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Abstract.—Bonytongues (Osteoglossomorpha) constitute an ancient clade of teleost fishes distributed in freshwater habitats
throughout the world. The group includes well-known species such as arowanas, featherbacks, pirarucus, and the weakly
electric fishes in the family Mormyridae. Their disjunct distribution, extreme morphologies, and electrolocating capabilities
(Gymnarchidae and Mormyridae) have attracted much scientific interest, but a comprehensive phylogenetic framework
for comparative analysis is missing, especially for the species-rich family Mormyridae. Of particular interest are disparate
craniofacial morphologies among mormyrids which might constitute an exceptional model system to study convergent
evolution. We present a phylogenomic analysis based on 546 exons of 179 species (out of 260), 28 out of 29 genera, and all
six families of extant bonytongues. Based on a recent reassessment of the fossil record of osteoglossomorphs, we inferred
dates of divergence among transcontinental clades and the major groups. The estimated ages of divergence among extant
taxa (e.g., Osteoglossomorpha, Osteoglossiformes, and Mormyroidea) are older than previous reports, but most of the
divergence dates obtained for clades on separate continents are too young to be explained by simple vicariance hypotheses.
Biogeographic analysis of mormyrids indicates that their high species diversity in the Congo Basin is a consequence of
range reductions of previously widespread ancestors and that the highest diversity of craniofacial morphologies among
mormyrids originated in this basin. Special emphasis on a taxon-rich representation for mormyrids revealed pervasive
misalignment between our phylogenomic results and mormyrid taxonomy due to repeated instances of convergence for
extreme craniofacial morphologies. Estimation of ancestral phenotypes revealed contingent evolution of snout elongation
and unique projections from the lower jaw to form the distinctive Schnauzenorgan. Synthesis of comparative analyses
suggests that the remarkable craniofacial morphologies of mormyrids evolved convergently due to niche partitioning,
likely enabled by interactions between their exclusive morphological and electrosensory adaptations. [Africa; ancestral
state estimation; diversity; exon capture; freshwater fishes; Phylogenomics.]

Convergent evolution of phenotypic traits has been
documented in many branches of the tree of life, raising
fundamental questions about the relative importance
of chance and selective forces on the process of
evolution (Gould 1989; Losos 1998). These questions can
be addressed at different levels of organization (e.g.,
genetic, physiological, developmental, and anatomical)
and at vastly different time frames, ranging from
microevolution among closely related species or
populations of the same species (e.g., Rundle et al. 2000;
Hoekstra et al. 2006) to large scale macroevolutionary
convergence among distantly related lineages (McGhee
2001). These comparisons, however, can only be framed
in reference to a phylogeny that includes repeated
evolution of the “same” trait along separate lineages
(Felsenstein 1985).

The focus of this study is an early-branching clade
of freshwater fishes with about 260 living species,
classified in the super-cohort Osteoglossomorpha
(the “bonytongues”), in which we document
repeated instances of morphological convergence.

This group includes charismatic arowanas and
arapaimas (Osteoglossidae), featherbacks (Notop-
teridae), elephant-nose fishes (Mormyridae), and
African butterflyfishes (Pantodontidae), among others.
The pan-African family Mormyridae is by far the most
species-rich (232 species) and morphologically diverse
clade within Osteoglossomorpha, but their phylogeny is
poorly known. Their diversity and geographic restriction
to the African continent, with the highest species
diversity found in the Congo Basin, make Mormyridae
a good candidate for fine-scale biogeographic and
morphological analyses. The only other clade of
freshwater electric fishes of comparable diversity and
continent-wide distribution are the distantly related
South American knifefishes (Gymnotiformes). These
two groups share many convergent phenotypic and
ecological traits—namely, nocturnal lifestyles enabled by
electrolocation for navigation, food acquisition, defense,
and communication, and distinctive craniofacial
morphologies (Lavoué et al. 2012). But rampant
convergence also seems to be present within each clade.

1032

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/71/5/1032/6510956 by guest on 24 April 2024

https://orcid.org/0000-0002-3953-147X
https://orcid.org/0000-0003-0585-5617
https://orcid.org/0000-0002-9837-3010
https://orcid.org/0000-0002-7046-6434
https://orcid.org/0000-0002-0582-0740
https://orcid.org/0000-0002-5642-4203
https://orcid.org/0000-0002-9512-5011
https://orcid.org/0000-0002-5126-1345
https://orcid.org/0000-0003-4006-4036
https://orcid.org/0000-0002-6886-2323


