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1 Abstract 
 
 
1 Abstract 
 
 

 
The rise of evolutionary novelties is one of the major drivers of evolutionary diversification. 

African weakly-electric fishes (Teleostei, Mormyridae) have undergone an outstanding adaptive 

radiation, putatively owing to their ability to communicate through species-specific Electric Organ 

Discharges (EODs) produced by a novel, muscle-derived electric organ. Indeed, such EODs might 

have acted as effective pre-zygotic isolation mechanisms, hence favoring ecological speciation in 

this group of fishes. Despite the evolutionary importance of this organ, genetic investigations 

regarding its origin and function have remained limited. 
 
The ultimate aim of this study is to better understand the genetic basis of EOD production by 

exploring the transcriptomic profiles of the electric organ and of its ancestral counterpart, the 

skeletal muscle, in the genus Campylomormyrus. After having established a set of reference 

transcriptomes using “Next-Generation Sequencing” (NGS) technologies, I performed in silico 

analyses of differential expression, in order to identify sets of genes that might be responsible for 

the functional differences observed between these two kinds of tissues. The results of such analyses 

indicate that: i) the loss of contractile activity and the decoupling of the excitation-contraction 

processes are reflected by the down-regulation of the corresponding genes in the electric organ; ii) 

the metabolic activity of the electric organ might be specialized towards the production and turn-

over of membrane structures; iii) several ion channels are highly expressed in the electric organ in 

order to increase excitability, and iv) several myogenic factors might be down-regulated by 

transcription repressors in the EO. 
 
A secondary task of this study is to improve the genus level phylogeny of Campylomormyrus by 

applying new methods of inference based on the multispecies coalescent model, in order to reduce 

the conflict among gene trees and to reconstruct a phylogenetic tree as closest as possible to the 

actual species-tree. By using 1 mitochondrial and 4 nuclear markers, I was able to resolve the 

phylogenetic relationships among most of the currently described Campylomormyrus species. 

Additionally, I applied several coalescent-based species delimitation methods, in order to test the 

hypothesis that putatively cryptic species, which are distinguishable only from their EOD, belong to 

independently evolving lineages. The results of this analysis were additionally validated by 

investigating patterns of diversification at 16 microsatellite loci. The results suggest the presence of 

a new, yet undescribed species of Campylomormyrus. 
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2 Zusammenfassung 
 
 
 
 
 
2 Zusammenfassung 
 
 

 
Das übergreifende Ziel dieser Arbeit ist das bessere Verständnis der Bedeutung der 

schwachen Elektrizität für die adaptive radiation der Mormyriden Afrikas. Das gewählte 

Modell-Taxon, die Mormyriden-Gattung Campylomormyrus, zeigt eine große Vielfalt an 

elektrischen Entladungsformen. Diese Entladungsformen sind artspezifisch. Die genetische 

Basis dieses Merkmales ist allerdings noch unbekannt. In dieser Arbeit habe ich 

transkriptomische Untersuchungen vom elektrischen Organ und Skelettmuskel 

durchgeführt. Die Ergebnisse dieser Analysen zeigen, dass die phenotypischen 

Unterschiede zwischen dem elektrischen Organ und dem Skelettmusckel in den jeweiligen 

transkriptomen gespiegelt sind. 
 
Ich habe auch einen phylogenetischen Stammbaum für die Gattung Campylomormyrus 

hergestellt, durch die Anwendung von „Multispecies Coalescent Models“-basierten 

Methoden. Außerdem, durch die Anwendung von Mikrosatellitdaten, die als unabhängiger 

Beweis dienten, konnte ich zeigen, dass die identifizierten phylogenetischen Gruppen 

reproduktiv isolierte biologische Arten sind. Auf diese Weise konnte ich ein neuen, noch 

unbeschriebenen Art nachweisen. 
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3 Introduction 
 
 
3 Introduction. 
 
 

 
3.1 Systematic placement of the African weakly-electric fish genus Campylomormyrus. 
 

Mormyrids are a family of freshwater weakly-electric fishes endemic to African riverine and, 

partially, lacustrine systems. They belong to the superorder Osteoglossomorpha, considered one of the 

phylogenetically basal groups of Teleostei (Near et al. 2012). With more than 180 described species in 

20 genera, mormyrid fishes account for almost 90% of the overall diversity within osteoglossomorphs 

(Lavoué & Sullivan 2004). Together with the monospecific family Gymnarchidae, they constitute the 

superfamily Mormyroidea (Fig. 1); the most remarkable synapomorphic (derived) characters 

supporting the monophyly of this taxon are definitely the presence of electric organs, matched 

electroreceptors and a substantially enlarged cerebellum (Taverne 1972). The monophyletic status of 

Mormyroidea has been further confirmed by several molecular phylogenetic studies (Alves-Gomes & 

Hopkins 1997; Sullivan et al. 2000). Within the family Mormyridae two subfamilies are recognized 

(Fig. 1): Petrocephalinae, formed by a single genus (Petrocephalus) composed of 42 species and 

Mormyrinae constituted by all the remaining genera and species. 
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Figure	  1	  Phylogenetic	  tree	  of	  Mormyroidea.	  On	  the	  left	  side	  the	  different	  electrocyte	  morphologies	  
and	  Electric	  Organ	  Discharge	  (EOD)	  types	  are	  represented,	  as	  well	  as	  their	  position	  on	  the	  phylogeny.	  
The	   abbreviations	   below	   each	   electrocyte	   indicate	   its	   morphology	   and	   innervation	   pattern:	  
S=stalkless;	   NPp=non	   penetrating	   stalks	   posteriorly	   innervated;	   Pa	   =penetrating	   stalks	   anteriorly	  
innervated;	   DPp=doubly	   penetrating	   stalks	   posteriorly	   innervated;	   DPNP=doubly	   penetrating	   and	  
non-‐penetrating	   stalks;	   Pp=penetrating	   stalks	   posteriorly	   innervated.	   Ant.=anterior	   side	   of	   the	  
electrocyte;	  Post.=posterior	  side	  (Modified	  from	  Sullivan	  et	  al.	  2000).  
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One of the most peculiar genera of the subfamily Mormyrinae is Campylomormyrus. This genus 
 
RULJLQDWHG LQ UHODWLYHO\ UHFHQW WLPHV § 0ya; Lavoué et al. 2012) and is formed by 

15 described species (Poll et al. 1982; Feulner et al. 2007). All members of the genus 

Campylomormyrus are characterized by the presence of prominent, tubular, elongated snouts (Fig. 2). 

All species are endemic to the Congo River basin, with the highest peaks of diversity observed in the 

rapids occurring along the last 300 km upstream of the river mouth. Over the past years, few 

molecular phylogenies of the genus were produced, which allowed to identify several monophyletic 

groups corresponding to well defined body morphologies and electric features (Feulner et al. 2006, 

2007). These studies, however, did not allow to resolve the relationships between few terminal taxa 

(Fig. 2), associated to short branches, that may have being prone to extensive levels of Incomplete 

Lineage Sorting (ILS; Pamilo & Nei 1988). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	   2	  Bayesian	   phylogeny	   based	  on	   the	   combined	  data	   set	   of	  mitochondrial	   cytochrome	  b	   and	  
nuclear	   S7	   genes	   (Feulner	   et	   al.	   2007).	   Representative	   photographs	   and	   adult	   electric	   organ	  
discharges	   are	   shown	   for	   identified	   species	  within	   the	   tree.	   In	   case	   of	   group	   C	   the	   differentiation	  
between	  C.	  compressirostris	  and	  C.	  curvirostris	  is	  not	  resolved	  in	  the	  phylogenetic	  tree. 
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3.2 On Electrogenesis and electroreception. 
 

Bioelectrogenesis (i.e. the ability to produce electric fields by specialized organs) has evolved 

several times independently in aquatic vertebrates (Bass 1986). In fact, it can be observed in the 

marine electric rays (Torpediniformes) and skates (Rajiformes), in the African freshwater Mormyridae 

and Gymnarchidae (Mormyroidea), in the South American knifefishes (Gymnotiformes), in several 

catfish species (Siluriformes), and in few marine stargazers (Perciformes). In all the above-mentioned 

groups, electric organs originate from myogenic tissue; the only exception are members of the family 

Apteronotidae (Gymnotiformes), where the electric organs are formed by modified spinal motor 

neurons (Kirschbaum 1983). In mormyrid fishes, the cells forming the electric organ are compressed, 

disk-like, cells commonly called electrocytes (see figs. 1 and 3). They are longitudinally stacked 

behind each other in order to form columns of cells embedded within tubes of isolating connective 

tissue. The synchronous activity of each electrocyte defines the output of the electric organ, known as 

Electric Organ Discharge (EOD, Lissmann 1958). The amount of electrocytes within each electric 

organ determines the electric potential of an EOD, which can range from few millivolts (weakly-

electric fish) to several hundreds of volts (strongly-electric fish). Strongly electric fishes use their 

powerful EOD mainly for self-defence or predation purposes; well-known examples are the electric 

ray Torpedo spp., the electric catfish Malapterurus africanus and the electric eel Electrophorus 

electricus. Weakly-electric fishes, on the other hand, use their electric sense for: i) the localization and 

discrimination of conductive objects in water (active electroreception, Lissmann & Machin 1958); ii) 

the recognition of conspecific individuals (Feulner et al. 2009a); and iii) in social and reproductive 

behavior (Bratton & Kramer 1989; Crawford 1991). Weakly-electric fishes can be further subdivided 

into: wave-discharging type and pulse-discharging type. Wave-discharging fishes continuously 

produce a wave-like, phase-locked, discharge at a constant frequency, whereas pulse-discharging 

fishes produce pulse-like EODs at irregular intervals; all mormyrids are pulse-type dischargers. 
 
In all African weakly-electric fishes, the electric organ is located in the caudal peduncle and is formed 

by four columns of electrocytes, two dorsal and two ventral ones (Fig. 3). Each electrocyte is 

innervated by electromotoneurons originating in the spinal cord. Electric organs arise in juvenile 

fishes from several myomeres of the deep lateral muscle; their myogenic origin is confirmed by the 

presence of disorganized myofibrils within the electrocytes (Szabo 1960; Denizot et al. 1982). 

Electrocyte anatomy is substantially variable among mormyrid fish species and influences EOD shape 

and duration. The main anatomical differences are observed within the innervation patterns and in the 

so-called “stalk system”: a system of cell membrane protrusions that can vary dramatically even 

between closely related species (Moller 1995) (Figs.1 and 3). 
 
Two classes of tubular electroreceptors are used by mormyrid fishes: knollenorgans and 

mormyromasts. Knollenorgans respond to both the fish’s own and other individuals’ EODs, and are 
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used for species and sex discrimination. Mormyromasts, conversely, are responsible for active 

electrolocation, that is, for sensing the transcutaneous current evoked by the fish’s own EOD and the 

alteration of such currents by external objects (Bullock et al. 2005). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	  3	  Electric	  organ	  anatomy.	  A)	  Position	  of	  the	  electric	  organ	  (red	  ovals)	  in	  the	  caudal	  peduncle	  

of	  a	  mormyrid	  fish	  (Hopkins	  2009).	  B)	  Confocal	  reconstruction	  of	  a	  mormyrid’s	  electrocyte,	  showing	  

the	  stalk	  system	  (S)	  with	  the	  relative	  penetrations	  (P)	  and	  the	  innervation	  pattern	  (N)	  (Gallant	  et	  al. 
 
2014).	  C)	  Schematic	  view	  of	  the	  same	  electrocyte	  (Gallant	  et	  al.	  2012). 
 
 
 
 
3.3 History of an adaptive radiation. 
 

Adaptive radiation consists in the relatively rapid multiplication of evolutionary lineages from 

an ancestral taxon; this phenomenon is often accompanied by remarkable levels of phenotypic and 

ecological differentiation and it constitutes one of the most extensively investigated phenomena in 

evolutionary biology (Schluter 2000). Exemplary cases of adaptive radiations include: the Galapagos’ 

finches Geospizinae (Petren et al. 2005), the neotropical Anolis lizards (Irschick et al. 1997) and the 

East African cichlids (Losos 2010). Adaptive radiation is the outcome of divergent natural selection 

coupled with the occurrence of isolation mechanisms that interrupt gene-flow, either totally or 

partially, among diversifying populations. Such isolation mechanisms may be the natural consequence 

of geographic separation (e.g. the colonization of different islands of an archipelago) and get 

strengthened, at a later stage, during secondary contact (i.e. reinforcement, Hoskin et al. 2005). In the 

case of sympatric populations, however, strong diversifying selection, for example associated to the 
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exploitation of different ecological niches, is typically related to increased levels of assortative mating 

and hybridization avoidance (Maynard Smith 1966). 
 
African weakly electric fishes have undergone an outstanding adaptive radiation possibly owing to 

their ability to produce and perceive weak electric signals. As already stated, mormyrids alone include 

approximately the 90% of all extant osteoglossomorphs. The acquisition of electric organs and 

electroreceptors could have opened new ecological opportunities for these fishes acting, thus, as a key 

innovation. At the same time, the high levels of diversification observed in the EOD of mormyrids 

might have facilitated strong assortative mating and, therefore, promoted speciation. This hypothesis 

is further supported by the fact that the sister family of Mormyridae –Gymnarchidae– counts only one 

species: Gymnarchus niloticus. This species, although capable to produce a continuous wave-type 

EOD, is characterized by simple, “stalkless” electrocytes. Mormyrid fishes, on the other hand, possess 

highly variable electrocyte anatomies that are associated to different pulse-type EOD shapes and 

lengths. While both EOD types serve basically the same ancestral function, i.e., electrolocation (von 

der Emde 1999), pulse-type EODs can be additionally used in social communication (Gebhardt et al. 

2012), species and mate recognition (Bratton & Kramer 1989; Feulner et al. 2009b). Therefore, the 

development of an “evolutionarily plastic” electrocyte may stand at the basis of the adaptive radiation 

of African weakly-electric fishes. 
 
There are mainly two ways by which EODs could promote speciation in mormyrid fishes: they can act 

as pre-zygotic isolation mechanisms following adaptation to different environments (ecological 

speciation, Nosil 2012) or they can directly trigger speciation by sexual selection (Panhuis et al. 

2001). The latter mechanism seems to be important for species displaying marked sexual dimorphism 

in terms of EOD shape and duration, like representatives of the genus Paramormyrops (Arnegard et 

al. 2010). All the so-far investigated Campylomormyrus species, instead, seem to show no difference 

between the two sexes’ EODs (Feulner et al. 2009a), hence suggesting ecological speciation as the 

main modality of diversification (Feulner et al. 2008). It is worth mentioning here that another taxon 

of weakly-electric fishes: the phylogenetically unrelated South American Gymnotiformes, have 

undergone a similar adaptive radiation (see Lavoué et al. 2012). This striking case of convergence 

seems to sustain the role of key innovation played by the EOD during adaptive radiations. 
 
 

 
3.4 Aims of this study. 
 
Analysis of transcriptomic differences between skeletal muscle and electric organ. 
 

Despite the importance of the EOD as a potential trigger for adaptive radiations, very few 

studies have so far tried to investigate the genetic basis of its production and evolution in African 

weakly-electric fish (Gallant et al. 2012). Addressing this kind of question requires the comprehension 

of the role played by regulatory networks in determining the phenotypic differences observed between 
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skeletal muscle and electric organ and, at a later stage, across phenotypically divergent electric organs. 

This task, however, is particularly challenging for non-model organisms –i.e., species lacking 

extensive genomic resources– like mormyrid fishes. 
 
The development of inexpensive ‘new-generation’ sequencing technologies has released an enormous 

potential in terms of sequence data generation, leading to the use of large scale genomic tools in 

molecular ecology and evolutionary studies. In particular, the sequencing of transcriptomes –i.e., the 

transcribed portion of the genome– results to be a cost-effective strategy, especially for non-model 

organisms (Ekblom & Galindo 2011). 
 
The major aim of this study is to identify, describe and quantitatively assess the transcriptome-wide 

patterns of gene expression between skeletal muscle and electric organ within mormyrid fishes. The 

approach adopted for tackling this problem is transcriptome sequencing via mRNA-Seq, a technology 

that leverages the power of Next-Generation Sequencing (NGS) to reveal a snapshot of messenger 

RNA –i.e., the fraction of total RNA coding for proteins– presence and quantity in a certain tissue at a 

given moment in time (Wang et al. 2009). 
 
Campylomormyrus was chosen as a model taxon for mainly two reasons: i) unlike other mormyrids, its 

representatives do not show any evident sign of sexual dimorphism or seasonal variability, facilitating 

thus inter-specific comparisons; and ii) because it is relatively easy to rear, breed and, in some cases, 

cross-breed in captivity. The combination of these two features make of Campylomormyrus a 

prospective model organism for future phenotype/genotype association studies regarding the EOD. 
 
 
 
Molecular phylogeny of the genus Campylomormyrus. 
 

For a proper understanding of the mutual relationships between speciation and ecological or 

phenotypic diversification, a robust phylogeny of the taxon under study is an essential prerequisite. A 

robust, well-supported phylogeny can in fact be employed for testing hypotheses regarding character 

evolution, ancestral state reconstruction and divergence dating. Genus-level phylogenies, however, are 

often unresolved at terminal branches due to lack of resolution in the employed markers. Until 

recently, it has been common practice to extrapolate species trees from gene trees obtained by utilizing 

one or a few concatenated loci, sampled from single individuals per species. This method, however, 

does not take into account possible discordances among gene trees, which may arise due to 

phenomena such as incomplete lineage sorting (ILS), occurrence of gene flow among diverging units, 

hybridization, and gene duplication/extinction, that may hence lead to the estimation of incorrect 

species trees (Pamilo & Nei 1988; Kubatko & Degnan 2007). 
 
In the present study I aim at producing a reliable species-tree for the genus Campylomormyrus using 

methods based on the multispecies coalescent model; a model that bridges together classic 

phylogenetic inference with population genetics, by considering intra- and interspecific diversity and 
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by explicitly modelling the stochastic processes that generate discordance between species- and gene-

trees (Heled & Drummond 2010). 
 
A second task is to identify putatively cryptic species by applying coalescent-based models of species 

delimitation (Fujita et al. 2012) and by using microsatellite markers for the detection of subtle 

differences among supposed species. 
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4 Summary of articles 
 
 
 
4.1 Summary of article I: 
 
Lamanna, F., Kirschbaum, F. & Tiedemann, R. 2014 
 
De novo assembly and characterization of the skeletal muscle and electric organ transcriptomes of 

the African weakly electric fish Campylomormyrus compressirostris (Mormyridae, Teleostei). 
 
