunde liegenden Gene ein Fortschritt bezüglich des Verständnis der

Evolution der EOD Viellfalt darstellt. Die identifizierten Kandidaten-Gene können Hin-

weise liefern, ob dieses Merkmal auf einem komplexen Netzwerk von genetischen Prozessen

basiert oder nur von einigen wenigen Gene reguliert wird. Die Ergebnisse dieser Studie

haben ergeben, dass bei Campylomormyrus tshokwe, eine Art mit verlängertem EOD,

nicht-synonymen SNPs vor allem in Genen, die im Zusammenhang mit Gewebebildung

oder transkriptioneller Regulation stehen auftreten. Das deutet darauf hin, dass diese
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biologischen Prozesse die Bestimmung der EOD Eigenschaften bei Campylomormyrus

Arten wharscheinlich mitbestimmen. Au"serdem bestätigen die genom-weiten Analysen

den genetischen Unterschied der meisten Campylomormyrus Arten. Dennoch zeigen sie

auch, dass die Individuen des alces-Komplexes sich genetische sehr ähnlich sind, obwohl sie

unterschiedliche EOD Wellenformen emmittieren. Somit kann hypothetisiert werden, dass

die geringe genetische Variabilit und hohe EOD Diversität eine beginnende sympatrische

Artbildung darstellt.

Die karyologische Beschreibung einer Art liefert wichtige Informationen über die Anzahl

und Form der Chromosomen. Die für Campylomormyrus compressirostris beschriebene

diploide Chromosomenzahl von 2n=48 ist übereinstimmend mit der konservierten Chro-

mosomenanzahl innerhalb der Mormyridae (2n=48-50). Unterschiede gibt es jedoch in

der Anzahl der zweiarmigen Chromosomen, die im Vergleich zu den meisten mormyriden

Arten ungewöhnlich hoch ist. Diese Variation kann auf Chromosomenumstellungen oder

-neuordnungen zurückzuführen sein, die zu genetischer Unverträglichkeit und reproduktiver

Isolation führen können. Eine alternative Hypothese zum Ursprung von sympatrischer

Artbildung ist daher, dass die Chromosomenunterschiede bei der Artbildung von Campy-

lomormyrus als postzygotischer Isolationsmechanismus beteiligt sind. Zusammenfassend

haben die Ergebnisse dieser Arbeit dazu beigetragen, das Wissen über Campylomormyrus

Arten zu erweitern, einige bestehende Unklarheiten, wie phylogenetische Beziehungen, zu

lösen, sowie neue Hypothesen aufzustellen, die ihre sympatrische Artentstehung erklären.
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