Copyedited by: YS MANUSCRIPT CATEGORY: Systematic Biology

[08:43 23/7/2022 Sysbio-OP-SYSB220002.tex] Page: 1033 1032–1044

2022 PETERSON ET AL.—CONVERGENT CRANIOFACIAL EVOLUTION AND BIOGEOGRAPHY 1033

While studies of mormyrids focused on the evolution
and physiology of electric organs and behavior
associated with electroreception (e.g., Lissmann 1958;
Hopkins and Bass 1981; Caputi et al. 2005; Gallant
et al. 2014), less attention has been devoted to
their remarkable variation in craniofacial morphologies
(CFMs) associated with their mouth and jaws (Fig. 1),
which are densely covered with electroreceptors (Bacelo
et al. 2008; Hollmann et al. 2008; Amey-Özel et al.
2012). Some extreme CFMs in the genera Mormyrus
and Mormyrops include “tubesnouts,” with a bony
elongations of their head with small pincer-like jaws at
the anterior end (Fig. 1j). The tubesnout phenotype is
not uncommon in other teleost lineages (e.g., armored
sticklebacks, spikefishes, pipefishes, and seahorses),
suggesting that this morphology convergently evolved
in fishes as a feeding specialization across deep time.
However, only mormyrids and gymnotiforms have
independently acquired tubesnouts that are densely
covered with electroreceptors (Castelló et al. 2000;
Sullivan et al. 2000; Albert 2001; Evans et al. 2017).
The remarkable convergence of tubesnout morphology
and function in weakly electric gymnotiforms and
mormyrids seems to have evolved in concert with
their unique electrosensory systems, allowing them
to exploit novel trophic niches, such as extracting
prey from crevices with a “grasp-suction” method
(Marrero and Winemiller 1993; Lavoué et al. 2012).
Other unique CFMs of mormyrids associated with
foraging behavior include a “chin-swelling”—a fleshy
mass protruding from the lower jaw—as seen in
Marcusenius (Fig. 1l), and the Schnauzenorgan—a
fingerlike appendage projecting from the lower jaw—
that is typical of the genus Gnathonemus (Fig. 1k;
Stendall 1916). Some species, such as Campylomormyrus
mirus, have the most extreme CFM that combines both
a tubesnout and a Schnauzenorgan (Fig. 1m). Most
mormyrids, however, are not characterized by any CFM
protrusion and are referred to here as “blunt-nose”
phenotypes. An early phylogenetic study of mormyrids
(Sullivan et al. 2000) suggested that the chin-swelling,
tubesnout, and Schnauzenorgan CFMs might have
evolved independently in several genera, muddling
their utility as diagnostic characters for taxonomy.
But previous phylogenetic studies of mormyrids have
analyzed relatively few taxa because many species occur
in remote, hard-to-sample locations, and therefore are
rare in museum collections (Sullivan et al. 2000, 2002;
Lavoué et al. 2000).

The oldest osteoglossomorph fossils date back to the
Early Jurassic (206.9–167 Ma, Capobianco and Friedman
(2019), but molecular phylogenies push their origin
as far back as 260–197 Ma (Broughton et al. 2013).
Fossil osteoglossomorphs are found in every continent
besides Antarctica (Greenwood et al. 1966; Hilton
2003), and extant taxa are only absent from Europe.
Their disjunct global distribution in freshwater habitats
prompted contrasting biogeographic hypotheses such as
vicariance due to Gondwana break-up and transoceanic

dispersal (e.g., Nelson 1969; Lundberg 1993; Inoue
et al. 2009; Hilton and Forey 2015; Lavoué 2016). But
phylogenetic relationships among osteoglossomorphs
(Fig. 1a–d) have been contentious mainly due to the
unstable position of the enigmatic African butterflyfish
Pantodon buchholzi (Fig. 1f) and poor taxon sampling
among mormyrids, hampering comparative studies (Li
and Wilson 1996; Hilton 2003; Lavoué and Sullivan
2004; Zhang 2006; Bonde 2008; Lavoué 2016; Hilton
and Lavoué 2018; Murray et al. 2018). Mormyrids
have a fragmentary fossil record restricted to Africa
(Greenwood 1972; Hilton 2003; Lavoué and Sullivan
2004; Wilson and Murray 2008; Lavoué et al. 2012;
Lavoué 2016; Hilton and Lavoué 2018) and extant species
have a Pan-African distribution, occurring in seven of
nine ichthyofaunal provinces, with highest diversity in
the Congo Basin (Lévêque et al. 2008). This pattern,
also reported for other African freshwater fishes, is
consistent with a hypothesis considering the Congo
Basin as a source of diversity for more depauperate
areas (Livingstone et al. 1982). Palaeohydrological and
paleoclimatic changes also have been suggested to
promote diversification of African freshwater organisms
(Lundberg 1998; Montoya-Burgos 2003), especially
increasing temperatures and precipitation during the
Middle Miocene (Flower and Kennett 1994; Zachos et al.
2001) that may have increased connections between river
basins. Africa has a rich ichthyofaunal diversity, but the
patterns and processes responsible for this diversity are
poorly understood (Lévêque and Paugy 2017; Arroyave
et al. 2020).