Molecular Ecology Resources 14, 1222-1230. 
 
 

Despite the importance of the electric organ discharge (EOD) as an effective prezygotic 

isolation mechanism, the investigation of its genetic bases remained so far limited. In this study I 

produced a first draft of the skeletal muscle and electric organ transcriptomes from the weakly electric 

fish species Campylomormyrus compressirostris, obtained using the Illumina HiSeq2000 sequencing 

technology. At the time of publication, they were the first transcriptomes available for a weakly-

electric fish. Approximately 6.8 Gbp of cDNA sequence data were produced from both tissues, 

resulting in 57 268 109 raw reads for the skeletal muscle and 46 934 923 for the electric organ, and 

assembled de novo into 46 143 and 89 270 contigs, respectively. About 50% of both transcriptomes 

were annotated after protein databases search. The two transcriptomes show similar profiles in terms 

of Gene Ontology (GO) functional categories composition. Several candidate genes, which are likely 

to play a central role in the production and evolution of the electric signal, were identified and 

annotated. For most of these genes, and for many other “housekeeping” genes, I was able to obtain the 

complete or partial coding DNA sequences (CDS), which can be used for the development of primers 

to be utilized in future qRT-PCR experiments. I present also the complete mitochondrial genome and 

compare it to those available from other weakly electric fish species. Additionally, I located 1671 

Short Sequence Repeat (SSR)-containing regions as well as their flanking sites and designed the 

relative primers. This study establishes a first step towards the development of genomic tools aimed at 

understanding the role of electric communication during speciation. 
 
 
 
Authors’ contributions: 
 
I performed all the lab work, the bioinformatic analyses and wrote the manuscript. R. Tiedemann 

supervised the study and together with F. Kirschbaum took part in the discussion. All authors read and 

provided advice on the manuscript. 
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4.2 Summary of article II 
 
Lamanna, F., Kirschbaum, F., Waurick, I., Dieterich, C. & Tiedemann, R. 
 
Transcriptome-wide analysis of gene expression between skeletal muscle and electric organ in 

two species of African weakly-electric fish (Teleostei; Mormyridae; Campylomormyrus). 
 
BMC Genomics, submitted. 
 
 
 
 
 

In this study, I aimed at exploring the constitutive differences in terms of gene expression 

across two tissues: the electric organ (EO) and skeletal muscle (SM) in two species of the African 

weakly-electric fish Campylomormyrus (C. compressirostris, C. tshokwe), by using mRNA-seq based 

differential expression (DE) analysis. 

The tissue samples utilized in this study were collected during my fieldwork in the Republic of the 

Congo in August/September 2012. 
 
Eight paired-end (100bp), strand-specific, Illumina libraries were sequenced, producing 237,857,650 

quality-filtered short read pairs. The obtained reads were assembled de novo into two reference 

transcriptomes (one for each species). In silico DE-analysis allowed us to identify 267 shared 

differentially expressed genes between EO and SM in the two species. For in silico DE-analysis is 

intended: i) the alignment of the Illumina reads onto the reference transcriptome; ii) the abundance 

quantification of the aligned reads using normalized counts, namely Fragments per kilobase per 

million reads mapped (FPKM); iii) the identification of differentially expressed genes between the two 

tissues by modelling intra-condition and inter-condition variance. 
 
The obtained results suggest that: i) the loss of contractile activity and the decoupling of the 

excitation-contraction processes are reflected by the down-regulation of the corresponding genes in 

the electric organ; ii) the metabolic activity of the EO might be specialized towards the production and 

turn-over of membrane structures; iii) several ion channels are highly expressed in the EO in order to 

increase excitability; iv) several myogenic factors might be down-regulated by transcription repressors 

in the EO. 
 
 
 
Authors’ contributions: 
 
I participated in specimen sampling, extracted the RNA, carried out the bioinformatic analyses and 

wrote the manuscript. F. Kirschbaum participated in specimen sampling, determined sex and species 

for the collected samples and participated in manuscript drafting and supervision. I. Waurick produced 

the cDNA libraries and prepared them for sequencing. C. Dieterich participated in experimental design 

and provided sequencing resources. R. Tiedemann participated in specimen sampling and supervised 

the study. All authors read and provided advice on the manuscript. 

 
 



 

 

12 

4 Summary of articles 
 
 
4.3 Summary of article III 
 
Lamanna, F., Kirschbaum, F., Schneider, A. R. R., Feulner, P. G. D., Paul, C., Mamonekene, V. 

& Tiedemann R. 2014. 
 
Coalescent-based Species Tree Estimation and Delimitation in a Group of Sympatric Weakly-

Electric Fish (Osteoglossiphormes, Mormyridae, Campylomormyrus). 

 
The principal aim of this study was to resolve the phylogenetic relationships between 

members of the genus Campylomormyrus by applying methods based on the multispecies coalescent 

model (Heled & Drummond 2010). Such model bridges together classic phylogenetic inference with 

population genetics, by considering intra- and interspecific diversity and by explicitly modelling the 

stochastic processes that generate discordance between species- and gene-trees. Five molecular 

markers (one mitochondrial and four nuclear genes) were used on a dataset composed of 15 taxonomic 

units (10 already described species and 5 putative new species based on morphological and electric 

signal characteristics). The goodness-of-fit of the obtained species-tree to the multispecies coalescent 

model was further assessed by using Posterior Predictive Simulations (PPS): a statistical technique 

which allows to compare an empirical species-tree with a set of trees simulated under the multispecies 

coalescent model. 
 
Several coalescent-based species delimitation models were then applied on the obtained species-tree 

and their results were compared. Species delimitation was additionally investigated using 16 

microsatellite loci as an independent line of evidence. 
 
The results obtained in this study allowed me to disentangle the evolutionary relationship between two 

clearly distinct morphological species (C. compressirostris and C. curvirostris), which were not 

resolved by previous phylogenetic analyses (Feulner et al. 2007). Additionally, the analyses confirm 

the genetic isolation of two individuals (C01, K15) that are morphologically different from all 

available Campylomormyrus holotypes, thus confirming the presence of a new, yet undescribed 

species. 
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Abstract 
 
African weakly electric fishes (Mormyridae) underwent an outstanding adaptive radiation (about 200 

species), puta-tively owing to their ability to communicate through species-specific weak electric signals. 

The electric organ discharge (EOD) is produced by muscle-derived electrocytes organized in piles to form an 

electric organ. Despite the importance of this trait as a prezygotic isolation mechanism, genomic resources 

remained limited. We present here a first draft of the skeletal muscle and electric organ transcriptomes from 

the weakly electric fish species Camp-ylomormyrus compressirostris, obtained using the Illumina HiSeq2000 

sequencing technology. Approximately 6.8 Gbp of cDNA sequence data were produced from both tissues, 

resulting in 57 268 109 raw reads for the skeletal muscle and 46 934 923 for the electric organ, and 

assembled de novo into 46 143 and 89 270 contigs, respectively. About 50% of both transcriptomes were 

annotated after protein databases search. The two transcriptomes show similar profiles in terms of Gene 

Ontology categories composition. We identified several candidate genes which are likely to play a central 

role in the production and evolution of the electric signal. For most of these genes, and for many other 

housekeeping genes, we were able to obtain the complete or partial coding DNA sequences (CDS), which 

can be used for the development of primers to be utilized in qRT-PCR experiments. We present also the 

complete mitochon-drial genome and compare it to those available from other weakly electric fish species. 

Additionally, we located 1671 SSR-containing regions with their flanking sites and designed the relative 

primers. This study establishes a first step in the development of genomic tools aimed at understanding the 

role of electric communication during speciation.  

 
Keywords: cSSR, electric fish, electric organ, skeletal muscle, transcriptome 
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Introducion 

 

Understanding the genetic basis of speciation constitutes a pivotal aim in modern evolutionary biology. 

During the last 20 years, the investigation of ‘speciation genes’, that is, genes involved in the onset of 
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reproductive isolation, has attracted increasing attention within the scientific community (Noor & Feder 

2006; Nosil & Schluter 2011; Butlin et al. 2012). Research on speciation genes addresses the question about 

the role played by individual genes and gene networks during the speciation process. However, before next-

generation sequencing technologies became available, such efforts were restricted to few model organisms, 

excluding from research many groups of species which were historically recognized as interesting ‘speciation 

models’, but for whom little information regarding their genetics was available. One of these groups is the 

Mormyridae, an endemic family of African weakly electric freshwater fish. With at least 188 described 

species (Daget et al. 1991; Alves-Gomes & Hopkins 1997), this family accounts for about 90% of species 

diversity within the basal teleost taxon Osteoglossomorpha (bony tongue fish). Mormyrids are differentiated 

from other Osteo- glossomorphs by the capability to produce a weak, pulse-like, electric organ discharge 

(EOD), which allows them to localize objects in murky waters, by measuring alterations in their self-

produced electric field (active electrolocation; Bullock et al. 2005). Additionally, EOD plays an essential role 

in social communication, species recognition and reproduction (Arnegard et al. 2010; Carl-son et al. 2011). 

In adult individuals, the EOD is pro-duced by a specific electric organ, consisting of modified muscle cells 

(i.e. electrocytes) and is perceived by two classes of tuberous electroreceptors (i.e. mormyromasts and 

knollenorgans; Bullock et al. 2005). 

Mormyrids can discriminate between the EODs of conspecifics and heterospecifics and between those of 

females and males, relying on temporal and shape pat-terns of the EOD waveform (Feulner et al. 2009a). 

Modifi- cations of these two features–shape and duration–appear to act as effective prezygotic isolation 

mechanisms and are likely to have promoted the radiation of mormyrid fish to such a high number of species 

(Feulner et al. 2008,2009b).   

Since the beginning of the second half of the twentieth century, the histology, anatomy and neurophysiology 

of EOD production have been thoroughly analysed (Liss- mann 1951, 1958). These and subsequent studies 

revealed a complex phenotypic architecture behind the production and modification of EODs. In fact, there 

are at least four factors which could influence EOD parame- ters: (i) innervation patterns of single 

electrocytes (Bullock et al. 2005); (ii) distribution of ion channels on the cell surface (Gallant et al. 2012); 

(iii) modifications on active sites of ion channels; and (iv) differences in their expression levels across 

different tissues (Zakon et al. 2006). Despite the large amount of information gathered in the last years, no 

large-scale molecular data sets were produced yet. The development of inexpensive ‘next-generation’ 

sequencing technologies released an enormous poten- tial in terms of sequence data generation, leading to the 

use of large scale genomic tools in molecular ecology and evolutionary studies. In particular, the sequencing 

of transcriptomes results to be a cost- effective analysis strategy, especially for nonmodel organisms (Vera et 

al. 2008; Elmer et al. 2010; Ekblom & Galindo 2011). We present here a first version of the transcriptomes 

of the electric organ and the skeletal muscle from the African weakly electric fish species Campylomormyrus 

compressirostris, using the Illumina HiSeq2000 sequencing technology. This particular species was chosen 

for its rel-ative ease of rearing and breeding in captivity, compared to other mormyrids, allowing researchers 

to obtain in future an extensive amount of information about its physiology, development, behaviour and 
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genetics. Illu- mina HiSeq2000 is currently one of the most widely used platforms for transcriptome 

sequencing, due to its high throughput (~100 millions of reads per lane) and the recent increase in read length 

(up to 150 bp; Crawford et al. 2010; Wang et al. 2010; Feldmeyer et al. 2011; Garg et al. 2011; Iorizzo et al. 

2011; Fox et al. 2013; Wu et al. 2013; Zhang et al. 2013). The aims of the present study are to (i) characterize 

the skeletal muscle and electric organ transcriptomes of an African weakly electric fish species, by checking 

for differences in functional category composition across the two tissues; (ii) identify a pool of candidate 

genes which might be involved in the determination of the species specificity of the EOD; and (iii) obtain 

sequence resources for the development of markers to be used in future population genetics and evolutionary 

studies (cSSRs, mtDNA).  

 

Materials and methods 

 

RNA isolation and cDNA synthesis 

 

Muscle and electric organ tissues were dissected from a male specimen of Campylomormyrus 

compressirostris after anesthetization with clove oil and euthanasia. The dis-sected tissues were first frozen in 

liquid nitrogen, ground with precooled mortar and pestle and additionally homogenized with a Polytron PT 

1200 E homogenator. 

Total RNA extraction was performed using the RNeasy® Mini Kit (Qiagen), RNA quality and concen-tration 

were estimated using a NanoDrop 1000 spectrophotometer, and cDNA was produced through the MINT-

Universal cDNA synthesis kit (Evrogen). Firststrand cDNA was generated with the CDS-3M adapter 50 –

AAGCAGTGGTATCAACGCAGAGTGGCCGAGGC GGCC(T)20VN-30 and PlugOligo-3M adapter 50 –

AAG CAGTGGTATCAACGCAGAGTGGCCATTACGGCCG GGGG-P-30 ; the full cDNA synthesis was 

performed with the PCR Primer M1 50 -AAGCAGTGGTATCAA CGCAGAGT-30 . A clean-up of the 

cDNA for subse-quent Illumina sequencing was performed with the NucleoSpin® Extract II Kit (Macherey-

Nagel). 

The research followed internationally recognized guidelines and applicable national legislation. We received 

ethical approval from the deputy of animal wel-fare of the University of Potsdam. 

 

Transcriptome sequencing and assembly 

 

The two separate non-normalized cDNA libraries were sent to an external company (LGC Genomics GmbH, 

Ber-lin, Germany) for transcriptome sequencing. The sequencing library was generated using the TruSeq 

RNA Sample Prep Kit (Illumina Inc.). Sequencing was per-formed using 1 channel of a HiSeq2000 Illumina 

Sequencing System (Single-end, 100 bp). 

After the sequencing process, the resulting fastq files were quality-checked using the FastQC v0.9.2 

software; reads were processed in a 4-step way: (i) removal of adapter sequences; (ii) removal of all reads 
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containing the ‘N’ character; (iii) trimming of reads at 30 -end to get a minimum average Phred quality score 

of 20 over a window of ten bases; and (iv) removal of reads shorter than 35 bases after trimming. This 

processing steps increase the quality of reads because they remove those reads/bases with sequencing faults, 

which occur on Illumina Systems mainly at the 30-end. 

Two different software packages were used for contig assembly: Trinity (release 2011-10-29; Grabherr et al. 

2011) and the Velvet (v1.2.01)/Oases (v0.2.06) pipeline (Zerbino & Birney 2008; Schulz et al. 2012). Both 

assem-blers are designed for short-read sequencing technolo-gies and rely on De Bruijn graphs to build the 

contigs (Pevzner et al. 2001). In this kind of graph, each node is defined by a sequence of fixed nucleotide 

numbers (k-mer), and a connection between nodes is determined by overlaps of k-1 nucleotides. With 

Velvet/Oases, it is possible to use several different k-mer lengths, while with Trinity, it is only possible to 

use one fixed value. The following k-mer values were used: Trinity, 25 (default value); Velvet/Oases, 33, 41, 

51, 53, 57. The five contig sets resulting from the five different k-mer lengths were successively merged into 

a single assembly, using the command –merge = yes in Oases. K-mer lengths were chosen in order to 

maximize the N50 value and the amount of assembled reads in the final merged assembly. 

 

Transcriptome annotation 

 

There are so far no genomic data available for any spe-cies of the Osteoglossomorpha; therefore, we 

compared both assembled transcript sets to the zebrafish (Danio re-rio), nile tilapia (Oreochromis niloticus), 

three-spined stick-leback (Gasterosteus aculeatus), medaka (Oryzias latipes) and green-spotted pufferfish 

(Tetraodon nigroviridis) mRNA databases available from NCBI (January 2012 version). Similarity searches 

were conducted using the stand-alone versions of blastn and tblastx (Altschul et al. 1990), implemented in 

Blast+ (v2.2.25; Camacho et al. 2009), with an E-value cut-off of 10- 6. To identify the amount of unique 

transcripts covered by the two tran-scriptomes, an additional blastn comparison was per-formed against the 

Unigene database of D. rerio (build #126, 19 Jun 2012). The two sets of transcripts were also compared 

against the Swiss-Prot database (release-2012_01), using the blastx tool with an E-value cut-off of 10-10. 

Swiss-Prot is a high quality, manually curated nonredundant protein database, unlike electronically annotated 

databases (like TrEMBL). Swiss-Prot provides for each entry also information about the function of the 

corresponding protein, a very helpful feature when look-ing for candidate genes. 

Sequences with positive matches on Swiss-Prot were further searched for Gene Ontology (GO) terms 

(Ashburner et al. 2000) with the software Blast2GO (Conesa et al. 2005), command-line version (B2G4pipe 

v2.4.0). Gene ontology terms constitute a controlled vocabulary of gene attributes. Each GO term is 

organized hierarchi-cally into three main distinct categories (‘molecular func-tion’, ‘biological process’, 

‘cellular component’). Terms within each top-level category are connected by parent– child relationships, 

building a directed acyclic graph (DAG), in which each child term can be connected to one or more parent 

terms. GO IDs can be categorized on the basis of a smaller set of high-level terms (GO-slim). We used the 

GO-slim vocabulary v1.2 and the web tool cateGOrizer (http://www.animalgenome.org/tools/catego/) to 
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group the low level GO terms found in our data sets. The grouped sets of GO-slim were then subjected to a 

Fisher’s exact test, using a custom script in (R Foundation for Statistical Computing 2012), using FDR P-

value correction for multiple comparisons, in order to find under-/over-represented terms between the two 

transcriptomes. The FDR test controls the false discovery rate, that is, the expected proportion of false 

discoveries among the rejected hypotheses. 

 

Candidate genes analysis 

 

After Gene Ontology annotation, both transcript sets were searched for the following GO terms: ‘Muscle 

System Process’, (GO:0003012); ‘Ion Channel Activity’, (GO:0005216); ‘Embryonic Development’, 

(GO:0009792); and ‘Axon Guidance’, (GO: 0007411), which may contain candidate genes relevant for the 

development and/or function of a tissue as either a functional muscle or an electric organ. 

All corresponding transcripts were extracted from our database and re-aligned to the mRNA cross-reference 

corresponding to their relative top blast-hit in SwissProt using MAFFT v7.017 (Katoh et al. 2002). We 

annotated the aligned portion of each of our transcripts with a puta-tive coding DNA sequence (CDS) and 

discarded all the sequences with internal stop codons. RPKM values were calculated for each candidate gene 

in the two transcripto-mes using RSEM (v1.2.3; Li & Dewey 2011). 

 

mtGenome reconstruction 

 

We reconstructed the C. compressirostris complete mito-chondrial genome by mapping our reads back to the 

almost complete mitochondrial genome sequence of the closely related species Campylomormyrus numenius 

(Lavou'e et al. 2012) using the ‘Map to reference’ function implemented in Geneious v6.1.5 

(http://www.geneious. com/). 

 

SSR detection 

 

We identified all SSRs (Small Sequence Repeats) in our data set, with a repeat length ranging from 2 to 6 and 

a minimum sequence length of 12nt, using the program Phobos v3.3.12 (Mayer 2006–2010). Primer couples 

were designed for all the retrieved SSRs using the program BatchPrimer3 v1.0 (You et al. 2008). 

 

Results 

 

Transcriptome sequencing and assembly 

 

Sequencing of the two cDNA libraries on the Illumina HiSeq2000 platform produced 34 963 283 and 43 097 

741 quality-filtered reads for electric organ and skeletal muscle, respectively (Table 1). Assembly results 
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obtained from Trinity and Velvet/Oases are compared in Table 2 and Fig. 1. Two parameters were taken into 

consideration when assessing the quality of the two assemblies: N50 and the proportion of annotated contigs 

after a blast search against the SwissProt (Table 2) and Unigene (Fig. 1) databases. In both cases, 

Velvet/Oases gave better results than Trinity, and the resulting assembly was chosen for all downstream 

analyses. The Velvet/Oases assembly produced 89 270 contigs for the electric organ and 46 143 for the 

skeletal muscle.  

 

Annotation 

 

About 10.6% and 11.1% sequences, from the electric organ and muscle transcriptomes, respectively, 

matched against the Danio rerio mRNA record after a blastn search. With the tblastx tool, we obtained about 

46.6% and 46.9% of matches against the D. rerio database. This dramatic increase in the percentage of 

matches is explained by the fact that protein sequences are much more conserved than nucleotide sequences; 

this effect is particularly pronounced when comparing distantly related species, which belong to different 

superorders, like in the case of Campylomormyrus compressirostris (Os-teoglossmorpha) and D. rerio 

(Elopocephala). A similar pattern emerged when our data were compared to the 

 

Table 1 Sequencing statistics for Illumina run (one lane, single-end, 100 bp) 

 
  EO  MU  
  (Velvet/ EO (Velvet/ MU 
  Oases) (Trinity) Oases) (Trinity) 
      

No. of  89 270 60 654 46 143 33 562 
contigs      
No. of  83 738 964 39 520 374 42 047 650 20 207 955 

assembled     
bp (n)      

N50 (bp)  1422 992 1319 847 
GC  46.24 46.31 46.1 46.05 

content (%)     
Matches in 47.5 42.9 49.6 44.6 
SP (%)      
 
*Standard deviation in parentheses. 
 
Table 2 Comparison of the annotation results obtained from Trinity and Velvet/Oases 
 
 Electric organ (EO) Muscle (MU) 
   

Reads raw (n) 46 934 923 57 268 109 
Reads processed (n) 34 963 283 43 097 741 
Bases (bp) 3 063 383 265 3 792 824 916 
Average read 86.38 (19.91) 86.76 (19.92) 

length (bp)*   
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Figure 1 
 

 
 
Fig. 1 Venn diagram showing the overlap in terms of numbers of blastn matches against the Danio rerio 

Unigene database, for the electric organ (EO) and skeletal muscle (MU) transcriptomes assembled with 

Trinity and Velvet/Oases. Amount of matched sequences for each assembly: EO Oases = 16 978; MU Oases 

= 12 076; EO Trinity = 15 461; MU Trinity = 11 592. 

 
reference databases of G.aculeatus, Oreochromis niloticus, Oryzias latipes, Tetraodon nigroviridis (Fig. 2). 

The comparison against the D. rerio Unigene database yielded 16 978 and 12 076 positive matches for the 

electric organ and skeletal muscle transcriptomes, respectively. In total, 42 422 (47.5%) and 22 895 (49.6%) 

sequences from the electric organ and muscle transcriptomes showed positive matches when compared to the 

SwissProt database. They were further annotated using the GO vocabulary: 40 143 (94.6%) sequences from 

the electric organ data set and 21 826 (95.3%) from the skeletal muscle could be annotated with GO terms.  

In order to look for under- or over-represented GO categories between the two transcriptomes, a Fisher’s 

 
Figure 2 
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Fig. 2 Phylogenetic relationships of Campylomormyrus compressi-rostris with the compared fish species. 

Numbers in parentheses indicate the percentage of matching transcripts between the C. compressirostris 

electric organ (first value; black) and skeletal muscle (second value; grey) transcriptomes against the mRNA 

databases for every given species. 

 
exact test with correction for multiple P-values was per-formed, using generic GO terms (GO slims) as a 

refer-ence. The analysis revealed that the GO composition of the two transcriptomes is very similar, with 

none of the terms being over- or under-represented in either tissue (Fig. S1, Supporting information). 

 

Candidate gene analysis 

 

We identified 45 transcripts with complete or partial CDS corresponding to the GO terms ‘muscle system 

pro-cess’, ‘ion channel activity’, ‘embryonic development’ or ‘axon guidance’ in both transcriptomes. The 

sequences relative to the last three terms correspond to genes poten-tially involved in the production and 

modification of the EOD (Table S1, Supporting information), while those cor-responding to the first term are 

all genes devoted in maintaining the structural and functional architecture of the skeletal muscle (Table S2, 

Supporting information). 

 

mtGenome reconstruction 

 

An amount of 4 265 022 reads from the electric organ (EO) transcriptome mapped against the partial 

mitochondrial genome of Campylomormyrus numenius. The mapped reads spanned over a 100 bp long gap 

in the C. numenius control region. The completeness of the retrieved mt genome was additionally confirmed 

by aligning it to a set of complete mt genomes from related genera (see Supporting Information).  

The mitochondrial genome of C. compressirostris shows a length of 16 715 bp (Fig. 3). It is the first 

complete mitochondrial genome for a representative of the genus Campylomormyrus and shows a high 

nucleotide similarity (>90%) to the closely related genera Gnathonemus, Genyomyrus and Cyphomyrus 

(Table 3).  

 

SSRs detection 

 

More than 35 000 SSRs sequences were detected in the two assembled transcriptomes. However, in order to 

get only unique sequences, primers were designed only from those transcripts which matched against the 

Uni-gene database; in this way, we obtained 1671 primer cou-ples (Table S3, Supporting information). 

 

Discussion 
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Electric organs have fascinated naturalists for a longtime; even Darwin in the ‘The Origin of Species’ 

described them as striking examples of convergent evolution (Darwin 1859) and, since then, many studies 

were concerned with the evolution of these organs and the lineages of fishes presenting this feature. 

The current study describes the first large-scale transcriptome sequencing of a weakly electric fish. It 

demonstrates the possibility to sequence, assemble and annotate a transcriptome de novo for a nonmodel 

organism like Campylomormyrus compressirostris, using only single-end, short-read sequencing 

technologies. 

The number of generated raw reads (~113 mio.) is in line with the average output obtained using one lane of 

an Illumina Hiseq2000 platform. The amount of matches against the Unigene database, 16 978 (electric 

organ) and 12 076 (skeletal muscle), suggests a good coverage in terms of transcriptome diversity, despite 

the use of a non-normalized library. The different number of sampled genes is probably explained by the fact 

that in muscle tissue, there are several specific components – for example, myosin, creatine kinase – that are 

massively expressed in order to maintain the functional role of the organ; when using a non-normalized 

library, these highly expressed genes account for a huge number of reads, which can prevent the detection of 

rarer transcripts. The specieswise blastn and tblastx comparisons showed the highest number of matches 

when applied to the D. rerio set of transcripts (Fig. 2), probably because its genome is much more 

comprehensively 

 
Figure 3 
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Fig. 3 Circular representation of the Campylomormyrus compressirostris mitochondrial genome with relative 

annotations. The blue histo-gram indicates coverage depth at each position after reads mapping (max 

coverage = 26 2959). Numbers on the outermost circle indi-cate length in thousands of bp. 

 

annotated than those of the other compared species. The amount of assembled transcripts and the proportion 

of them that were annotated against the Swiss-Prot database (~50%) are consistent with the results obtained 

in other studies that applied Illumina de novo transcriptome sequencing to nonmodel fish species (Fraser et 

al. 2011; Fox et al. 2014; Schunter et al. 2014). The GO annotation reveals that the two transcriptomes have 

very similar profiles, in fact none of the gene ontology terms found in our data sets vary significantly 

between the two kinds of tissues (Fig. S1, Supporting information). However, it is worth pointing out that 

this kind of analysis was performed on a large scale and in a coarse fashion, in which thousands of transcripts 

were clustered into 116 high-level GO-terms. A more thorough inspection would probably identify more 

subtle differences. The presence of typical skeletal muscle transcripts (Table S2, Supporting information), 

found 
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Table3 Mitochondrial genome nucleotide similarity. 
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also within the electric organ transcriptome, indicates that these genes are still expressed in that tissue. This is 

not unexpected when considering that electrocytes derive from striated muscle. As electric organs constitute 

a noncontractile tissue, part of these transcripts are probably not translated into protein, invoking the role of 

post-transcriptional regulation mechanisms in the determination of the electric organ phenotype, as already 

demonstrated in studies on species belonging to the distantly related family Gymnotidae of weakly electric 

fish (Cuellar et al. 2006).  

Candidate gene analysis revealed the presence of several genes which might play a role in the production and 

modification of the electric signal (Table S1, Supporting information). The identification of the CDS 

sequences for several of these candidate genes will help in developing primers for qPCR, which will be used 

to asses gene expression levels in other Campylomormyrus species, fea-turing different EODs and, hence, 

contributing to under-stand the role of gene expression during speciation. 

Beside the discovery of functional units, transcripto-mes can be used for the development of genomic tools to 

be applied in population genetics analysis (e.g. SNPs, mi-crosatellites). 

In this study, we obtained the whole mitochondrial genome sequence of C. compressirostris, and it includes 

also a small portion of the control region which should not be transcribed, because is located between the two 

transcription promoters of the mt genome (Shadel & Clayton 1997). The presence of this sequence in our 

transcriptomes might be due to a small amount of genomic DNA contamination in the sequenced libraries. 

The retrieved mt genome will be employed to better understand phylogenetic relationships in the genus 

Campylomormyrus and to analyse population differences within species.  

Additionally, the identification of 1671 unique SSR containing regions, and the design of the relative 

primers, although not tested in the wet laboratory yet, might constitute a very valuable resource for future 

population genetics studies, which had been so far restricted to the only available 18 microsatellites (Feulner 

et al. 2005). As these sequences were obtained from cDNA data, the use of genomic DNA for testing the 

primers is discouraged, because many primer sequences might span exon boundaries and would likely not 

anneal to gDNA. 
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Abstract 
 

Background 

 
 

African weakly-electric fishes of the family Mormyridae are able to produce and perceive 

weak electric signals (≤ 1V) owing to the presence of a specialized, muscle-derived electric 

organ (EO) in their tail region. Such electric signals are used for objects/prey localization, for 

the identification of conspecifics, and in social and reproductive behaviour. The output of this 

organ, known as Electric Organ Discharge (EOD), might have promoted the adaptive 

radiation of this family by acting as an effective pre-zygotic isolation mechanism. Despite the 

physiological and evolutionary importance of this trait, the investigation of its genetic basis 

has so far remained limited. In this study, we aim at exploring constitutive differences in 

terms of gene expression across electric organ and skeletal muscle (SM) in two mormyrid 

species: 

Campylomormyrus compressirostris and C. tshokwe, by using mRNA-Seq based 

differential expression (DE) analysis. 
 

Results 

 
 

Eight paired-end (100bp) strand-specific Illumina libraries were sequenced, producing 

237,857,650 quality-filtered short read pairs. The obtained reads were assembled de novo in 

two reference transcriptomes (one for each species). In silico DE-analysis allowed us to 

identify 267 shared differentially expressed genes between EO and SM in the two species. 

We found that: i) several genes involved in cell membrane excitability (e.g., Na+/K+ pumps, 

voltage-gated Na+ and K+ channels) are up-regulated in EO; ii) several myogenic regulatory 

factors are down-regulated in the EO, whereas many of their known repressors and co-

repressors (e.g., hey1, hes6) are up-regulated. 

 

Conclusions 

 

The data obtained indicate that: i) the loss of contractile activity and the decoupling of the 

excitation-contraction processes are reflected by the down-regulation of the corresponding 

genes in the electric organ’s transcriptome; ii) the metabolic activity of the EO might be 

specialized towards the production and turn-over of membrane structures; iii) several ion 
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channels are highly expressed in the EO in order to increase excitability; iv) several 

myogenic factors might be down-regulated by transcription repressors in the EO. 

 

 

Background 
 
 

Bioelectrogenesis (i.e., the ability to produce strong or weak electric signals by specialized 

organs) has evolved several times independently in aquatic vertebrates [1]. It can be observed 

in the marine electric rays (Torpediniformes) and skates (Rajiformes), in the African 

freshwater Mormyridae and Gymnarchidae (Mormyroidea), in the South American 

knifefishes (Gymnotiformes), in several catfish species (Siluriformes), and in few marine 

stargazers (Perciformes). In all the above-mentioned groups, electric organs originate from 

myogenic tissue; the only exception are members of the family Apteronotidae 

(Gymnotiformes), where the electric organs are formed by modified spinal motor neurons 

[2]. The amount of excitable cells within each electric organ determines the electric potential 

of an EOD, which can range from few millivolts to several hundreds of volts (e.g., in the 

electric eel Electrophorus electricus). 

 

African weakly-electric fishes of the family Mormyridae constitute a peculiar group of teleost 

fishes, formed by approximately 200 species [3], all endemic to African riverine and, 

partially, lacustrine systems. As their name suggests, they are able to produce only weak 

electric fields, in the order of millivolts to few volts, which are not used for predation or 

defence. The cells forming their electric organ are compressed disk-like cells commonly 

called electrocytes. In many species they are longitudinally stacked behind each other in 

order to form columns of cells embedded within tubes of isolating connective tissue. The 

synchronous activity of each electrocyte defines the output of the electric organ, known as 

Electric Organ Discharge (EOD) [4]. Such weak pulses are mainly employed for the 

localization and discrimination of objects in water (active electrolocation) [5], for the 

recognition of conspecific individuals [6, 7], and in social and reproductive behaviour [8, 9]. 

Mormyrids’ EODs are considered to act as effective prezygotic isolation mechanisms, which 

have putatively facilitated ecological isolation among sympatric species and have, therefore, 

promoted the adaptive radiation observed in this family [10–13]. 

 

In all mormyrids, the adult electric organ is located in the caudal peduncle and is formed by 

four columns of electrocytes, two dorsal and two ventral ones. Each electrocyte is innervated 

by electromotoneurons originating in the spinal cord. Electric organs arise in juvenile fishes 
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from several myomeres of the deep lateral muscle; their myogenic origin is confirmed by the 

presence of disorganized myofibrils within the electrocytes [14, 15]. 

 

Despite the peculiarity of this organ and its importance for neurophysiology, animal 

communication and evolution, only very few studies have so far tried to investigate the 

genetic basis of its origins and functions [16–18]. The rise of the RNA-sequencing 

technology, coupled with the development of powerful algorithms and statistical methods, 

implemented in freely-available software packages, allows to reconstruct transcriptomes and 

to reliably assess their levels of expression, even for non-model organisms lacking extensive 

genomic resources, at a fraction of the cost and time necessary only few years ago [19, 20]. 

 

In the present work, we aim at exploring the differential patterns of gene expression between 

skeletal muscle (SM) and electric organ (EO) in adult specimens of Campylomormyrus 

compressirostris and Campylomormyrus tshokwe. We focus then on the identification of the 

differentially expressed genes that are in common between the two species and that might be 

responsible for the functional differences between the two tissues.These two species were 

chosen because they are relatively easy to rear, breed and cross-breed in captivity (F. 

Kirschbaum, personal communication), making them good candidates for future studies of 

ontogeny and genotype/phenotype association in weakly-electric fishes. 

 

Results 

 

Transcriptome sequencing and assembly 

 
 

For each species, four paired-end (fragment length = 100bp), strand-specific cDNA libraries 

(two biological replicates per tissue) were sequenced on a single lane of an Illumina 

HiSeq2000 sequencing machine. Sequencing of the eight cDNA libraries produced a total 

amount of 267,052,872 raw read pairs, resulting in 237,857,650 quality-filtered read pairs 

(88%); see Additional file 1 for per library sequencing statistics. Trinity assembly resulted in 

260,598 and 369,030 contigs for C. compressirostris and C.tshokwe transcriptomes 

respectively (Table 1). Contigs were then blasted against the Danio rerio proteome, 

retrieving 18,458 and 19,363 unique proteins for C. compressirostris and C.tshokwe, 

respectively; of these retrieved matches, 7971 (43.1%) and 8993 (46.4%) hits corresponded 

to full or nearly full-length coding sequences (Figure 1). 
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Figure 1 

 
Differential Expression (DE) analysis 
 

 

After transcript quantification with RSEM and DE-analysis with edgeR, 1313 transcripts 

resulted to be differentially expressed between EO and SM in C. compressirostris (356 up-

regulated in EO and 957 down-regulated in EO) and 1002 in C. tshokwe (594 up-regulated in 

EO and 408 down-regulated in EO). Of all the differentially expressed transcripts, 267 

resulted to be shared between the two species (97 up-regulated in EO and 171 down-

regulated in EO) (Figure 2). 

 

Figure 2 

 
 

Functional annotation 
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In order to identify over-represented functional categories and pathways within the two 

transcriptomes, the sets of up- and down-regulated genes in the electric organ were subject to 

an enrichment analysis involving Gene Ontology categories and Reactome and KEGG 

biological pathways (Figure 3). The number of retrieved categories/pathways is proportional 

to the amount of differentially expressed genes present in each analysed set; with fewer 

categories for the EO up-regulated genes compared to the EO down-regulated genes in C. 

compressirostris, and a similar number of categories identified between the two sets in C. 

tshokwe. For both species the most represented categories within the EO up-regulated genes 

are related to ion channel transport (e.g., sodium ion transport), multicellular organismal 

development, and development/patterning of nerves (branching morphogenesis of a nerve; 

semaphorin interactions; axon guidance).The genes found to be down-regulated in the EO 

regard mainly functional classes like: metabolic pathways specific to muscle tissue (oxidative 

phosphorylation, pyruvate metabolism, calcium signalling pathway), and muscle specific 

categories (muscle cell differentiation, striated muscle contraction, cardiac muscle 

contraction). 