Here, we develop a phylogenomic framework based
on 546 exon sequences and a taxonomically dense
sampling of ostoglossomorphs, with the most complete
representation of mormyrids to date. Integrating
neontological and paleontological data, we reassess
the timing of diversification of osteoglossomorphs and
test macroevolutionary processes involving African
mormyrids, including their biogeography and the
evolution of CFMs. By combining a dense taxon
sampling and genome-wide markers, our results provide
new insights into the diversification of this iconic clade
of early-diverging teleosts and reveal several instances
of convergent evolution of their unique morphological
innovations.

MATERIALS AND METHODS

Taxon Sampling
A total of 197 specimens were included in the

molecular analysis presented in this study (Table S1
of the Supplementary material available on Dryad at
http://dx.doi.org/10.5061/dryad.31zcrjdkm), counting
10 individuals that have publicly accessible data
(Lamanna et al. 2015; Gallant et al. 2017; Estefano et al.
2018; Hughes et al. 2018). Taxonomic sampling for the
ingroup (Osteoglossomorpha; Arratia 1999) included
187 individuals representing 179 species out of ~260,
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FIGURE 1. a–d) previous morphological and molecular phylogenetic hypotheses for Osteoglossomorpha. Intercontinental sister-group
relationships implied by these phylogenies include (i) Arapaima (South America) and Heterotis (Africa), (ii) Scleropages (Australia and Southeast
Asia) and Osteoglossum (South America), and (iii) Asian and African Notopterids (relationships not shown). e) Maximum likelihood tree
for Osteoglossomorpha based on a concatenated 546 exon data set (this study). Numbers (1–3) identify nodes that were constrained with
secondary calibrations and letters (A–D) nodes constrained by fossils for the time-tree analysis. Photographs represent morphological diversity
among osteoglossomorphs and cranialfacial morphology in Mormyridae. f) Pantodon buchholzi (Pantodontidae); g) Osteoglossum bicirrhosum
(Osteoglossidae); h) Chitala chitala (Notopteridae; UF fish 237959); i) Gymnarchus niloticus (Gymnarchidae); j) Mormyrops boulengeri (tubesnout;
CUMV 97526); k) Gnathonemus petersii (Schnauzenorgan; CUMV 96749); l) Marcusenius stanleyanus (chin swelling; CUMV 96481); and m)
Campylomormyrus mirus (tube snout with Schnauzenorgan; CUMV 9705). Photo credits: John P. Sullivan (f, j–m), Xomenka licensed under
CC BY 3.0 (g), Zachary Randall, Florida Museum of Natural History (h), Ellicrum licensed under CC BY-SA 3.0 (i).

and all six families. The only genus not sampled was
Heteromormyrus (Mormyridae), only known from the
holotype (Steindachner 1866). The outgroup sampling
included 10 species from Elopomorpha and Holostei.
Voucher information is listed in Table S1 of the
Supplementary material available on Dryad.

DNA Extraction and Sequencing
We extracted genomic DNA from muscle or fin clips

at the Laboratory of Analytical Biology, Smithsonian
Institution National Museum of Natural History.
Extractions followed the standard animal tissue phenol
protocol for the Gene Prep (Autogen) platform. We used
the “Backbone 1” probe set to enrich libraries for a set
of 1105 target exons defined by Hughes et al. (2021).
Library preparation and exon capture were performed
by Arbor Biosciences (Ann Arbor, MI) on 153 samples.
Enriched libraries were pooled and sequenced at the
University of Chicago Genomic facility on a HiSeq
4000 lane with paired-end 100 bp reads. Whole-genome
sequencing (WGS) was performed on 44 individuals for
an upcoming project on comparative genomics (WGS;
Table S1 of the Supplementary material available on
Dryad). Tissue samples for these taxa were shipped

to GeneWiz (South Plainfield, New Jersey) for DNA
extraction, library preparation, and sequencing. These
libraries were “shotgun” sequenced on an Illumina
HiSeq X Ten multiplexing five samples per lane to obtain
150 bp paired-end reads (more details in Supplementary
Methods available on Dryad).

Quality Control, Sequence Assembly, and Alignments
The assembly of exon sequences from raw-reads

obtained by the exon-capture protocol followed the
bioinformatics pipeline described by Hughes et al.
(2021). For the 44 taxa with WGS data, we filtered
low quality and short reads using Trimmomatic v0.39
(Bolger et al. 2014) and assembled trimmed reads into
scaffolds with SOAPdenovo2 v2.04-r240 (Luo et al. 2015).
The 1105 targeted exons were extracted from these
scaffolds using HMMER v3.1b (Wheeler and Eddy 2013)
following Hughes et al. (2018). Sequences were aligned
with MACSE v2.03 (Ranwez et al. 2018). To minimize
missing data, we excluded exon alignments with <50%
of taxa present from any downstream analysis. We
visually inspected gene trees where Mormyridae was
not monophyletic to minimize the potential effect of

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/71/5/1032/6510956 by guest on 24 April 2024

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data


Copyedited by: YS MANUSCRIPT CATEGORY: Systematic Biology

[08:43 23/7/2022 Sysbio-OP-SYSB220002.tex] Page: 1035 1032–1044

2022 PETERSON ET AL.—CONVERGENT CRANIOFACIAL EVOLUTION AND BIOGEOGRAPHY 1035

paralogous sequences and potential cases of cross-
contamination. Misplaced taxa or the complete exon
alignment were excluded from downstream analysis
after visual inspection. Finally, we used TreeShrink
(Mai and Mirarab 2018), a quality control utility
designed to identify and remove misplaced taxa in
gene trees. Additional quality control steps implemented
are explained in Supplementary Methods available on
Dryad.

Phylogenomic Inference
We concatenated exon alignments that passed quality

control filters into a single alignment and partitioned
the entire matrix into three subsets according to
codon position. We used the “TESTMERGE” option
of ModelFinder (Kalyaanamoorthy et al. 2017) in IQ-
TREE v1.6.11 (Nguyen et al. 2015) to find the best-fitting
substitution model for merged partitions. IQ-TREE was
also used to estimate a concatenation-based phylogeny
under maximum likelihood (ML) using 10 independent
runs, with node support assessed by 1000 ultrafast
bootstrap replicates (Hoang et al. 2018). Individual gene-
trees were estimated using IQ-TREE, with the same
search parameters. To minimize the negative impact
of gene-tree estimation error when using two-step
multispecies-coalescent methods (Simmons and Gatesy
2021), gene-tree branches with <50% bootstrap support
were collapsed using TreeCollapseCL v4 (Hodcroft
2012), and used as input for ASTRAL-III (Zhang
et al. 2017). Local posterior probability support values
(Sayyari and Mirarab 2016) were calculated for ASTRAL
trees. Finally, to account for phylogenetic uncertainty
in downstream comparative analyses, we created 10
data subsets consisting of 50–60 genes each (following
Rincon-Sandoval et al. 2020; Santaquiteria et al. 2021).
This number of subsets is a tradeoff between obtaining
enough replicates (10) while keeping sufficient data
(exons) within each subset (50–60 exons). Although more
replicates (>10) would have been desirable, a lower
number of exons per subset would have diminished
the quality of the inference and inflated gene-tree
uncertainty beyond reasonable limits (more details
in Supplementary Methods available on Dryad). A
ML analysis with IQ-TREE and a two-step coalescent
analysis with ASTRAL-III were run for each subset, as
above. We visualized topological discordance among
phylogenies by plotting all our trees (total data set and
10 subsets; 22 topologies total) using multidimensional
scaling implemented in the R package phytools (Revell
2012). The topology obtained with IQ-TREE on the
concatenated full data matrix was used as a reference
(henceforth the “master” tree).

Divergence-time Estimation
All 22 topologies were time-calibrated using four

fossil taxa and three secondary calibrations (Fig. 1e,
Supplementary Methods available on Dryad and Table
S3 of the Supplementary material available on Dryad).

Based on a recent review of the paleontological record of
osteoglossiforms (Hilton and Lavoué 2018), we included
†Atractosteus falipoui (crown Lepisosteidae; Benton et al.
2015), †Hiodon woodruffi (crown Hiodon; Hilton and
Grande 2008), †Sinoglossus lushanensis (trichotomy with
Heterotis and Arapaima; Li and Wilson 1996; Lavoué
2016), and †Palaeonotopterus greenwoodi (stem mormyroid
Hilton 2003; Wilson and Murray 2008). These fossils were
assigned to specific nodes (present in all 22 topologies,
Fig. 1e) based on the classification provided in the most
current literature. We used a uniform distribution as
a prior to constrain these nodes by enforcing a hard-
minimum age based on the youngest age interpretation
of the fossil and a soft maximum age. This prior
ensures that the calibrated node is at least as old as
the estimated age of the corresponding fossil and allows
for uncertainty in maximum age due to incompleteness
and sampling biases in the fossil record. Secondary
calibrations obtained from prior studies by Betancur
et al. (2013), Hughes et al. (2018), Broughton et al. (2013),
and Giles et al. (2017) were applied to specific nodes
to enforce soft maximum age and hard minimum age
priors using a uniform distribution (Fig. 1e; Table S3
of the Supplementary material available on Dryad). We
implemented these priors in the program MCMCTree
(PAMLv4.9; Yang 2007), an approximate likelihood
approach in a Bayesian Framework (dos Reis and Yang
2019), that is less computationally expensive than other
full-likelihood approaches and, therefore, more suitable
for genome-scale data sets. To assess the uncertainty
that may arise by sampling molecular data, we also
estimated divergence times for trees inferred from the
ten nonoverlapping subsets of exons. The all-genes
ASTRAL tree did not converge and was excluded from
downstream analyses (ESS values <200). More details
are available in Supplementary Methods available on
Dryad.