 

Figure 3 

 
 

Given the information provided by the category-based functional annotation, and to better 

understand the functional differences in terms of gene expression between EO and SM, 
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independently from the species analysed, a literature search was performed on the shared set 

of differentially expressed genes between C. compressirostris and C. tshokwe. For each gene, 

phenotypic information consequent to its mis-expression (e.g., via knockdowns or non-sense 

mutations) in D. rerio was retrieved from the “Zebrafish Model Organism Database” (ZFIN; 

http://zfin.org/). All shared genes were divided into five functional classes, which synthesize 

the categories reported in Figure 3b. These functional classes are: “electrical activity” (genes 

responsible for the differential accumulation and transfer of ions across the plasma 

membrane), “muscular activity” (genes important for keeping a functional muscle 

phenotype), “metabolism” (genes involved in metabolic pathways), “transcription factors” 

(genes regulating gene expression), and “signal transduction” (molecules involved in 

signalling pathways) (Tables 2-6). Many of the genes present in the class “electrical activity” 

are up-regulated in the EO (Table 2); they include genes coding for Na+/K+ pumps 

(atp1a2a), voltage-gated sodium (scn4aa) and potassium channels (kcnq5a), and cholinergic 

receptors (chrna7). However, other voltage-gated ion channels result to be down-regulated in 

the EO (kcna3, cacna2d2). There are then two members of the subfamily J of inwardly-

rectifying potassium channels that show distinct patterns of expression, with one member 

(kcnj9) up-regulated in EO and the other (kcnj12) down-regulated. All the genes included in 

the class “muscular activity” are down-regulated in the EO (Table 3). As far as the 

“metabolism” genes are concerned (Table 4), most of the EO up-regulated transcripts are 

involved in the metabolism of fatty acids, glycerol, and phospholipids (e.g., acsl3b, gdpd4a, 

cds1), whereas the down-regulated transcripts are more involved in muscle-specific energy 

production processes like glycolysis (aldoab) and gluconeogenesis (gpib). Among 

transcription factors (table 5), two of the four known myogenic factors (transcription factors 

that activate the expression of sarcomeric proteins), are down-regulated in the EO (myog, 

myf6), while the other two (myoD, myf5) do not show significant differences in expression 

between the two tissues. Two basic helix-loop-helix (bHLH) transcription factors (hey1, 

hes6) and one co-factor (her6) are up-regulated in the electric organ. Two myocyte enhancer 

factors (mef2aa, mef2b) show high levels of expression in the EO, whereas two regulators of 

SM cell proliferation (six1b, six4b) are poorly expressed in the EO. Most of the EO up-

regulated genes involved in signal transduction (Table 6) belong to the G-protein coupled 

receptor (GPCR) signalling pathway (e.g. arhgef7a, arhgef7b, gpr22) and to the fibroblast 

growth-factor receptor (FGFR) signalling pathway (e.g. fgf8a, kal1b) 
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Figure 4 
 

 
 

Discussion 
 

Functional annotation of the 267 differentially expressed genes that are shared between C. 

compressirostris and C.tshokwe has revealed marked differences in terms of metabolic 

pathways, classes of ion channels and regulatory networks, which are probably critical to the 
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physiological differences between the electric organ and the skeletal muscle. A comparison 

between the differentially expressed genes identified in this study and the baseline expression 

levels of human skeletal muscle, heart and brain tissues, obtained from the Illumina body 

map experiment (http://www.ebi.ac.uk/gxa/experiments/E-MTAB-513) shows that the 

human orthologs of the EO up-regulated genes are normally more expressed in the brain than 

in skeletal muscle or heart. This finding seems to suggests that the electric organ might 

undergo a sort of “neuronalization” process during its differentiation from myogenic tissues 

possibly due to: i) the complex patterns of innervations that are typical of the electrocytes 

[21, 22] and ii) the presence of several ion channels, which are normally highly expressed in 

nervous tissue and that are necessary for increasing electrical conductivity. 

The observed differences in terms of gene expression between EO and SM suggest that the 

metabolic machinery of the electric organ could be mainly devoted to the production and 

turn-over of membrane structures. This form of specialization might be necessary in order to 

keep the peculiar anatomy of the momryrids’ electrocyte, which is formed by a complex 

system of membrane ex-vaginations and protrusions (stalks) that strongly influences the 

electrical properties of the EO [21]. Additionally, a product of phospholipids metabolism, 

phosphatidylinositol 4,5-bisphosphate, is known for increasing the activity of ion channels 

[23]. 

 

The up-regulation of the atp1a2a gene is explained by the fact that its product, the Na+/K+ 

ATP-ase, is fundamental for keeping the electrochemical gradient across the plasma 

membrane. Voltage-gated ion channels, on the other hand, are important for dissipating the 

electric potential generated by the ATP-ases and therefore for producing an EOD in response 

to an action potential. In the electric organ of the analyzed species, one gene coding for a 

voltage-gated sodium channel (scn4aa) is highly expressed in the electric organ, as already 

observed in other mormyrids and gymnotiform electric fishes [17, 24]. Other over-expressed 

genes that increase cell excitability are the potassium channels kcnq5a and kcnj9. 

 

The electric organ of mormyrid fishes still presents non-functional myofibrils; this vestigial 

presence is reflected in the transcriptome by the moderate expression of a few myosin and 

actin coding genes. However, most of the genes that are responsible for the assembly and 

organization of the sarcomere are down-regulated (e.g tcap); as well as the genes involved in 

calcium compartmentalization (e.g. atp2a1, atp2a2, casq1a) and excitation-contraction 

coupling (e.g. ryr1, stac3, jph1). 

 

The great number of transcription factors (23) and signal transducers (50), identified as 

differentially expressed, suggests the important role played by regulatory networks in 
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determining phenotypic differences between EO and SM. For instance the two bHLH 

transcription factors hey1 and hes6, in co-operation with her6, are known to negatively 

regulate the expression of myogenic factors in several model organisms [25, 26]. 

 

Conclusions 

 

The analysis of differentially expressed genes between skeletal muscle and electric organ in 

two species of African weakly-fishes suggests that: i) the loss of the contractile activity and 

the decoupling of the excitation-contraction processes are reflected by the down-regulation of 

the corresponding genes in the electric organ; ii) the metabolic activity of the EO might be 

specialized towards the production and turn-over of membrane structures; iii) several ion 

channels are highly expressed in the EO in order to increase excitability; and iv) several 

myogenic factors might be down-regulated by transcription repressors in the EO. 

 

Methods 
 

Specimen collection 

 

Several specimens of C. compressirostris and C. tshokwe were collected in the wild during a 

sampling campaign conducted at the Congo River rapids south of Brazzaville (Republic of 

the Congo, August/September 2012). For the present study, adult female specimens for each 

species were selected, kept in captivity for a maximum period of two weeks and then 

euthanized for tissue sample collection. Gender and sexual maturity were assessed after 

dissection by checking for the presence of mature ovaries in the selected specimens. Electric 

organ and skeletal muscle tissue samples were dissected from the caudal peduncle and the 

posterior trunk musculature respectively (see Fig. 3a) and immediately transferred into 

RNAlater® (Life Technologies). The research followed internationally recognized guidelines 

and applicable national legislation. We received ethical approval from the deputy of animal 

welfare of the University of Potsdam. 

 

RNA extraction and cDNA library preparation 

 

The dissected tissues were processed at the University of Potsdam for RNA extraction: they 

were first removed from the RNAlater®-containing vials; shock frozen in liquid nitrogen and 

then homogenized into a buffer containing guanidine isothiocyanate and β-mercaptoethanol 

using a Mini-beadbeater-1 (Biospec). Total RNA was extracted using the RNeasy® Mini Kit 
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(Qiagen), RNA quality and concentration was inspected using a Fragment Analyzer™ 

(Advanced Analytical Technologies, Inc.). 

 

For the present study eight cDNA libraries were selected for sequencing (one library per 

species per tissue; two biological replicates), each library was obtained by pooling the total 

RNA from a minimum of two to a maximum of 4 different individuals (see Additional file 1). 

The paired-end (100nt), strand-specific cDNA libraries were prepared using the NEXTflex™ 

Directional RNA-Seq Kit V2 (dUTP based) (Bioo Scientific); preparation was performed in 

six steps: i) mRNA enrichment from total RNA via polyA selection; ii) fragmentation; iii) 

first and second strand syntheses; iv) A-tailing; v) adapter and barcode ligation and vi) PCR 

amplification. Fragment size distribution and quality was estimated using an Agilent 2100 

Bioanalyzer with the High Sensitivity DNA Chip. 

 

Transcriptome sequencing, assembly and annotation 

 

Transcriptome sequencing was performed at the Max Delbrück Center for Molecular 

Medicine; the multiplexed cDNA libraries were sequenced using one lane of an Illumina 

HiSeq2000 sequencing system. After sequencing, the resulting raw reads
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were subject to five processing steps using the program Flexbar v2.4 [27] : i) filtering reads 

with uncalled bases; ii) trimming of reads at 3’-end to get a minimum average Phred quality 

score of 20; iii) barcode detection, removal and reads separation; iv) adapter detection and 

removal, and v) filtering of reads shorter than 20 bp after trimming. Quality control of both 

raw and processed reads was performed with FastQC v0.10.1 (Babraham Bioinformatics). 

 

The processed reads were assembled de novo (i.e., without using a reference genome) with 

Trinity r20131110 [28] (kmer length = 25). Two reference transcriptomes were produced 

from C. compressirostris and C. tshokwe, respectively, by assembling together the reads 

obtained from the EO and SM libraries. Combining all reads across all tissues and all 

biological replicates for each species into a single RNA-seq dataset allowed to correctly 

compare transcript abundances from the analysed tissues by aligning the short reads from 

each library independently onto the same set of reference transcripts (see below)[29]. 

 

Transcriptome annotation was conducted using the stand-alone version of the blastx 

algorithm implemented in Blast+ v2.2.29 [30] (E-value cutoff = 10-10) against the proteome of 

Danio rerio (Uniprot ID = UP000000437). Likely coding sequences were extracted from 

Trinity transcripts using TransDecoder (http://transdecoder.github.io/) and the longest 

translated Open Reading Frames (ORFs) were reported (Table 1). Protein domains were 

searched on the PFAM database (Pfam-A.hmm available at http://pfam.xfam.org/) using 

HMMER v3.1b1. The retrieved ORFs were later annotated by “blasting” them against the 

SwissProt (http://web.expasy.org/docs/swiss-prot_guideline.html) database using the blastp 

algorithm. Transcripts’ completeness was assessed by computing the proportion of transcripts 

and ORFs that matched to full-length top hits in their respective searches using the Perl script 

“analyze_blastPlus_topHit_coverage.pl” (provided with Trinity) (Figure 1 and Additional file 

8) [29]. 

 

Transcript abundance quantification and DE-analysis. 
 

Short reads from the EO and SM libraries from C. compressirostris and C. tshokwe were 

individually mapped to their respective transcriptome assemblies using Bowtie v1.0.0 [31] 

with default parameters. Gene expression levels were estimated using RSEM v1.2.12 [32]. 

Putative transcript artifacts and lowly expressed transcripts were filtered out using the Perl 

script “filter_fasta_by_rsem_values.pl” (provided with Trinity). 

 

Differential expression analysis was performed using the Bioconductor package edgeR [33] 

(minimum fold change = 4, p-value cutoff = 0.001 after FDR correction). The differentially 



 

 

43 

expressed transcripts were then subject to an enrichment analysis using the Cytoscape plugin 

ClueGO v2.1.4 [34, 35], in order to identify over-represented functional categories from the 

Gene Ontology (GO) database [36] (http://geneontology.org), as well as over-represented 

biological pathways from KEGG (http://www.genome.jp/kegg/) and Reactome 

(http://www.reactome.org/) [37, 38]. Statistical significance was assessed using a Fisher’s 

exact test with FDR p-value correction (≤0.05). 
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Figures 

 

Figure 1 - Distribution of length coverage between Campylomormyrus 

Trinity transcripts and corresponding top-blast hits (D. rerio proteome). 

Histogram showing the distribution of the percent in length of the sequences 

in the D. rerio proteome that aligns to the Campylomormyrus Trinity contigs. 

Numbers on the x-axis indicate the upper limit of the binned interval (e.g. 100 

is the upper value of the interval 100-91). 
 

Figure 2 - Number of differentially expressed genes. 
 

Venn diagram showing the amount of differentially expressed genes within each 

Campylomormyrus species’ transcriptome (full circles) and the amount of 

differentially expressed genes shared between the two Campylomormyrus species 

(overlapping area). The amount of genes that are up (EO[+])- or down (EO[-])-

regulated in the electric organ are reported for each dataset. 

 

Figure 3 - Illustration of C. compressirostris and C. tshokwe and 

functional annotation results. 
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a. Pictures illustrating C. compressirostris and C. tshokwe. The red circle 

indicate the localization (and site of excision) of the electric organ (EO); the 

blue oval indicates the localization (and site of excision) of the deep lateral 

muscle. 

 

b. Pie charts showing the composition in terms of enriched functional 

categories (GO) and pathways (KEGG, Reactome) for each cluster of 

differentially expressed genes. EO[+] = up-regulated in the electric organ; 

EO [-] = down-regulated in the electric organ. 
 

Figure 4 - Comparison of the differentially expressed genes between EO 

and SM with the expression levels of their human orthologs in skeletal 

muscle, heart and brain. 

 

Circos graph [39] showing the set of differentially expressed genes common to C. 

compressirostris (outer heatmap) and C. tshokwe (inner heatmap). The three 

histograms indicate the baseline expression levels of the human orthologs in skeletal 

muscle, heart and brain tissues. The two sets of genes are separated in EO 
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down-regulated (blue) and EO up-regulated (red). Light-grey labels indicate 

genes without corresponding human orthologs. 
 
Tables 
 
Table 1 - Assembly statistics 
 
     

  C.	  compressirostris C.	  tshokwe  
 Trinity	  contigs 260,598 369,030  
 #	  of	  retrieved	  ORFs 139,963 228,306  
 #	  of	  unique	  PFAM	  domains 9,986 9,941  
 #	  of	  contigs	  matching 108,705 159,263  
 D.	  rerio    
 proteome    
 #	  of	  unique	  hits	  to 18,458 19,363  
 D.	  rerio	  proteome    
 N50 3,010 3,597  
 Average	  contig	  length 1,392.16 1,672.28  
 Total	  assembled	  bases 362,794,286 617,123,151  
 
Table 2 - Differentially expressed genes in the functional class “Electrical 
activity” 
For each of the shared differentially expressed gene are reported: the gene and 

protein names obtained from the top hit blast results against the proteome of D. 

rerio; whether it is up(+)- or down(-)- regulated in the EO; its function or pathway 
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(or both when available); the phenotypic effect on D. rerio of its mis-expression 

(when available). 

 
 Gene Protein	  Name Expression  Pathway/Function Disrupted	  Phenotype Reference  

    

in	  EO  
 

        
 

          

 atp1a2a ATPase,	  Na+/K+	  transporting,  +  Ion	  channel	  transport Impaired	  	  depolarization	  	  of	  the [40] 
 

  alpha	  2a	  polypeptide     resting	  membrane	  potential	  	  in  
 

       slow-‐twitch	  	  fibers	  	  of	  	  skeletal  
 

       muscles.  
 

 chrna7 cholinergic	  receptor,	  nicotinic, +  Activation	  of	  Nicotinic   
 

  alpha	  7	  (neuronal)    Acetylcholine	  Receptors   
 

 kcnj9 potassium	  inwardly-‐rectifying  +  Potassium	  Channels;	  GABA   
 

  channel,	  subfamily	  J,	  member	  9    receptor	  activation   
 

 kcnq5a potassium	  voltage-‐gated +  Potassium	  Channels;   
 

  channel,	  KQT-‐like	  subfamily,    Synaptic	  transmission	  ion   
 

  member	  5a    currents   
 

 grik3 Glutamate	  Receptor,	  Ionotropic,  +  Transmission	  across   
 

  Kainate	  3    Chemical	  Synapses   
 

 scn4aa sodium	  channel,	  voltage-‐gated, +  Ion	  channel	  transport;	  Axon   
 

  type	  IV,	  alpha,	  a    guidance   
 

 kcna3 potassium	  voltage-‐gated  -‐  Potassium	  Channels;   
 

  channel,	  shaker-‐related    Transmission	  across   
 

  subfamily,	  member	  3    Chemical	  Synapses   
 

 kcnj12 potassium	  inwardly-‐rectifying  -‐  Potassium	  Channels;	  GABA   
 

  channel,	  subfamily	  J,	  member	  12    receptor	  activation   
 

 cacna2d2 calcium	  channel,	  voltage-‐  -‐  Ion	  channel	  transport   
 

  dependent,	  alpha	  2/delta       
 

  subunit	  2       
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Table 3 - Differentially expressed genes in the functional class “Muscular 
activity” 
 
For each of the shared differentially expressed gene are reported: the gene and 

protein names obtained from the top hit blast results against the proteome of D. 

rerio; whether it is up(+)- or down(-)- regulated in the EO; its function or pathway 

(or both when available); the phenotypic effect on D. rerio of its mis-expression 

(when available). 

 
 Gene Protein	  Name Expression Pathway/Function Reference 

 

   in	  EO    
 

 atp2a1 ATPase,	  Ca++	  transporting,	  cardiac -‐ Muscle	  contraction [41]  
 

  muscle,	  fast	  twitch	  1     
 

 atp2a2 ATPase,	  Ca++	  transporting,	  cardiac -‐ regulation	  of	  heart [42]  
 

  muscle,	  slow	  twitch	  2a  contraction   
 

 casq1a calsequestrin	  1a -‐ Calcium	  homeostasis   
 

       
 

 jph1a junctophilin	  1a -‐ structural	  constituent	  of   
 

    muscle   
 

 jph1b junctophilin	  1b -‐ structural	  constituent	  of   
 

    muscle   
 

 myl2a myosin,	  light	  chain	  2a,	  regulatory, -‐ Striated	  Muscle	  Contraction   
 

  cardiac,	  slow     
 

 mybpc2a myosin	  binding	  protein	  C,	  fast	  type	  a -‐ Striated	  Muscle	  Contraction   
 

       
 

 mybpc3 myosin	  binding	  protein	  C,	  cardiac -‐ Cardiac	  muscle	  contraction [43]  
 

       
 

 myhb myosin,	  heavy	  chain	  b -‐ Striated	  Muscle	  Contraction   
 

       
 

 myl10 myosin,	  light	  chain	  10,	  regulatory -‐ Regulation	  of	  actin    
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    cytoskeleton;	  Focal	  adhesion   
 

 myl12.2 myosin,	  light	  chain	  12,	  genome -‐ Striated	  Muscle	  Contraction   
 

  duplicate	  2     
 

 mylk2 myosin	  light	  chain	  kinase	  2 -‐ Focal	  adhesion;	  Regulation	  of   
 

    actin	  cytoskeleton   
 

 mylk3 myosin	  light	  chain	  kinase	  3 -‐ Focal	  adhesion;	  Regulation	  of [44]  
 

    actin	  cytoskeleton   
 

 mylpfb myosin	  light	  chain,	  phosphorylatable, -‐ Focal	  adhesion;	  Regulation	  of   
 

  fast	  skeletal	  muscle	  b  actin	  cytoskeleton   
 

 myo18ab myosin	  XVIIIAb -‐ Signaling	  by	  FGFR   
 

       
 

 myoz3a myozenin	  3a -‐ Calcineurin	  signaling   
 

       
 

 nexn nexilin	  (F	  actin	  binding	  protein) -‐ cardiac	  muscle	  fiber   
 

    development   
 

 parvb parvin,	  beta -‐ Focal	  adhesion;	  Cell	  junction [45]  
 

    organization   
 

 pdlim3b PDZ	  and	  LIM	  domain	  3b -‐    
 

       
 

 pdlim5b PDZ	  and	  LIM	  domain	  5b -‐    
 

       
 

 pvalb3 parvalbumin	  3 -‐ calcium	  ion	  homeostasis   
 

       
 

 ryr1a ryanodine	  receptor	  1a	  (skeletal) -‐ calcium	  ion	  channel	  transport [46]  
 

       
 

 ryr1b ryanodine	  receptor	  1b	  (skeletal) -‐ calcium	  ion	  channel	  transport [47]  
 

       
 

 tnnc2 troponin	  C	  type	  2	  (fast) -‐ Striated	  Muscle	  Contraction   
 

       
 

 smpx small	  muscle	  protein,	  X-‐linked -‐ Striated	  Muscle	  Contraction   
 

       
 

 smyd1b SET	  and	  MYND	  domain	  containing	  1b -‐ Muscle	  Development [48]  
 

       
 

 srl sarcalumenin -‐ calcium	  ion	  homeostasis   
 

       
 

 stac3 SH3	  and	  cysteine	  rich	  domain	  3 -‐ Striated	  Muscle	  Contraction [49]  
 

       
 

 tcap titin-‐cap	  (telethonin) -‐ Striated	  Muscle	  Contraction [50] 
      

 tmod4 tropomodulin	  4	  (muscle) -‐ Muscle	  contraction  
      

 tnnc1b troponin	  C	  type	  1b	  (slow) -‐ Muscle	  contraction  
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 tnni2b.2 troponin	  I	  type	  2b	  (skeletal,	  fast), -‐ Striated	  Muscle	  Contraction   
  tandem	  duplicate	  2     
 tnnt1 troponin	  T	  type	  1	  (skeletal,	  slow) -‐ Muscle	  contraction   
       

 tnnt3b troponin	  T	  type	  3b	  (skeletal,	  fast) -‐ Striated	  Muscle	  Contraction   
       

 tpm1 tropomyosin	  1	  (alpha) -‐ Striated	  Muscle	  Contraction   
       

 tpm2 tropomyosin	  2	  (beta) -‐ Striated	  Muscle	  Contraction   
       

 trdn triadin -‐ Muscle	  contraction   
       

 trim54 tripartite	  motif	  containing	  54 -‐ Titin-‐kinase	  regulation   
       

 xirp1 xin	  actin-‐binding	  repeat	  containing	  1 -‐    
       

 myl13 myosin,	  light	  chain	  13 -‐    
       

  
 
 
Table 4 - Differentially expressed genes in the functional class 
“Metabolism” 
 
For each of the shared differentially expressed gene are reported: the gene and 

protein names obtained from the top hit blast results against the proteome of D. 

rerio; whether it is up(+)- or down(-)- regulated in the EO; its function or pathway 

(or both when available); the phenotypic effect on D. rerio of its mis-expression 

(when available). 

 
 Gene Protein	  Name Expression Pathway/Function Disrupted	  Phenotype Reference 
   in	  EO    
 acsbg2 acyl-‐CoA	  synthetase	  bubblegum -‐ Fatty	  acid	  metabolism   
  family	  member	  2     
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 acsl3b acyl-‐CoA	  synthetase	  long-‐chain + Fatty	  acid	  metabolism   
  family	  member	  3b     
 acy1 Aminoacylase-‐1 -‐ Aminoacids   
    metabolism   
 adssl1 adenylosuccinate	  synthase	  like	  1 -‐ Purine	  metabolism   
       

 aldoab Fructose-‐bisphosphate	  aldolase -‐ Glycolysis   
       

 ampd1 Adenosine	  monophosphate -‐ Purine	  metabolism   
  deaminase	  1	  (Isoform	  M)     
 aoc2 amine	  oxidase,	  copper + beta-‐Alanine   
  containing	  2  metabolism   
 cds1 CDP-‐Diacylglycerol	  Synthase	  1 + Glycerophospholipid Imperfect	  angiogenesis [51] 
    biosynthesis   
 ckma creatine	  kinase,	  muscle	  a -‐ Metabolism	  of	  amino   
    acids	  and	  derivatives   
 ckmt2a creatine	  kinase,	  mitochondrial -‐ Metabolism	  of	  amino   
  2a	  (sarcomeric)  acids	  and	  derivatives   
 cox4i2 cytochrome	  c	  oxidase	  subunit	  IV -‐ Oxidative   
  isoform	  2  phosphorylation   
 cpt2 carnitine	  palmitoyltransferase	  2 + Fatty	  acid	  beta-‐   
    oxidation   
 cyp24a1 cytochrome	  P450,	  family	  24, -‐ Steroid	  biosynthesis   
  subfamily	  A,	  polypeptide	  1     
 dhrs9 dehydrogenase/reductase	  (SDR + Retinol	  metabolism   
  family)	  member	  9     
 gdpd4a glycerophosphodiester + Glycerol	  metabolism   
  phosphodiesterase	  domain     
  containing	  4a     
 gdpd5a glycerophosphodiester + Glycerol	  metabolism   
  phosphodiesterase	  domain     
  containing	  5a     
 gdpd5b glycerophosphodiester + Glycerol	  metabolism   
  phosphodiesterase	  domain     
  containing	  5b     
 glo1 Glyoxalase	  1 -‐ Pyruvate	  metabolism   
       

 glud1b glutamate	  dehydrogenase	  1b -‐ Nitrogen	  metabolism   
       

 got2a glutamic-‐oxaloacetic -‐ Glucose	  metabolism;   



 

 

59 

  transaminase	  2a,	  mitochondrial  aminoacids   
    metabolism   
 gpib glucose-‐6-‐phosphate	  isomerase -‐ Gluconeogenesis   
  b     
 idi1 isopentenyl-‐diphosphate	  delta -‐ Cholesterol   
  isomerase	  1  biosynthesis   
 man1a1 mannosidase,	  alpha,	  class	  1A, + N-‐Glycan	  biosynthesis   
  member	  1     
 me3 malic	  enzyme	  1,	  NADP(+)-‐ -‐ Pyruvate	  metabolism   
  dependent,	  cytosolic     
 pcyox1 prenylcysteine	  oxidase	  1 -‐ Terpenoid	  backbone   
    biosynthesis   
  pfkfb1  6-‐phosphofructo-‐2-‐  -‐  Glycolysis   

 

    kinase/fructose-‐2,6-‐        
 

    biphosphatase	  1        
 

  pgam2  phosphoglycerate	  mutase	  2   -‐  Glycolysis	  and   
 

        
 

    (muscle)     Gluconeogenesis   
 

  pgm5  Phosphoglucomutase	  5   -‐  Glucuronidation Failure	  in	  myofibril [52] 
 

          

assembly 
 

 

           
 

  ucp3  uncoupling	  protein	  3   -‐  Respiratory	  electron   
 

         transport   
 

  ugp2b  UDP-‐glucose	  pyrophosphorylase  -‐  Glucose	  metabolism   
 

    2b        
 

  gyg1a  glycogenin	  1a   -‐  Glycogen	  Metabolism   
 

            
 

  mid1ip1l  MID1	  interacting	  protein	  1,	  like   -‐  lipid	  metabolic	  process   
 

            
 

 
 
Table 5 - Differentially expressed genes in the functional class 
“Transcription factors” 
 
For each of the shared differentially expressed gene are reported: the gene and 

protein names obtained from the top hit blast results against the proteome of D. 
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rerio; whether it is up(+)- or down(-)- regulated in the EO; its function or pathway 

(or both when available); the phenotypic effect on D. rerio of its mis-expression 

(when available). 
Gene	   Protein	  Name	   Expression	  

in	  EO	  
Pathway/Function	   Disrupted	  

Phenotype	  
Reference	  

eng1b	   engrailed	  homeobox	  1b	   +	   neuron	  fate	  commitment	   	   	  

her6	   hairy-‐related	  6	   +	   Notch	  signaling	  pathway	   	   	  

hes6	   hes	  family	  bHLH	  transcription	  factor	  
6	  

+	   Notch	  signaling	  pathway	   	   	  

hey1	   hes-‐related	  family	  bHLH	  
transcription	  factor	  with	  YRPW	  motif	  
1	  

+	   Notch	  signaling	  pathway	   	   	  

hipk2	   homeodomain	  interacting	  protein	  
kinase	  2	  

+	   Wnt	  signaling	  pathway;	  
p53	  Signaling;	  	  ERK	  
Signaling	  	  

Induced	  apoptosis	   [58]	  

hoxc11a	   homeobox	  C11a	   +	   	   	   	  

hoxd11a	   homeobox	  D11a	   +	   	   	   	  

mef2aa	   myocyte	  enhancer	  factor	  2aa	   +	   Signaling	  by	  FGFR	   Abnormal	  
development	  of	  
posterior	  somites	  

[29]	  

mef2b	   myocyte	  enhancer	  factor	  2b	   +	   miRs	  in	  Muscle	  Cell	  
Differentiation	  

	   	  

rb1	   retinoblastoma	  1	   +	   E2F	  mediated	  regulation	  
of	  DNA	  replication;	  Cell	  
cycle	  	  

Abnormal	  retina	  
development	  

[59]	  	  

taf6	   TAF6	  RNA	  polymerase	  II,	  TATA	  box	  
binding	  protein	  (TBP)-‐associated	  
factor	  

+	   GPCR	  Pathway	   	   	  

arxa	   aristaless	  related	  homeobox	  a	   -‐	   Axon	  guidance	   Abnormal	  
dopaminergic	  
neurons	  development	  

[60]	  

klf15	   Kruppel-‐like	  factor	  15	   -‐	   Adipogenesis	   	   	  
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pbxip1	   pre-‐B-‐cell	  leukemia	  homeobox	  
interacting	  protein	  1	  

-‐	   	   	   	  

myf6	   myogenic	  factor	  6	   -‐	   Myogenesis	   Disrupted	  myogenesis	   [28]	  

myog	   myogenin	   -‐	   Myogenesis	   Disrupted	  myogenesis	   [27]	  

nfatc1	   nuclear	  factor	  of	  activated	  T-‐cells,	  
cytoplasmic,	  calcineurin-‐dependent	  1	  

-‐	   Wnt	  signaling	  pathway	   	   	  

nr0b2a	   nuclear	  receptor	  subfamily	  0,	  group	  
B,	  member	  2a	  

-‐	   Nuclear	  Receptor	  
transcription	  pathway;	  	  	  
NOD-‐like	  Receptor	  
Signaling	  Pathways	  	  

	   	  

pitx2	   paired-‐like	  homeodomain	  2	   -‐	   retinoic	  acid	  receptor	  
signaling	  pathway	  

Abnormal	  eye	  and	  
craniofacial	  
development	  

[61]	  	  

rxrgb	   retinoid	  X	  receptor,	  gamma	  b	   -‐	   steroid	  hormone	  receptor	  
activity;	  retinoic	  acid	  
receptor	  signaling	  
pathway	  

	   	  

six1b	   SIX	  homeobox	  1b	   -‐	   regulation	  of	  skeletal	  
muscle	  cell	  proliferation	  

Abnormal	  trunk	  
musculature	  
development	  

[62]	  

six4b	   SIX	  homeobox	  4b	   -‐	   regulation	  of	  skeletal	  
muscle	  cell	  proliferation	  

	   	  

tbx15	   T-‐box	  15	   -‐	   regulation	  of	  
transcription,	  DNA-‐
templated	  

	   	  

 
 
 
 
 
Table 6 - Differentially expressed genes in the functional class “Signal 

transduction” 
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For each of the shared differentially expressed gene are reported: the gene and 

protein names obtained from the top hit blast results against the proteome of D. 

rerio; whether it is up(+)- or down(-)- regulated in the EO; its function or pathway 

(or both when available); the phenotypic effect on D. rerio of its mis-expression 

(when available). 

 
Gene	   Protein	  Name	   Expression	  

in	  EO	  
Pathway	   Disrupted	  

Phenotype	  
Reference	  

arhgef7a	   Rho	  guanine	  nucleotide	  exchange	  
factor	  (GEF)	  7a	  

+	   Regulation	  of	  actin	  cytoskeleton;	  
Signaling	  by	  GPCR;	  	  Signaling	  by	  
FGFR	  

	   	  

arhgef7b	   Rho	  guanine	  nucleotide	  exchange	  
factor	  (GEF)	  7b	  

+	   Regulation	  of	  actin	  cytoskeleton;	  
Signaling	  by	  GPCR;	  	  Signaling	  by	  
FGFR	  

	   	  

catip	   ciliogenesis	  associated	  TTC17	  
interacting	  protein	  

+	   actin	  filament	  polymerization	   Imperfect	  
ciliogenesis	  

Bontems	  et	  
al.,	  2014	  

fgf8a	   fibroblast	  growth	  factor	  8a	   +	   Signaling	  by	  FGFR;	  Regulation	  of	  
actin	  cytoskeleton	  

Imperfect	  
morphogenesis	  

Albertson	  
et	  al.,	  2007	  	  

kal1b	   Kallmann	  syndrome	  1b	  sequence	   +	   Signaling	  by	  FGFR	   	   	  

gpr22	   G	  protein-‐coupled	  receptor	  22	   +	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

reps2	   RALBP1	  associated	  Eps	  domain	  
containing	  2	  

+	   EGFR1	  Signaling	  Pathway	  	   	   	  

olfcs2	   olfactory	  receptor	  C	  family,	  s2	   +	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

olfm2a	   olfactomedin	  2a	   +	   	   Central	  nervous	  
system	  development	  

Lee	  et	  al.,	  
2008	  

opn3	   Opsin	  3	   +	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

pcsk5b	   proprotein	  convertase	  subtilisin/kexin	  
type	  5b	  

+	   Signaling	  by	  FGFR;	  Signaling	  by	  
GPCR;	  NGF	  processing	  

	   	  

pik3cg	   phosphatidylinositol-‐4,5-‐bisphosphate	  
3-‐kinase,	  catalytic	  subunit	  gamma	  

+	   Toll-‐like	  receptor	  signaling	  pathway	  	   	   	  
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prkar1b	   protein	  kinase,	  cAMP-‐dependent,	  
regulatory,	  type	  I,	  beta	  

+	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

rgs11	   regulator	  of	  G-‐protein	  signaling	  11	   +	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

arhgap44	   Rho	  GTPase	  activating	  protein	  44	   +	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

rapgefl1	   Rap	  guanine	  nucleotide	  exchange	  
factor	  (GEF)-‐like	  1	  

+	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

gab3	   GRB2-‐Associated	  Binding	  Protein	  3	   +	   Akt	  Signaling	  Pathway	   	   	  

tpbga	   trophoblast	  glycoprotein	  a	   +	   negative	  regulation	  of	  canonical	  Wnt	  
signaling	  pathway	  

	   	  

trabd2b	   TraB	  domain	  containing	  2B	  	   +	   Wnt	  signaling	  pathway	   	   	  

twf1b	   twinfilin	  actin-‐binding	  protein	  1b	   +	   negative	  regulation	  of	  actin	  filament	  
polymerization	  

	   	  

wwc1	   WW	  and	  C2	  domain	  containing	  1	   +	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

cdk14	   cyclin-‐dependent	  kinase	  14	   +	   Transcriptional	  misregulation	  in	  
cancer	  

	   	  

angpt1	   angiopoietin	  1	   -‐	   ERK	  Signaling;	  Akt	  Signaling;	  TGF-‐
Beta	  Pathway;	  Hedgehog	  signaling	  

Imperfect	  
angiogenesis	  

	  

asb10	   ankyrin	  repeat	  and	  SOCS	  box	  
containing	  10	  

-‐	   Class	  I	  MHC	  mediated	  antigen	  
processing	  and	  presentation	  	  

	   	  

calcoco1	   calcium	  binding	  and	  coiled-‐coil	  
domain	  1	  

-‐	   Wnt	  signaling	  pathway	   	   	  

ccng1	   cyclin	  G1	   -‐	   p53	  signaling	  pathway;	  	  G-‐protein	  
coupled	  receptor	  signaling	  pathway	  

	   	  

dapk2a	   death-‐associated	  protein	  kinase	  2a	   -‐	   Regulation	  of	  Apoptosis	   	   	  

dusp22b	   dual	  specificity	  phosphatase	  22b	   -‐	   TGF-‐Beta	  Pathway	   	   	  

fhl1a	   four	  and	  a	  half	  LIM	  domains	  1a	   -‐	   Delta-‐Notch	  Signaling	  Pathway	   Abnormal	  cardiac	  
function	  

Xie	  et	  al.,	  
2013	  

flncb	   filamin	  C,	  gamma	  b	  (actin	  binding	  
protein	  280)	  