Craniofacial Morphology Evolution in Mormyridae
Evolutionary analysis of CFM was based on the

estimation of transition rates among discrete phenotypes
characterized for mormyrid taxa (Fig. 1). We assigned
each terminal taxon to one of five CFM states (Appendix
3 of the Supplementary material available on Dryad):
(0) blunt-nose, (1) chin-swelling, (2) tubesnout, (3)
Schnauzenorgan, (4) tubesnout with Schnauzenorgan.
We implemented stochastic character mapping (Bollback
2006) to estimate ancestral states and transition rates
along the phylogeny with the make.simmap function
available in the R package phytools (Revell 2012). The
time-calibrated tree topology inferred with IQ-TREE
using all genes was used as the reference phylogeny. We
chose the best-fitting model according to AICc values
among the following options: Equal Rates, Symmetric
Rates (SYM), or All Rates Different. To account for
phylogenetic uncertainty, we ran 100 simulations for
each of the 21 time-trees estimated (see above) after
pruning taxa to include only Mormyridae. Transition
rates among states were averaged across all simulations.
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For example, if the 1-to-2 character-state transformation
was estimated to occur in 14 instances across the 100
simulations (on average) for each tree, then the reported
rate (or probability) for this transformation would be
0.14, interpreted to be close to zero and therefore
receiving no support from this analysis.

Biogeographic Analyses of Mormyridae
African freshwater biogeographic regions proposed

by Lévêque et al. (2008) and occupied by mormyrids
include Upper Guinea (UG), Lower Guinea (LG), Nilo-
Sudanic (NS), Zambezi (Z), East Coast (EC), Congo
Basin (CB), and Quanza (Q). A species-by-region matrix
(Table S6) was coded for presence or absence of extant
mormyrid species using FishBase (Froese and Pauly
2000), FaunAfri (Paugy et al. 2008) and field observations
by J.P. Sullivan. We estimated ancestral ranges using
the R package BioGeoBEARS (Matzke 2013). Two
different dispersal schemes were implemented to model
evolution among biogeographic regions: (M0) assumes
that dispersal between any pair of regions is equally
likely, following Arroyave et al. (2020); (M1) assumes
constraints to dispersal contingent on the proximity
and connectivity between regions and the dispersal
capability of extant species (basins that are next to
each other are given 100% of probability for dispersal,
while areas that are not connected have a probability
of 0.01%). For each dispersal scheme, we evaluated
12 biogeographic models including “DEC” (Ree and
Smith 2008), “DIVA” (Ronquist 1997), and “BayAREA”
(Landis et al. 2013), with and without the j parameter
(Matzke 2014), and with and without the w parameter
(Dupin et al. 2017). Dispersal schemes and input files
for BioGeoBEARS are listed in Supplementary Methods,
Tables S6, S8, and Appendix 4 of the Supplementary
material available on Dryad. To account for phylogenetic
uncertainty, we implemented the best model on each
of the 21 time-trees estimated (see above) after pruning
taxa to include only Mormyridae (see Supplementary
Methods available on Dryad for details).

RESULTS

Phylogenetic Inference and Divergence Estimation for
Osteoglossomorpha

Raw sequence data are available at NCBI Bioproject
(PRJNA699339); for molecular data set properties and
alignment files see Supplementary material (Appendix
1 of the Supplementary material available on Dryad).
Most of the 22 phylogenies estimated from the
complete 546 exon data set and exon subsets produced
congruent and highly supported topologies resolving
the major groupings within Osteoglossomorpha (Figs.
1–3, Figs. S1–S3 of the Supplementary material
available on Dryad). Collectively, our results (Fig. 1e)
support the hypothesis for family-level relationships of
Osteoglossomorpha published by Lavoué and Sullivan
(2004), and Betancur-R et al. (2017). A few exceptions

in our subsets are noted in the Supplementary
Results available on Dryad. However, given the overall
concordant results, the topology inferred with IQ-TREE
for the concatenated data set is used as our working
hypothesis (the master tree) because trees inferred with
ASTRAL for both the full data set and subsets contain
many polytomies, particularly within Mormyridae (Fig.
S3 of the Supplementary material available on Dryad).

The robust taxon sampling included in our
phylogenetic analysis revealed a novel, rapidly
evolving clade among mormyrids, that includes 51
morphologically diverse species in the genera
Campylomormyrus, Cyphomyrus, Gnathonemus, Genyo-
myrus, Hippopotamyrus, and Marcusenius (Fig. 3;
henceforth the “C+ clade”). Craniofacial morphologies
present in this clade include the Schnauzenorgan,
the tubesnout with Schnauzenorgan, and the chin-
swelling phenotypes (Fig. 4), making this the
most CFM-diverse clade among mormyrids. The
rapid radiation of species and convergent evolution
implied by our phylogeny (see below) likely misled
previous taxonomic assignments, as shown by the
nonmonophyly of three of the four C+ genera (Fig. 3):
Gnathonemus (elephant fishes with Schnauzenorgan);
Marcusenius, and Hippopotamyrus (both including
species with chin swelling phenotypes, Figs. 2 and 3).
These genera require taxonomic revision (Supplemen-
tary Results: Taxonomic Findings available on Dryad).

The time-calibrated phylogenies of the master tree
and subsets are shown in Figure 4 and Figure S1
of the Supplementary material available on Dryad,
respectively, and divergence-time estimates for select
osteoglossomorph clades are shown in Table S5 of the
Supplementary material available on Dryad. The origin
of Osteoglossomorpha was estimated at 227.4 Ma (HPD
248.8–207 Ma) and Osteoglossiformes was inferred to
have originated 197.7 Ma (HPD 221.6–174.4 Ma). The
divergence of Arapaima (South American) and Heterotis
(African) inferred to occur 45.4 Ma (HPD 48.2–41.6
Ma), while the estimated age for the divergence of
Scleropages (SEA/Australian) and Osteoglossum (South
American) was 38.2 Ma (HPD 50.9–24.9 Ma), but see
Supplementary Materials available on Dryad for an
alternative calibration using another fossil Scleropages.
Asian (Chitala and Notopterus) and African (Papyrocranus
and Xenomystus) notopterids diverged 69.29 Ma (HPD
78.7–60.3 Ma). Although the root of Mormyridae was
estimated at 51.6 Ma (HPD 58.9–44.7 Ma), the explosive
speciation with mormyrid Clade C+ is much more
recent, starting only 13.1 Ma (HPD 15.1–11Ma) (Table S5
of the Supplementary material available on Dryad).

Ancestral State Estimation for Craniofacial Phenotypes
The SYM that assumes symmetric backward and

forwards rates of transitions among CFMs was
marginally the best fit for our data (Table S4 of
the Supplementary material available on Dryad). The
average number of changes among states, estimated

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/71/5/1032/6510956 by guest on 24 April 2024

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syac001#supplementary-data


Copyedited by: YS MANUSCRIPT CATEGORY: Systematic Biology

[08:43 23/7/2022 Sysbio-OP-SYSB220002.tex] Page: 1037 1032–1044

2022 PETERSON ET AL.—CONVERGENT CRANIOFACIAL EVOLUTION AND BIOGEOGRAPHY 1037

FIGURE 2. Maximum likelihood tree of Mormyridae based on the concatenated 546 exon matrix. The complete uncollapsed phylogeny is
shown on the left with boxed area amplified here indicated by shading. Mormyridae Clade C+ (Campylomormyrus, Gnathonemus, Hippopotamyrus,
and Marcusenius) is displayed in Figure 3. Taxa in need of revision (see Supplementary Results: Taxonomic Findings available on Dryad) are
denoted by an asterisk and type species for a genus are marked with a black square. Scale bar units = substitutions/site. Photo credits: John P.
Sullivan.

from 100 stimulations ran on the 21 time-calibrated
topologies, indicates multiple transitions among CFM
states. The most frequent transition among CFMs
was from a blunt-nose to the chin-swelling state,
estimated to occur six times among mormyrids (Fig.
4b). The second most frequent transition was from
blunt-nose to tubesnout (four times). The origin of
the Schnauzenorgan seems to be more complex due

to its inferred association with the tubesnout state.
In fact, the most frequent scenario obtained in our
simulations estimates three independent transitions
from chin-swelling directly to a tubesnout with
Schnauzenorgan, and one transition from this state
to the Schnauzenorgan (i.e., due to loss of the
tubesnout phenotype). The transition from tubesnout to
tubesnout with Schnauzenorgan was not obtained in any
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Bootstrap

FIGURE 3. Maximum likelihood tree of Mormyridae Clade C+ based on the concatenated 546 exon matrix. The complete uncollapsed
phylogeny is shown on the left with boxed area amplified here indicated by shading. Earlier diverging mormyrids are displayed in Figure 2.
Taxa in need of revision (see Supplementary Results: Taxonomic Findings available on Dryad) are denoted by an asterisk and type species for a
genus are marked with a black square. Scale bar units = substitutions/site. Photo credits: John P. Sullivan.

simulation. Likewise, the origin of the Schnauzenorgan
directly from the chin-swelling state received very little
support in this analysis (P= 0.14, Fig. 4b).

Biogeographic Analyses of Mormyridae in Africa
The majority of mormyrid taxa (58% of our sampled

taxa) are present in the Congo Basin and 78% of these are
endemic to this region. Outside of this basin, the Nilo-
Sudanic region harbors the second-highest number of
mormyrid species (17% of our sampled taxa) and 44%
of them are endemics. In contrast, the Quanza region on
the Atlantic coast of Africa has only one sampled species

(Hippopotamyrus sp. Inkisi River). Mormyrid species
from all biogeographic regions are distributed across the
phylogeny, with all regions represented among the early
branching as well as the most recently derived clades
(Fig. 4a). But the C+ clade and Mormyrops seemed to
have diversified primarily in the Congo Basin. The sister
taxon to mormyrids is Gymnarchus, only present in the
Nilo-Sudanic region.