-‐	   MAPK	  signaling	  pathway	   Myofibril	  disruption	   Ruparelia	  
et	  al.,	  2012	  	  

homer1b	   homer	  homolog	  1b	  (Drosophila)	   -‐	   FoxO	  signaling	  pathway;	  Regulation	  
of	  calcium	  homeostasis	  

defective	  phenotypes	  
in	  fast	  muscle	  

Lin	  et	  al.,	  
2013	  

igf1	   insulin-‐like	  growth	  factor	  1	   -‐	   Development	  IGF	  1	  receptor	  
signaling;	  G-‐protein	  coupled	  
receptor	  signaling	  pathway	  

	   	  



 

 

64 

il13ra2	   interleukin	  13	  receptor,	  alpha	  2	   -‐	   Akt	  Signaling;	  	  TGF-‐Beta	  Pathway;	  
ERK	  Signaling	  	  

	   	  

klhl41b	   kelch-‐like	  family	  member	  41b	   -‐	   Regulation	  of	  myoblast	  
differentiation	  

myofibrillar	  
disorganization	  

Gupta	  et	  
al.,	  2013	  

lnx1	   ligand	  of	  numb-‐protein	  X	  1	   -‐	   Notch	  signaling	  pathway	   	   	  

lypd6	   LY6/PLAUR	  domain	  containing	  6	   -‐	   positive	  regulation	  of	  canonical	  Wnt	  
signaling	  pathway	  

caudal	  fin	  decreased	  
size;	  	  	  trunk	  
decreased	  size	  

Özhan	  et	  
al.,	  2013	  

myoc	   myocilin	   -‐	   Wnt	  signaling	  pathway	   	   	  

ndp	   Norrie	  disease	  (pseudoglioma)	   -‐	   Wnt	  signaling	  pathway	   	   	  

pde7a	   phosphodiesterase	  7A	   -‐	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

pmp22a	   peripheral	  myelin	  protein	  22a	   -‐	   Neural	  Crest	  Differentiation	   	   	  

ppdpfa	   pancreatic	  progenitor	  cell	  
differentiation	  and	  proliferation	  factor	  
a	  

-‐	   Negative	  regulation	  of	  RA	  signaling	  
pathway	  

Abnormal	  pancreas	  
development	  

Jiang	  et	  al.,	  
2008	  

prkg1b	   protein	  kinase,	  cGMP-‐dependent,	  type	  
Ib	  

-‐	   beta-‐catenin	  independent	  WNT	  
signaling	  	  

	   	  

sbk3	   SH3	  domain	  binding	  kinase	  family,	  
member	  3	  

-‐	   MAPK	  signaling	  pathway	   	   	  

mras	   muscle	  RAS	  oncogene	  homolog	  	   -‐	   MAPK	  signaling	  pathway;	  G-‐protein	  
coupled	  receptor	  signaling	  pathway	  

	   	  

plekha1	   pleckstrin	  homology	  domain	  
containing,	  family	  A	  (phosphoinositide	  
binding	  specific)	  member	  1	  

-‐	   Class	  I	  PI3K	  signaling	  events	   	   	  

spon2a	   spondin	  2a,	  extracellular	  matrix	  
protein	  

-‐	   Integrin	  Pathway;	  ERK	  Signaling	   	   	  

tacr1a	   tachykinin	  receptor	  1a	   -‐	   G-‐protein	  coupled	  receptor	  signaling	  
pathway	  

	   	  

txlnba	   taxilin	  beta	  a	   -‐	   TNF-‐alpha/NF-‐kB	  Signaling	  Pathway	   	   	  

txlnbb	   taxilin	  beta	  b	   -‐	   TNF-‐alpha/NF-‐kB	  Signaling	  Pathway	   	   	  

ywhag1	   3-‐monooxygenase/tryptophan	  5-‐
monooxygenase	  activation	  protein,	  
gamma	  polypeptide	  1	  

-‐	   Cell	  cycle	  	   Reduced	  brain	  size;	  
Increased	  heart	  tube	  
diameter	  

Komoike	  et	  
al.,	  2010	  
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Additional files 
 

Additional file 1 – Sequencing statistics 
 

For each of the eight produced libraries we report: the number of pooled individuals, 

the number of pre- and post- processing read pairs, and the percent of retained reads 

after quality filtering. 

 

Additional file 2 – Blast results of C. compressirostris transcriptome 

assembly 

 

Tabular blast report showing the results of the blastx comparison between the 

transcriptome of C. compressirostris and the proteome of D. rerio. 

 

 

Additional file 3 – Blast results of C. tshokwe transcriptome assembly 
 

 

Tabular blast report showing the results of the blastx comparison between the 

transcriptome of C. tshokwe and the proteome of D. rerio. 
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Additional file 4 – Changes in gene expression between EO and 

SM for C. compressirostris transcriptome 
 

 

Results of the edgeR DE-analysis. The table reports the fold-change in the 

expression levels and relative uncorrected and corrected p-values between EO and 

SM for all genes in the C. compressirostris transcriptome. 

 

 

Additional file 5 – Changes in gene expression between EO and 

SM for C. tshokwe transcriptome 
 

Results of the edgeR DE-analysis. The table reports the fold-change in the 

expression levels and relative uncorrected and corrected p-values between EO and 

SM for all genes in the C. tshokwe transcriptome. 
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Additional file 6 – Transcripts’ length distribution of the C. 

compressirostris Trinity assembly. 
 

Additional file 7 – Transcripts’ length distribution of the C. tshokwe 

Trinity assembly. 
 

Additional file 8 – Distribution of length coverage between retrieved 

ORFs and reference database (SwissProt). 
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7 Article III 
 
 
 

 
7 Article III 
 
Coalescent-based Species Tree Estimation and Delimitation in a Group of Sympatric 
Weakly-Electric Fish (Osteoglossiphormes, Mormyridae, Campylomormyrus). 
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Abstract 

 

Understanding the modalities of speciation constitutes one of the principal aims of evolutionary 

biology. Preliminary steps towards the accomplishment of this task include: i) inference of reliable 

and robust phylogenetic trees that can account for the actual relationships among the analysed taxa; ii) 

identification of “independent evolutionary lineages”; iii) selection of the diversification model that 

fits the data best. In this study, we applied coalescent-based methods in order to: infer a species tree, 

identify species boundaries and select models of differentiation in a genus of sympatric African 

weakly-electric fish (Teleostei, Mormyridae, Campylomormyrus). Members of this genus make use of 

Electric Organ Discharges (EODs) for conspecific/mate recognition, a feature which is putatively 

involved in the onset of prezygotic reproductive isolation in sympatry. We analyzed sequence data 

collected from 5 molecular markers (one mitochondrial and four nuclear genes) in order to build a 

species tree of the genus and to delimit species using coalescent-based methods. We additionally used 

16 microsatellite loci as an independent line of evidence for the detection of reproductively isolated 

groups within Campylomormyrus. Finally, we applied Approximate Bayesian Computation (ABC) 

and Posterior Predictive Simulations (PPS) on both datasets to select the diversification model that 

fitted the data best and to check for allelic introgression among species. [electric fish; multispecies 

coalescent; species delimitation; approximate bayesian computation; mormyridae ] 



 

 

71 

 
 
 
The study of speciation aims at identifying the relative contributions of the forces - i.e. natural 

selection, gene flow, genetic drift, etc. - that have shaped the current observable patterns of diversity 

among taxa. The typical work-flow for the inference of such diversification modalities would involve 

the following steps: i) estimation of the species tree using molecular markers; ii) determination of 

species boundaries among the analysed taxonomic units; iii) selection of the diversification model that 

best fits the observed data. Until recently, it has been common practice to extrapolate species trees 

from gene trees obtained using one or few concatenated loci, sampled from single individuals per 

species. This method, however, does not take into account the possible discordances among gene 

trees, which may arise due to phenomena such as incomplete lineage sorting, occurrence of gene flow 

among speciating units, hybridization, gene duplication/extinction and may hence possibly lead to the 

estimation of incorrect species trees (Tajima 1983; Pamilo and Nei 1988; Degnan and Rosenberg 

2006, 2009; Kubatko and Degnan 2007). The recent introduction of multilocus coalescent models 

(Wilson and Balding 1998; Rannala and Yang 2003; Edwards et al. 2007; Kubatko et al. 2009; Heled 

and Drummond 2010) has determined an important conceptual advance towards the reconciliation of 

gene and species trees. These models bridge together classic phylogenetic inference with population 

genetics, by considering intra- and interspecifc diversity and by explicitly modelling the stochastic 

processes that generate gene trees discordance. 

 

Concurrently, species delimitation methods have undergone a similar progress, alongside with the 

development of richer and more inclusive species concepts (De Queiroz 

 

2011; Hausdorf 2011). Indeed, the last few years have witnessed a gradual shift from the use of 

criteria based on rather arbitrary threshold values to define species boundaries - e.g. differences in FST 

estimates or ratios between intraspecific and interspecific diversity-towards the application of more 

rigorous, coalescent-based, approaches (O’Meara et al. 2006; Pons et al. 2006; Yang and Rannala 

2010; Fujita et al. 2012; Camargo and Sites 2013). The joint application of species tree estimation and 

species delimitation methods under a coalescent framework is becoming extensively used in 

systematics, particularly in the study of recently diverged species (Leaché and Fujita 2010; Camargo 

et al. 2012; Ruane et al. 2013; Satler et al. 2013). 

 

Most of the studies conducted so far, investigated allopatric taxonomic units - species, sub-species, 

populations -, using geographic information to determine a priori the groups to be tested. More 

difficult is to define prior groupings when the analyzed taxa occur in sympatry, especially in the lack 

of clear morphological differentiation. In such cases one solution would be to discriminate groups 

relying on features that are putatively involved in the onset of reproductive isolation - e.g., 
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exploitation of different niches or hosts, display of divergent sexual characters, differences in 

communication systems - and subsequently testing whether the identified units correspond to actual 

“independent evolving lineages” (Simpson 1951; de Queiroz 1998). In particular, changes in mate 

recognition systems are known to promote speciation among sympatric populations (Higgie et al. 

2000; Jiggins et al. 2001; Barluenga et al. 2006), by increasing assortative mating and, hence, 

reproductive isolation (Felsenstein 1981; Via 2001; Butlin et al. 2012). One taxonomic group for 

which differences in mate recognition systems appear to play a central role in reproductive isolation is 

the family of African weakly-electric fish Mormyridae (Lavoué et al. 2008). 

 

The family Mormyridae contains approximately 200 species, all endemic to African riverine systems 

(Daget et al. 1991). It constitutes the single largest known assemblage of electric fish and one of the 

most diverse clades of African freshwater fish (Alves-Gomes and Hopkins 1997). Together with their 

monospecific sister family Gymnarchidae, they share the presence of an electric organ which allows 

them to produce weak electric discharges (Lissmann 1951, 1958). Most mormyrids are nocturnal, 

therefore they use their electric sense to actively locate objects and food in the darkness (Lissmann 

and Machin 1958; Bastian 1994; von der Emde 1999), and for conspecific/mate recognition. Indeed, 

mormyrids are able to discriminate between conspecifics and heterospecifics Electric Organ 

Discharges (EODs), by perceiving differences in waveform shapes and pulse durations (Bratton and 

Kramer 1989; Crawford 1991; Bullock et al. 2005; Lamml and Kramer 2006). 

 

A taxon of mormyrids for which EOD was demonstrated to play a key role in mate recognition and 

pair formation is the genus Campylomormyrus (Kramer and Kuhn 1994; Feulner et al. 2009a, 2009b). 

Members of the genus Campylomormyrus are characterized by the presence of an elongated trunk-like 

snout, which may vary dramatically in length and shape across different species (Fig. 1); ecological 

studies highlighted the link between different snout morphologies and differential feeding habits 

(Marrero and Winemiller 1993). Moreover, geometric morphometrics analyses showed that most of 

the morphological variance among different species is confined within the snout region (Feulner et al. 

2007, 2008). Both lines of evidence invoke ecological adaptation as the main factor that might have 

prompted speciation within this genus. Alongside of morphological divergence, 

 

Campylomormyrus species display very remarkable differences in terms of EOD shape and 

duration (Fig. 1). All members of the genus except one (C. tamandua), occur exclusively in water 

bodies within the Congo basin, with peaks of diversity observed in the rapids of the lower Congo 

region (Stewart and Roberts 1976). The most recent taxonomic revision of the genus (Poll et al. 1982) 

acknowledged 14 species, however this is likely to be an underestimate of the actual 

Campylomormyrus diversity, since many areas of the Congo basin have not been explored yet. 
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Recent molecular studies (Feulner et al. 2006, 2007) revealed that several described species, which 

are distinct in terms of morphology and EOD shape and length, constitute monophyletic groups. 

However, the inferred trees showed lack of resolution for two morphologically distinct taxa (C. 

compressirostris, C.curvirostris) and conflicting topologies between mitochondrial (cytb) and nuclear 

(rps7) gene trees. In the present study we analyzed 14 sympatric members of Campylomormyrus; nine 

of the selected groups represent already described species, while the remaining five correspond to 

possibly cryptic species characterized by peculiar EODs (Fig. 1). We analyzed sequence data 

collected from 5 molecular markers (one mitochondrial and four nuclear genes) in order to build a 

species tree of the genus and to delimit species using coalescent-based methods. We additionally used 

16 microsatellite markers as an independent line of evidence for the detection of reproductively 

isolated groups within Campylomormyrus. Finally, we applied Approximate Bayesian Computation 

(ABC) and Posterior Predictive Simulations (PPS) on both datasets to select the diversification model 

that fitted the data best and to check for allelic introgression among species. 

 

 

 

Figure 1 
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MATERIALS AND METHODS 
 

Taxon Sampling 

 

Specimens were collected throughout three different expeditions in the Republic of the Congo (2004, 

2006 and 2012); all the analyzed samples come from the Congo River rapids south of Brazzaville (see 

Supplementary Data for the geographic coordinates). After the catch, the EOD of each specimen was 

measured, under the same conductivity conditions, using a Tektronix TDS 3012B digital phosphor 

oscilloscope, preamplified via an ADA400A differential preamplifier (gain= 10 Volts; upper 

bandwidth= 3kHz). Other individuals were obtained from aquarium traders located in Kinshasa 

(Democratic Republic of the Congo) as living specimens. From all fish, fin clips for genetic analysis 

and standardized pictures for morphometric measurements were taken. A unique identifier was 

assigned to each caught sample (Supplemental Table 1). 

 

Molecular Data 

 

Genomic DNA was isolated from fin clips or liver tissue stored in ethanol or Queens Buffer using the 

Dneasy Blood & Tissue Kit (Qiagen). In total, five markers were PCR amplified: 1 mitochondrial 

(cytochrome b, cytb) and 4 nuclear (the ribosomal protein s7, rps7 and three introns of the scn4aa 

gene). The amplified products were sequenced using an ABI PRISM 3130xl sequencer (Applied 

Biosystems), sample sizes for each gene are reported in Table 1. Primer sequences and 

PCR/Sequencing conditions are available in the Supplementary Section. The obtained sequences were 

edited with BioEdit v7.2.4 (Ibis Biosciences, Carlsbad, CA) and aligned using the MAFFT v7.017 

(Katoh et al. 2002) plug-in implemented in Geneious Pro v7.1.0 (Biomatters Limited, Auckland, New 

Zealand). The most likely nucleotide substitution models for each marker were calculated using 

ModelGenerator v0.85 (Keane et al. 2006) and selected after the Bayesian Information Criterion 

(BIC; Schwarz 1978) (Table 1). In addition, 242 individuals were genotyped for a set of 16 

microsatellite markers (Feulner et al. 2005); allele sizes were estimated using GeneMapper v4.0 

(Applied Biosystems). 

 

Species Tree Estimation 

 

A species tree for the genus Campylomormyrus was built using the *BEAST method (Heled and 

Drummond 2010) implemented in BEAST v1.7.5 (Drummond et al. 2012). In total, 14 groups were 

defined, corresponding to the EOD types illustrated in Figure 1, the related species Gnathonemus 

petersii was used as outgroup. Of the 14 pre-defined EOD types: 6 correspond to fully described 

species that are morphologically distinguishable (C. numenius, C. rhynchophorus, C. curvirostris, C. 
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christyi, C. tamandua); 1 is formed by a group whose morphology is not attributable to any available 

holotype (C. sp. nov, see also Feulner et al. 2007) and 7 are constituted by sets of individuals 

displaying different EODs within fully described species (C. compressirostris-triphasic, C. 

compressirostris-biphasic; C. elephas, C. cf. elephas; C. alces-short, C. alces-long, C. alces-

triphasic). The main parameters used in the *BEAST analysis are reported in Table 1. The MCMC 

chain was run for 2 x 107 generations, parameters were sampled from the posterior distribution every 

5,000 steps. After the run, chain stationarity was assessed using Tracer v1.5 

(http://tree.bio.ed.ac.uk/software/tracer/). TreeAnnotator v1.7.5 was used to obtain the maximum 

clade credibility tree from the collection of sampled species trees. 

 

The *BEAST method implements the multispecies coalescent model and considers coalescent 

stochasticity as the only source of gene tree discordance. However, many other factors may result in 

discrepancies among gene trees (e.g., hybridization, selection, gene duplication/loss and 

recombination); it is therefore strongly recommended to test the fit of the obtained data to the 

underlying model. We used the R package starbeastPPS (Reid et al. 2013) to assess the fit of our data 

to the multispecies coalescent model. StarbeastPPS applies Posterior Predictive Simulations (PPS, 

Gelman et al. 2009) in order to produce a predictive distribution of coalescent trees simulated from 

the posterior distribution of species trees under the multispecies coalescent model. It uses then several 

test statistics to compare the empirical data with the posterior predictive distributions. 

 

Species Delimitation 

 

Several methods were applied on sequence and microsatellite data, separately, in order to detect 

species boundaries. A first analysis on sequence data was conducted using the program BPP v2.2 

(Rannala and Yang 2003; Yang and Rannala 2010). This method accommodates the species 

phylogeny as well as lineage sorting due to ancestral polymorphism. The parameters in the model 

include the species divergence times τ, measured by the expected number of mutations per site, and 

population size parameters 

 

θ=4Neµ, where Ne is the effective population size and µ is the mutation rate per site per 

generation, so that θ is the average proportion of different sites between two sequences sampled 

at random from the population. The program takes as input a guide-tree and a set of prior 

distributions for the parameters to be estimated. It then runs reversible-jump Markov Chain 

Monte Carlo simulations (rjMCMC, Rannala and Yang 2013) to explore the different parameter 

spaces across the alternative models of species delimitation and calculates posterior probability 

distributions (PP) of differentiation for the predefined groups on the guide-tree. The maximum clade 
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credibility species-tree obtained from *BEAST was chosen as the input guide-tree for this analysis. 

We applied the two algorithms available in the program 0 (ε=5 and 10) and 1 (α=2, m=1 and α=1, 

m=2) as recommended by the authors. Following previous studies (Leaché and Fujita 2010; Camargo 

et al. 2012; Ruane et al. 2013), we ran the analyses several times, using different prior values for θ 

and τ0 (root age), in order to account for the possible combinations of population size and time 

divergence, by modifying the parameters (α, β) of the Γ prior distributions: large population size/deep 

divergence (both priors with α=2and β=2000), small population size/shallow divergence (both priors 

with α = 1 and β= 10), and large population size/shallow divergence (α = 2 and β = 2000 for θ prior; α 

= 1and β = 10 for τ prior). Each analysis was run twice, using different seed values, for 10 x 105 

generations (thinning=2) with a burn-in of 2 x 104. 

 

Besides the BPP method, we applied the discovery approach developed by Satler et al. (2013) and 

implemented in the software spedeSTEM (Ence and Carstens 2011) v2.0. This method utilizes STEM 

v2.0 (Kubatko et al. 2009) in order to infer the maximum likelihood species tree from a set of given 

gene trees, under all possible models of lineage composition; it then evaluates the log-likelihoods of 

the obtained species trees using information theory as described in Carstens and Dewey (2010) and 

selects the most likely model. The models of lineage composition compared in this study spanned 

from 14 (all EOD types correspond to independent lineages) to 1 (all samples belong to the same 

species). SpedeSTEM requires a set of pre-computed ultrametric gene trees and an overall estimate of 

θ as input data; the five gene trees were computed using BEAST v1.7.5, θ was calculated using the 

Watterson estimator (Watterson 1975) in Arlequin v3.5 (Excoffier and Lischer 2010). 

 

Finally, we employed a single-locus species delimitation method: the General Mixed Yule Coalescent 

(GMYC, Pons et al. 2006) model, on our cytb data. The GMYC model assumes that the amount of 

lineage accumulation within species (coalescence process) occurs much faster than between species 

(Yule process) and aims at finding the transition point between the two processes on gene trees, in 

order to identify putative speciation events. Here, we used a bayesian version of the method, 

implemented in the R package bGMYC (Reid and Carstens 2012), which accounts for tree topology 

and branch lengths uncertainty by sampling from a posterior distribution of gene trees obtained using 

BEAST v1.7.5 (chain length = 1 x 108, sampled every 5 x 103 steps). We discarded 40% of the trees 

from the posterior distribution as burn-in and down-sampled the rest up to 100 trees; the analysis was 

run for 5 x 104 generations (burn-in=40,000; thinning=10). 

 

In addition to sequence markers, we used genotypic data obtained from 16 microsatellite loci as an 

independent source of information to infer a partitioning scheme among the pre-defined groups. We 

first calculated pairwise FST values for the 14 EOD types by performing 1 x 104 permutations and 

setting the significance level to 0.05 and then executed an Analysis of Molecular Variance (AMOVA, 
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Excoffier et al. 1992) in Arlequin v3.5. For the AMOVA analysis we partitioned our dataset 

hierarchically by lumping the 14 EOD types into 10 groups, corresponding to morphologically 

distinct clusters. AMOVA null distributions were produced after 1.6 x 104 permutations (p ≤ 0.05). 

 

We also used STRUCTURE v2.3 (Pritchard et al. 2000) in order to identify putative 

reproductively isolated groups within the microsatellite dataset. The STRUCTURE algorithm 

works within a Bayesian framework and computes the most probable clustering scheme in the dataset 

given a fixed number of clusters (k). The analysis was run iteratively several times, applying different 

k values (number of assumed populations) for each iteration (k from 1 to 18) using the admixture 

model. The burn-in value for the MCMC chain was set to 2.5 x 104, the post burn-in chain was run 

for 1.5 x 105 generations; each single run was replicated 10 times with different seeds. The single 

optimal k value was estimated using the Evanno method (Evanno et al. 2005), implemented in the 

Structure Harvester tool (Earl and vonHoldt 2011). The replicated runs were summarized using 

CLUMPP v1.1.2 (Jakobsson and Rosenberg 2007) and the final data matrix was visualized with 

DISTRUCT v1.1 (Rosenberg 2004). 

 

 

Model Selection 
 

One of the main limitations of the species-tree inference (*BEAST) and species delimitation (BPP, 

spedeSTEM) methods that were applied on our sequence dataset is their utter reliance on the 

multispecies coalescent model. As previously mentioned, such model assumes no gene flow among 

populations and considers Incomplete Lineage Sorting (ILS) as the only process responsible for 

inconsistency among gene trees. However, migration among species cannot be excluded a priori, 

particularly when studying sympatric populations. Moreover, recent studies (Leaché et al. 2014) have 

demonstrated that unnoticed levels of migration may result in overestimates of population sizes and 

underestimates of divergence times on species-trees. 

 

Here, we used Approximate Bayesian Computation (ABC, Beaumont et al. 2002) in order to test our 

dataset against two competing diversification models: i) a pure-isolation model (no migration among 

species) and ii) an isolation-with-migration model (IM, Nielsen and Wakeley 2001; Hey 2010), which 

contemplates a certain level of migration among populations during the speciation process. ABC 

techniques aim at approximating posterior distributions of parameters by: i) sampling the parameters 

of interest from the prior distributions; ii) simulating the data given the sampled parameters; iii) 

summarize the simulated data using a set of summary statistics (SuSt); iv) approximate the posterior 

distribution by retaining a fraction of the simulated data that falls within a pre-specified Euclidean 

distance from the real data (see Beaumont 2010). By avoiding the computation of complex likelihood 
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functions, ABC methodologies allow to infer parameter values from rather complicated models at the 

cost of some approximation. Here, we used popABC v1.0 (Lopes et al. 2009) to simulate data from 

the parameter priors and calculate a set of 13 summary statistics (see Supplementary material) under 

the pure-isolation and the isolation-with-migration models (1 x 105 simulation runs). The posterior 

probabilities of the two alternative models were then evaluated with the R package “abc” v1.5 

(Csilléry et al. 2012) using the postpr function and the multinomial logistic regression method 

(p≤0.05). For this analyses a subtree from the whole species-tree was selected, lumping together those 

taxa that did not result to be reproductively isolated using the above mentioned species delimitation 

methods; both sequence and microsatellite data were used together to calculate the summary statistics. 

 

Hybridization 

 

Allelic introgression is another important factor which is known to influence gene tree topologies 

(Besansky and Powell 1994; Morando et al. 2004). Discerning introgression from incomplete lineage 

sorting (ILS) allows the identification of patterns of interspecific hybridization. In order to ascertain 

the possible role of mitochondrial introgression within 

 

Campylomormyrus, we used the software JML v1.02 (Joly 2012). This program uses posterior 

predictive checking to test whether the minimum pairwise distances between the sequences of two 

species are smaller than expected under a scenario that does not account for hybridization. It then 

applies a one-tailed test to check if the observed distances are significantly smaller than the set of 

distances obtained from simulated data. JML uses as input posterior distributions of species trees, 

population sizes and divergence times. Species trees were sampled from a posterior distribution 

obtained by running *BEAST on a subset of 6 species (C. compressirostris, C.curvirostris, C. 

rhynchophorus, C. numenius, C. tshokwe, C. sp. nov.); the MCMC chain length was set to 2 x 108, 

parameters were sampled every 5 x 103 steps. Cytb datasets were simulated from the species-tree 

distributions (burn-in=10%), the significance value was set to 0.05. 

 

In order to confirm these patterns of introgression, we looked for admixture signatures in our 

microsatellite dataset. We employed the software DIYABC v2.0 (Cornuet et al. 2014) to perform 

model selection among three historical diversification scenarios involving the same above mentioned 

6 species: i) scenario 1, no admixture; ii) scenario 2, admixture between C. compressirostris and C. 

rhynchophorus iii) scenario 3, admixture between C. rhynchophorus and C.curvirostris. DIYABC 

makes use of ABC to estimate the posterior probabilities of parameters by simulating datasets and 

computing a set of summary statistics. Unlike popABC, DIYABC simulates data under a Wright-
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Fisher model, meaning that no migration is involved. For each scenario 3 x 106 simulations were run 

and 12 summary statistics calculated (see Supplementary material). 

 

 

 

 

RESULTS 

 

Molecular Data 

 

Sequence information concerning the five molecular markers used in this study is summarized in 

Table 1. All the sequences are accessible from the GenBank database under the Accession Numbers: 

KJ680159-KJ680224 (scn4a, intron 15); KJ713702-KJ713777 (scn4a, intron 14); KJ713778-

KJ713851 (scn4a, intron 1); KJ713852-KJ713893 (rps7); KJ713894-KJ713964 (cytb). They increase 

the existing amount of molecular information for the Campylomormyrus genus by both expanding the 

current cytb and rps7 taxonomic coverage to three additional described species (C. christyi, C.elephas 

and C.alces) and by adding three new nuclear markers to the present collection of molecular data. 

 

With regard to microsatellite data, the information gathered in this study also augments the present 

taxonomic range (C. christyi, C.elephas, C.alces and C. sp. nov.) compared to previous ones (Feulner 

et al. 2006, 2007). Allele sizes (including the flanking region) for each genotyped individual are 

reported in Supplemental Table 2. 

 

Species Tree Inference 

 

The ultrametric *BEAST species tree is illustrated in Figure 2a, it indicates C. tamandua as the most 

basal lineage within Campylomormyrus and displays then two distinct macroclades: one formed by all 

the members of the so-called “alces” complex of species (C. alces, C.christyi and C.elephas) and the 

other constituted by all the remaining Campylomormyrus members. Within the “alces” clade C. 

christyi forms the most basal lineage. Particularly interesting here is the position of C. alces (short) 

which does not form a monophyletic group with C. alces (long) and C. alces (tri). Inside the second 

macroclade the two species characterized by a very long EOD (~ 40ms), C. numenius and C. 

rhynchophorus, form a monophyletic group. 

 

The results of the PPS analysis show the fit of our empirical data to the multispecies coalescent 

model. Figure 3 displays the position of the observed gene trees relative to the null distributions 

obtained from the simulated ones. The fit to the multispecies coalescent holds both in terms of 
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coalescent likelihoods and expected number of deep coalescences for all loci, considered either 

together or separately. 

 

Figure 2 

 
 

Species Delimitation 

 

The results obtained from the different applied species delimitation methods are summarized in 

Figure 2b. The BPP analysis run on the *BEAST guide tree identified 9 lineages out of 14 as distinct 

species using stringent posterior probability values (PP ≥ 0.95). The same pattern holds over the 

different combinations of population size and tree depth priors used in the analysis (see 

Supplementary material). The two C. compressirostris EOD types and all the members of the “alces” 

complex, except C. christyi, displayed low posterior probability values. Using the spedeSTEM 

method, the species tree composed by 10 lineages had the highest support value (wi = 0.44, Table 2). 

These results retrace those obtained from BPP, with the only difference that C. alces (short) constitutes 

an additional separate species within the “alces” group. The results achieved using single locus 

information (cytb) with bGMYC detected an average of 6 independent lineages (coalescent units), 

with 95% Highest Posterior Density HPD distribution spanning from 2 to 33 units. 

 

Additional tests of differentiation among groups were executed on the microsatellite dataset. Pairwise 

FST values are reported in Supplemental Table 3. AMOVA results (Table 3) show an extensive  
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Figure 3 

 

 
 

amount of population structure occurring mainly at the “among-species” hierarchical level. 

Furthermore, a small, but significant, level of differentiation is observed among EOD types within 

species. The outcome of the structure analysis suggests two possible clustering patterns (k=9; k=7), 

which displayed similar ∆k values after the application of the Evanno method (Supplemental Figure 

1). The two partitioning schemes are almost identical, with the two additional clusters in k=9 

suggesting a certain level of population substructure within C. compressirostris. In both cases the 

identified clusters correspond to the already described species, with the only exception constituted by 
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all the members of the “alces” group, which are all grouped together. None of the within-species EOD 

types clustered separately. 

 

Figure 4 

 
 

Testing models of diversification and hybridization. 
 

We applied ABC-based model selection in order to test which of two competing diversification 

modalities (pure isolation; isolation with migration) fit the data best. The whole analysis was 

performed on a subtree of the *BEAST species-tree, consisting of 6 taxa (C. sp. nov, C. tshokwe, C. 

rhynchophorus, C. numenius, C. curvirostris, C. compressirostris). The results of the simulations 

largely support the isolation-with-migration scenario (PP=0.99), suggesting that a certain level of 

gene flow occurred among the diverging populations during the speciation process. 
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The same set of taxa was tested for possible signatures of mitochondrial introgression using the cytb 

dataset. The results of the posterior predictive checks, acquired using JML, revealed that the observed 

pairwise distances between the couples C. rhynchophorus-C. compressirostris and C. rhynchophorus-

C. curvirostris were significantly smaller than those expected under a no admixture model 

(Supplemental Table 4). Mitochondrial introgression is also suggested by the position of C. 

rhynchophorus in the cytb gene-tree (Fig. 4), where it forms a monophyletic group placed within the 

unresolved C. compressorostris-C. curvirostris clade. The pattern of admixture observed for the 

mitochondrial dataset is confirmed by microsatellite data. In fact, the results of the DIYABC analysis 

clearly support the two admixture scenarios (C. rhynchophorus-C. compressirostris and C. 

rhynchophorus-C. curvirostris) over the no admixture one (Fig. 5). 

 

Figure 5 

 

 
 

 

 

 

DISCUSSION 

 

Species Tree and Species Delimitation 
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The combined application of coalescent based species-tree estimation with different species 

delimitation methodologies to the genus Campylomormyrus revealed the presence of two main 

species assemblages; the first one formed by: C. compressirostris (biphasic), C. compressirostris 

(triphasic), C. curvirostris, C. rhynchophorus, C. numenius, C. tshokwe, C. sp. nov.; the second one 

represented by all the members of the “alces” complex. In the first group all the taxa that can be 

morphologically discriminated resulted to be reproductively isolated (see Figure 2a); conversely, the 

two EOD types within C. compressirostris did not show any sign of separation by any of the used 

methods. An interesting achievement of the methods used in this study is the separation of C. 

curvirostris from C. compressirostris; this two species, in fact, result to be completely intertwined at 

the gene tree level (Fig. 4 and Supplemental Figures 3-6). Additionally, our results suggest that C. sp. 

nov. can be effectively considered as a distinct, yet undescribed species. Different is the situation 

regarding the “alces”-complex. Despite the fact that the three species which form the complex (C. 

alces, C. elephas and C. christyi) can be distinguished in terms of few anatomical characters (e.g. 

snout shape) and that within C. alces and C.elephas different EOD types are present, the whole group 

does not show any sign of differentiation when the microsatellites are considered, whereas only C. 

christyi constitutes an independent lineage using the data from the five DNA sequence markers. These 

results might be indicative of very rapid speciation events, possibly driven by strong selection acting 

on loci involved in morphological diversification. Indeed, simulation experiments performed on BPP, 

found that this method cannot distinguish among separate lineages that diverged less than 0.4Ne 

generations ago using 5 loci and θ = 10 (Yang and Rannala 2010). Increasing the sampling effort to 

more loci and more sequences per population would help to understand more about species 

boundaries within this complex. The presence of divergent EOD types within sympatric populations, 

characterized by striking levels of genetic similarity has been already observed in other mormyrid 

species (Arnegard et al. 2005). Such pattern of diversification could be explained as the effect of 

incipient sympatric speciation events. If we assume that the phenotype “EOD” is subject to a certain 

level of, direct or indirect, natural selection (Coyne and Orr 2004), acting on one or few loci, the 

markers used in this study may not be sufficient to capture any signature of reproductive isolation due 

to the exclusive or combined effects of recombination and large effective population sizes (Noor and 

Feder 2006; Nosil and Schluter 2011; Butlin et al. 2012). An alternative scenario would invoke the 

role of phenotypic plasticity in determining EOD variability. Since EOD features are mainly 

determined by the anatomy of the electric organ (Westby and Kirschbaum 1978; Denizot et al. 1982), 

environmental factors acting on a certain ontogenetic stage might influence EOD diversification (Jia 

et al. 2000; Rodriguez and Greenfield 2003; Miner et al. 2005). 

 

The application of the bGMYC delimitation method on the cytb dataset retrieved the least number of 

independent lineages (5), such low performance is almost certainly due to the high amount of 

uncertainty among gene trees, particularly at deeper nodes (Supplemental Figure 2), that in turn 



 

 

85 

reflects the occurrence of substantial levels of incomplete lineage sorting and mitochondrial 

introgression (see below) and results in a low ratio between coalescence and Yule lineage 

accumulation rates (Fig. 6). 

 

Figure 6 

 
 

Species-tree inference and species delimitation methods based on the multispecies coalescent model 

constitute very valid tools of investigation. Nevertheless, violations of their underlying assumptions 

may introduce inference errors. Simulation studies have demonstrated the robustness of the model 

against certain kinds of violations (e.g. gene flow among species; Ence and Carstens 2011; Zhang et 

al. 2011; Heled et al. 2013). However, when working with empirical data the consistency between the 

data and the model is not 

 

aprioristically known; for this reason the application of methods that can assess such fit is of vital 

importance. The usage of PPS model-checking techniques on the *BEAST species-tree reveals the 

coherence between the 5 markers developed for this study and the model, this does not necessarily 

mean that the topological conflicts among gene trees are the pure result of ILS (one of the main 

assumptions of the multispecies coalescent model), but that, if any other biological process (e.g. 

natural selection, hybridization, gene duplication) has shaped the present pattern of observed data, it 

should not drastically influence the outcome of an analysis based on such model. 

 

Diversification Modalities 

 

The application of ABC-based model selection on a subset of 6 Campylomormyrus species supports 

isolation-with-migration over pure isolation as the most probable model of diversification. This piece 

of evidence must be taken into account when interpreting parameters like speciation times and 

population sizes, because the occurrence of gene flow among independent lineages is known to 

introduce biases in the estimation of these parameters (Leaché et al. 2013). Furthermore, it is 
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compatible with the hypothesis of a sympatric origin for this group of species (Feulner et al. 2006, 

2007), although additional evidence must be obtained by: i) exploring the extent of geographic 

variation among allopatric populations; ii) investigating genome-wide patterns of disruptive selection 

and their level of linkage to loci responsible for assortative mating (e.g. EOD) and testing whether 

they can overcome the homogenizing effects of gene flow (Felsenstein 1981; Bolnick and Fitzpatrick 

2007; Pinho and Hey 2010). 