Biogeographic models based on the M1 matrix
assuming that dispersal capabilities of species are
constrained by connectivity between regions were
preferred over the unconstrained model (M0). The
overall best likelihood and AICc score was obtained for
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FIGURE 4. a) Biogeographic analysis of Mormyridae based on a time-calibrated phylogeny using BioGeoBEARS with the M1-DEC+w model
(topology shown in detail in Figs. 2 and 3). Geographic areas considered are NS = Nilo-Sudanic; UG = Upper Guinea; LG = Lower Guinea; Q =
Quanza; CB = Congo Basin; EC = East Coast; Z = Zambezi. Ancestral range estimations are shown with colored squares at the nodes. Boxes to
the right of the phylogeny indicate the current range of extant species. b) Ancestral state estimation for CFMs in Mormyridae based on SIMMAP
analyses using the same time-tree. Discrete phenotypes are indicated by different colors: blunt-nose (gray), chin swelling (green), tube snout
(orange), Schnauzenorgan (purple), and tube snout with Schnauzenorgan (yellow). Pie charts at nodes represent the likelihoods of inferred
ancestral states and circles at the tips represent each taxon’s observed state. Arrows and fish figures on the lower-right show the average number
of inferred character state transitions among phenotypes (averaged across 100-simulations run for each of 21 time-trees, under the SYM model.
Text boxes between phylogenies denote inferred transitions to the tube snout (TS) or tube snout with Schnauzenorgan (TS+S) phenotypes that
map to the Congo Basin (brown squares in a).

M1-DEC+j+w (AICc = 603.5; Table S8 and Fig. S4 of
the Supplementary material available on Dryad). But,
in light of recent criticism (Ree and Sanmartín 2018),
we also evaluated models without the j parameter. For
M1, the best model without the j parameter was DEC
+w (AICc =621, Fig. 4a) and for M0 it was DEC (Fig.
S5 of the Supplementary material available on Dryad),
The M1-DEC+w model for M1 matrix was therefore
the model preferred for our biogeographic analysis. We
inferred a broad geographical range for the ancestor of
mormyrids (Fig. 4a, NS+UG+LG+CB+Z). Further, we
find six independent colonization events from Congo
Basin ancestors to the East Coast and seven independent
colonization events from the Nilo-Sudanic to the Upper
Guinea regions. For additional details on biogeographic
model comparisons see Supplementary Results available
on Dryad and Table S9 of the Supplementary material
available on Dryad.

DISCUSSION

The new phylogeny provides a robust comparative
framework that enables detailed comparative analysis

of morphological transformations and biogeography
while at the same time accounting for phylogenetic
uncertainty. New findings discussed in supplementary
results taxonomic findings on Dryad also include
important taxonomic updates necessary for this group.

Phylogenomics and Classification of Osteoglossomorpha
This study provides the most robust hypothesis of

osteoglossomorph relationships to date based on both
rich taxon sampling (179 or ~69% of the species) and deep
gene coverage (546 exons; Figs. 1–3). The phylogenetic
placement of the monotypic family Pantodontidae
has been contentious among previous studies based
on morphological data (Fig. 1a–d) but our results
confidently placed Pantodon buchholzi as the sister-
group of all other osteoglossiforms, in agreement
with other molecular hypotheses (Lavoué and Sullivan
2004; Inoue et al. 2009; Lavoué et al. 2011; Betancur-
R et al. 2017; Hughes et al. 2018). Unique to our
study is the unparalleled phylogenetic resolution within
Mormyridae that includes 144 species (~65% of the
known diversity), compared to the previous largest
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phylogeny that included 41 species and was based
on only two molecular markers (Levin and Golubtsov
2018). We identify for the first time a rapid mormyrid
radiation that originated ~13.1 Ma (Clade C+, Figs. 3
and 4) and highlight the need for taxonomic revisions
(Supplementary Results, Taxonomic Findings available
on Dryad).

Biogeography of Mormyridae
The current distribution of mormyrids is inferred to

be a result of multiple vicariance event resulting in
range reductions from a broad ancestral range. Our
results indicate that the diversification of mormyrids was
influenced by hydrological changes following geological
and climatological events in Africa during the past
50 million years. The Miocene was characterized by
widespread uplifting giving rise to present-day features
of the Congo Basin, Angola, and East African rivers
(Lavier et al. 2001; Sepulchre et al. 2006). This was a time
of global climate change with warm temperatures and
high precipitation rates triggering a “climate optimum”
from 17–15 Ma (Flower and Kennett 1994; Zachos et al.
2001) that increased river discharge and connectivity and
is thought to have promoted freshwater diversification
(Livingstone et al. 1982). Our findings indicate that
two diverse groups, Clade C+ in the Congo and
Nilo-Sudanic basins (57 species) and Paramormyrops,
Ivindomyrus, Boulengeromyrus, and Cryptomyrus (clade
"PIBC," with 58 species) in the Lower Guinea region,
originated during this time (Fig. 4a). Studies of other
freshwater organisms in Africa also report substantial
cladogenesis during the Miocene (Day et al. 2013; Daniels
et al. 2015; Arroyave et al. 2020).