 

Hybridization 

 

The analyses conducted on the cytb dataset indicate the presence of mitochondrial introgression 

between C. rhynchophorus and members of the clade composed by C. curvirostris and C. 

compressirostris. This line of evidence is corroborated by microsatellite analyses showing: i) highest 

posterior probability for the scenario involving admixture between C. rhynchophorus and C. 

curvirostris (Fig. 5); ii) presence of possibly “admixed” genotypes in the STRUCTURE output (Fig. 

4). 

 

These findings suggest a certain level of “permeability” to gene-flow in characters involved in pre-

zygotic isolation like EODs. Choice experiments using female C. compressirostris and male C. 

rhynchophorus specimens revealed clear preference for conspecifics, either when actual specimens or 

only recorded EODs were used, indicating the effectiveness of species-specific electric signals in 

maintaining assortative mating (Feulner et al. 2009b). A possible explanation for such seemingly 

conflicting results may be found by invoking the role of frequency-dependent mate-choice – i.e., the 

occurrence of heterospecific matings when one of the two species cannot find any conspecific - 

determining the observed levels of introgression (Chan and Levin 2005). Setting no-choice behavioral 

experiments using different species would shed light on the actual possibility of this mechanism in 

nature (Seehausen 1997; Knight et al. 1998). 

 

 

 

 

CONCLUSIONS 

 

The results achieved in this study indicate the importance of utilizing methods for phylogenetic 

inference and species delimitation that explicitly model the sources of discordance and uncertainty 

among gene trees. The use of coalescent-based species delimitation methods partially succeeded in 

unraveling the species boundaries within the genus Campylomormyrus. However, species groups that 
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appear to display more complex evolutionary histories (“alces”-complex) deserve more attention in 

the future by increasing the sampling effort both in terms of individuals and loci. 

 

Finally, the identification of the isolation-with-migration as a putative diversification scenario 

constitutes a valid starting hypothesis that needs to be further evaluated, in order to better understand 

the mechanisms of speciation in weakly-electric fish. 
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FIGURE 1. Specimens analyzed in this study and their EODs. The EODs are reported on the same time 

scale to emphasize the pronounced difference in duration in some species. The signals embedded in 

circles were magnified 10x in order to show their shape features. 

 

FIGURE 2. (a) Species tree estimated using *BEAST, colored labels correspond to the color code used 

for EODs in Figure 1. (b) Results of the 4 applied specie delimitation methods. Black bars indicate 

species groupings on the species tree. 

 

FIGURE 3. PPS check results. Distribution of test statistics for all loci considered together (a) and 

separately (b). Black dashed line correspond to the observed results; black shadings indicate the 

boundaries of the 95% highest posterior predictive density intervals. 

 

FIGURE 4. Cytb gene tree (inner circle) and STRUCTURE plot showing the clustering results relative 

to the 16 microsatellite loci (outer circle). 

 

FIGURE 5. Results of the DIYABC analysis. Scenario 1= No admixture; Scenario 2= admixture 

between C. compressirostris and C. rhynchophorus; Scenario 3= admixture between C. 

rhynchophorus and C.curvirostris. The x-axis reports the number of simulated datasets. 

 

FIGURE 6. Distribution of ratios of the Coalescence to Yule rates sampled in the bGMYC analysis
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8 Discussion 
 
 
8 Discussion 
 
 
 
8.1 Transcriptomic analysis of electric organ and skeletal muscle 
 

Electric organs have fascinated naturalists for thousands of years. Indeed, the earliest recorded 

illustrations of mormyrid fishes are depicted on ancient Egyptian tombstones and relics (Kellaway 

1946). Even Darwin in “On the Origin of Species” (Darwin 1859) considered them as particularly 

challenging for his theory, in fact he found ‘impossible to conceive by, what steps these wondrous 

organs have been produced’. We now know that electric organs have evolved several times 

independently for the purpose of electro-location (Lissmann & Machin 1958) and electro-

communication (Lissmann 1958). Since the pioneering work of Lissmann, the histology, anatomy and 

neurophysiology of electric organs have been thoroughly investigated. Despite the large amount of 

information gathered by these studies, no large-scale molecular datasets were produced yet. In this 

study I tried to fill this gap by: i) producing extensive transcriptomic resources for the electric organ 

and the skeletal muscle, and ii) identifying differentially expressed genes between these two tissues. 
 
 

 
8.1.1 Sequencing and characterization of reference transcriptomes 
 

African weakly electric fishes are non-model organisms; in fact, all teleost fishes with fully 

sequenced genomes (e.g. Danio rerio) belong to the taxon Clupeocephala, which separated from the 

Osteoglossomorpha approximately 300 Mya (Near et al. 2012). Additionally, none of the model 

species available possess an electric organ. For this reason a reference transcriptome is an essential 

prerequisite for the genetic investigation of an evolutionary novelty like the electric organ. Therefore, 

the first efforts of this study were devoted to the production of reference transcriptomes for the electric 

organ and skeletal muscle of C. compressirostris. These first sequencing experiments have set the first 

large-scale transcriptome datasets for a weakly-discharging electric fish. They have demonstrated that 

it is possible to sequence, assemble and annotate a transcriptome de novo, for explorative purposes, 

using only single-end, short-read (100bp) sequencing technologies. 
 
The amount of matches against the Unigene database, 16 978 (electric organ) and 12 076 (skeletal 

muscle), over a total of 26 206 for Danio rerio, suggests a good coverage in terms of transcriptome 

diversity, despite the use of a non-normalized library. The different number of sampled genes might 

be explained by the fact that in muscle tissue there are several specific components – for example 

myosin and creatine kinase – that are massively expressed, in order to maintain the functional role of 

the organ, when using a non-normalized library, these highly expressed genes account for a huge 

number of reads, which can prevent the detection of rarer transcripts. 
 
Given the explorative nature of this sequencing experiment, only qualitative comparisons could be 

done among the two transcriptomes. These comparisons were mainly based on the identification of 
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patterns of presence/absence of candidate genes between the two tissues. Several of these patterns 

were later confirmed by more rigorous, quantitative analyses of differentially expressed genes (see 

next paragraph). Among them it is worth mentioning various voltage-gated ion channels (e.g. scn4aa) 

and genes involved in neuronal development (e.g. ncam). On the other hand, the presence of typical 

skeletal muscle transcripts within the electric organ’s transcriptome (e.g. myl10a) is not fully 

surprising. In fact, the electric organ, although being a non-contractile organ, displays yet many 

disorganized myofibrils within its electrocytes (Denizot et al. 1982). 
 
Beside the acquisition of functional information, transcriptome-based data can also be used for the 

development of molecular markers useful for downstream “wet-lab” applications. For instance, in the 

present study 1671 unique Short Tandem Repeat (SSR or microsatellites) markers were identified, 

together with their flanking regions. The primers designed from these markers will contribute to 

massively augment the present set of available microsatellites (18; Feulner et al. 2005) for 

Campylomormyrus, allowing to conduct further population genomics investigations on this genus. 

Moreover, the annotation and retrieval of partial or complete Open Reading Frames (ORFs) on most 

candidate genes will be utilized for the development of primers to be employed in qPCR experiments 

that will be used for testing the patterns of gene expression obtained in this study. 
 
The whole mitochondrial genome of C. compressirostris was also obtained; it represents the first 

fully-sequenced mito-genome for a member of the Campylomormyrus genus. It has been used in the 

course of this study for designing more specific and effective primers for the amplification of the 

cytochrome b (cytb) gene. In principle, it is not possible to obtain complete mitochondrial genomes 

from transcriptomic data. Indeed, there is a small portion of the control region that is not transcribed in 

vertebrates, because it is located between the two transcription promoters of the mito-genome (Shadel 

& Clayton 1997). The presence of this fragment in the reported mito-genome might have been caused 

by a small amount of genomic DNA contamination in the sequenced libraries. 
 
 
 
8.1.2 Patterns of gene-expression between skeletal muscle and electric organ 
 

As already stated, the electric organs of mormyrid fishes have evolved from skeletal muscle 

tissue involving the modification of portions of the caudal musculature. The main phenotypic 

differences that emerged in the electric organ from its muscular counterpart are: i) the loss of 

contractile activity; ii) the anatomical transformation of its basal unit from a tube-like structure –i.e., 

the myocyte– to a disc-like shape –i.e., the electrocyte; iii) the evolution of a complex and highly 

variable system of plasma membrane ex-vaginations and protrusions –i.e., the stalk system–, that 

influences considerably the electrical properties of the electrocyte (e.g., impedance), and iv) the 

presence of ion pumps and channels that are responsible for the production of the EOD. The 

combination of these characteristics determines the ability to produce an electric field by the electric 

organ. 
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In this part of my work, I wanted to investigate how such phenotypic differences are reflected in the 

respective transcriptomes of skeletal muscle and electric organ in Campylomormyrus. By exploring 

the overall patterns of gene expression between the two tissues in C. compressirostris and C. tshokwe, 

I have been able to identify which genes are differentially expressed and to functionally annotate 

them. Additionally, the detection of the commonalities in terms of gene expression patterns between 

the two species –i.e, the pool of genes that are differentially expressed in both species– is important 

for determining, which are the “core” genes that might be responsible for the differentiation of the 

electric organ from myogenic tissue. 
 
From a technical point of view, this study has shown that it is possible to obtain high quality total 

RNA even from tissues sampled in the wild and under unfavorable conditions (e.g., tropical climate 

and absence of refrigerators), provided that they are handled appropriately (see the “Methods” section 

of Article II). The use of paired-end, strand specific libraries have remarkably improved transcriptome 

assembly performance and reliability as reflected by the relative statistics (see Table 1 in Article II). 
 
The functional annotation of 267 differentially expressed genes that are shared between C. 

compressirostris and C.tshokwe has revealed marked differences in terms of metabolic pathways, 

classes of ion channels and regulatory networks that might be crucial for explaining the observed 

phenotypic differences between the electric organ and the skeletal muscle. Such differences suggest 

that the metabolic machinery of the electric organ could be mainly devoted to the production and turn-

over of membrane structures. This form of specialization might be necessary in order to keep the 

peculiar anatomy of the stalk system. Additionally, a product of phospholipids metabolism, 

phosphatidylinositol 4,5-bisphosphate, is known for increasing the activity of ion channels (Suh & 

Hille 2005). 
 
The up-regulation of the atp1a2a gene in the electric organ is explained by the fact that its product, the 

Na+/K+ ATP-ase, is fundamental for keeping the electrochemical gradient across the plasma 

membrane. Voltage-gated ion channels, on the other hand, are important for dissipating the electric 

potential generated by the ATP-ases and therefore for producing an EOD in response to an action 

potential. In the electric organ of the analyzed species, one gene coding for a voltage-gated sodium 

channel (scn4aa) is highly expressed in the electric organ, as already observed in other mormyrids and 

gymnotiform electric fishes. In fact, previous studies (Zakon et al. 2006) have demonstrated how the 

two paralogs of the voltage-gated sodium channelgene (scn4aa, scn4ab) are differentially expressed 

between skeletal muscle and electric organ in several unrelated species of electric fishes, whereas they 

are equally expressed in the muscle of Danio rerio. This finding suggests that paralog genes, which 

appeared after the teleost specific whole-genome duplication event, might have been involved in neo-

functionalization processes through tissue-specific expression (Opazo et al. 2013). 
 
Other over-expressed genes that increase cell excitability are the potassium channels kcnq5a and 

kcnj9. Both channels may act synergistically with sodium channels in order to promote the flux of 

cations across the electrocyte’s plasma membrane. 
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The electric organ of mormyrid fishes still presents non-functional myofibrils; this vestigial presence 

is reflected in the transcriptome by the moderate expression of a few myosin and actin coding genes. 

However, most of the genes that are responsible for keeping a functional and organized sarcomere are 

down-regulated (e.g tcap), hence explaining the presence of dis-organized myofibrils in the 

electrocyte. Many genes involved in calcium compartmentalization (e.g. atp2a1, atp2a2, casq1a) and 

release (e.g. ryr1, stac3, jph1) are also down-regulated (Figure 1b). These results suggest that a key 

step in the evolution of electrogenesis might have been the disabling of the excitation-contraction 

pathway in the electrocytes. 
 
The great number of transcription factors and signal transducers, identified as differentially expressed, 

suggests the important role played by regulatory networks in determining phenotypic differences 

between EO and SM. For instance the two basic Helix Loop Helix (bHLH) transcription factors hey1 

and hes6, in co-operation with her6, are known to negatively regulate the expression of myogenic 

factors in several model organisms (Figure 1a). 
 
 
 
 
 
8.1.3 Future perspectives 
 

The analysis of differentially expressed genes between skeletal muscle and electric organ in 

two species of African weakly-fishes suggests that: i) the loss of the contractile activity and the 

decoupling of the excitation-contraction processes are reflected by the down-regulation of the 

corresponding genes in the electric organ; ii) the metabolic activity of the EO might be specialized 

towards the production and turn-over of membrane structures; iii) several ion channels are highly 

expressed in the EO in order to increase excitability; iv) several myogenic factors might be down-

regulated by transcription repressors in the EO. 
 
Future transcriptomic analyses should investigate how these differences arise during development by 

performing RNA-Seq experiments at serial ontogenetic stages. In addition, the findings made in this 

study need to be experimentally validated in vivo by: i) identifying the patterns of tissue specific gene 

expression using techniques like fluorescent in situ hybridization, and ii) using reverse genetics 

approaches, like gene silencing, for inferring the function of candidate genes. 
 
This study was primarily focused on investigating transcriptome-wide differences of gene expression 

level between different tissues within the same species. Further analyses, however, should investigate 

patterns of gene expression within the same organ across different species using recently derived 

models of gene expression evolution (Rohlfs et al. 2014). In fact, given the wide variability in terms of 

EOD characteristics across species one would expect greater inter-specific variance at the expression 

levels for the electric organs than for the skeletal muscle. 
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Figure	   1	   A)	   Interaction	   among	   the	   identified	   transcription	   factors	   and	   sarcomeric	   proteins.	   Early	  
transcription	   factors	   (TFs)	   influence	   the	   expression	   of	   muscle	   regulatory	   factors	   (MRFs),	   which	  
ultimately	   lead	   to	   the	   expression	   of	   muscle-‐specific	   effector	   genes.	   B)	   Picture	   showing	   the	  
functioning	  of	  the	  excitation-‐contraction	  pathway	  in	  skeletal	  muscle.	  The	  down-‐regulation	  of	  genes	  
involved	   in	   the	   calcium	   cycle	   determines	   the	   decoupling	   of	   the	   excitation	   and	   contraction	  
mechanisms	  in	  the	  electric	  organ	  of	  Campylomormyrus. 
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8.2 Campylomormyrus species tree estimation and delimitation 
 
The application of coalescent-based species tree estimation methods to Campylomormyrus has 

revealed the existence of two main species assemblages; one formed by: C. compressirostris, C. 

curvirostris, C. rhynchophorus, C. numenius, C. tshokwe, and C. sp. nov.; the other represented by all 

the members of the so-called “alces” complex (C. alces, C. elephas, and C. chrystyi). The basal 

position of C. tamandua confirms the results obtained by previous studies (Feulner et al. 2007). 

Species delimitation is statistically supported only for those taxa displaying marked differences in 

terms of morphology and EOD characteristics. An emblematic case is that of the two sister species C. 

compressirostris and C. curvirostris, which are characterized by prominently different snout 

morphologies and EOD shapes. In fact, although such evident differences, none of the previous 

molecular phylogenetic analyses was able to disentangle the relationships between these two taxa. On 

the other hand, the joint application of DNA sequence markers under a coalescent framework, and the 

use of microsatellites as an independent line of evidence have allowed to resolve their phylogenetic 

relationships. Additionally, the results of this study indicate that C. sp. nov. can be effectively 

considered as a distinct, yet undescribed species and confirm the results of the morphometric analysis 

conducted by Feulner et al. (2007). Its pale coloration and substantially reduced eyes suggest that this 

new species might be adapted to live in deep, dark waters (Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	  2	  C.	  sp.	  nov.:	  a	  yet	  undescribed	  species	  of	  Campylomormyrus. 
 
 
 

 
All the putative cryptic species investigated in this study, which could be distinguished only by 

features of their electric discharge, did not obtain enough statistical support for being considered as 

distinguished species. There are mainly two explanations for this finding: i) the different EODs 
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observed are the result of environmental effects –i.e. phenotypic plasticity, or ii) these populations 

might be experiencing incipient sympatric speciation, driven by directional selection acting on few 

loci, and the markers used in this study may not be sufficient to capture any signature of reproductive 

isolation (Noor & Feder 2006; Nosil & Schluter 2011). 

In conclusion, species-tree inference and species delimitation methods based on the multispecies 

coalescent model are very valid tools of investigation. Nevertheless, violations of their underlying 

assumptions may introduce inference errors. Previous simulation studies have demonstrated the 

robustness of the model against certain kinds of violations (e.g. gene flow among species; Ence & 

Carstens 2011; Zhang et al. 2011; Heled et al. 2013). However, when working with empirical data the 

consistency between the data and the model is not aprioristically known; for this reason the 

application of methods that can assess such fit is of vital importance. The usage of PPS model-

checking techniques on the *BEAST species-tree reveals the coherence between the 5 markers 

developed for this study and the model, this does not necessarily mean that the topological conflicts 

among gene trees are the pure result of ILS (one of the main assumptions of the multispecies 

coalescent model), but that, if any other biological process (e.g. natural selection, hybridization, gene 

duplication) has shaped the present pattern of observed data, it does not drastically influence the 

outcome of an analysis based on such model. 

 
8.2.1 Future perspectives 
 
In order to increase the level of resolution among putatively cryptic species a considerably high 

amount of markers coming from unlinked loci should be utilized. The development of recent NGS 

techniques like RAD-Sequencing (Baird et al. 2008) would allow to develop enough Single 

Nucleotide Polymorphism (SNP) markers for achieving this task. 
 
All the specimens analysed in the present study come from a restricted portion of the Congo River in 

the area of Kinshasa/Brazzaville. The Congo Basin, however, has a surface of 3.7 million square 

kilometres; therefore, future studies should investigate to what extent geographically distant 

populations are related to each other. 
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