The Congo Basin covers 4 million km2 and has
the highest diversity of fishes in Africa, with ~1200
species, 80% of which are endemic (Stiassny et al.
2011). Hydrographic barriers within the Congo Basin
are important at a population level in promoting
diversification and preventing population mixing
(Markert et al. 2010; Alter et al. 2017). However, how
species-level diversity arose or is maintained in the
Congo Basin is unknown (Day et al. 2017). Previous
studies distinguished alternative hypotheses for African
freshwater diversity, contrasting dispersal out of the
Congo Basin (source) from dispersal into the Congo
Basin (sink) (Livingstone et al. 1982). Fishes such as
Distichodus and Hydrocynus (Characiformes), have their
inferred ancestral range in the Congo Basin, supporting
the source hypothesis (Goodier et al. 2011; Arroyave
et al. 2020). Studies of catfishes (Synodontis) and spiny
eels (Mastacembelus), on the other hand, infer multiple
invasions into the Congo Basin from a much broader
ancestral range (Day et al. 2013, 2017). This seems to be
the case of mormyrids, given their inferred ancestral
ranges that include most biogeographic regions (Fig.
4a). Our results support scenarios with multiple range
reductions from this broad ancestral distribution to only
the Congo Basin, suggesting that some extant taxa may
have a relictual distribution in this basin indicating

the Congo Basin is a sink for mormyrid diversity. It
is possible that more stable conditions in the Congo
basin than in other African basins after the Miocene
events and throughout recent geological time provided
greater opportunities for persistence. Moreover, we also
show more recent speciation events in the Congo basin
itself, most notably for Clade C+, Petrocephalus, and
Mormyrops, after the Miocene. More studies focusing
on continental distributions of African freshwater taxa
are needed to understand how climate change coupled
with geological and hydrological events affected their
diversification.

Evolution of Craniofacial morphology in Mormyrids
Repeated origin of distinctive CFMs among

mormyrids could be inferred with detail, revealing
a complex pattern of evolution (Fig. 4). Our results
establish that an ancestral blunt-nose condition gave
rise to tubesnouts four times, such as Mormyrops
boulengeri and Mormyrops zanclirostris and species
of Mormyrus (Figs. 1j and 2), and the widespread
chin-swelling phenotype six times—providing prima
facie evidence for this trait’s adaptive value even
though very little is known about its fine structure and
function. Therefore, the elongation of the snout and the
origin of a fleshy extension of the lower jaw followed
independent paths leading to these two characteristic
CFMs. In contrast, evolution of the most extreme
morphologies, the Schnauzenorgan and the tubesnout
with Schnauzenorgan, seems contingent on an ancestral
chin-swelling phenotype that underwent extreme
elongation of the snout. The outcome of this elongation,
inferred to have happen three times independently, is a
tubesnout phenotype that also carries a Schnauzenorgan
(Campylomormyrus, Gnathonemus echidnorhynchus, and
Genyomyrus; Figs. 1m and 3). Direct evolution of the
Schnauzenorgan (extending from the lower jaw) from a
chin-swelling ancestor is not supported by our analysis
and seems to depend on the concurrent elongation of
the snout. Species that only carry a Schnauzenorgan
(Gnathonemus petersii and Gnathonemus longibarbis; Figs.
1k and 3) seem mostly likely derived by the shortening of
an ancestral tubesnout with Schnauzenorgan. Previous
phylogenetic studies were unable to resolve some key
mormyrid relationships with confidence (Sullivan et al.
2000, 2002; Lavoué et al. 2000 and the highly derived
appearance of the Schnauzenorgan and the tubesnouts
with Schnauzenorgan were thought to have a single
origin, challenging taxonomic designations in this
group. Future anatomical and developmental studies
of these structures may provide critical evidence and
necessary details to unravel the processes leading to
these unique CFMs.

The high species diversity reported for mormyrids in
the Congo Basin includes all craniofacial phenotypes
with elongated snouts (tubesnouts), species with a
Schnauzenorgan, and the combination of tubesnout
with Schnauzenorgan. Most of the transformations to
these unique CFMs originated in the Congo, or across
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a wider area that includes the Congo (Fig. 4, TS1 −
TS4, TS + S1 − TS + S3). Although the functional
morphology of these CFMs is poorly known, tubesnouts
are densely covered in electroreceptors (Castelló et al.
2000; Hollmann et al. 2008), and they may play an
important role for locating prey in rocky substrates
with poor visibility, especially for nocturnal species.
A recent study of Campylomormyrus (species harboring
tubesnout with Schnauzenorgan) reported associations
between habitat type (sandy bottom or rocky substrate)
and length of the tubesnout (Amen et al. 2020). Longer
tubesnouts were found more often in rocky habitats,
suggesting that this phenotype may allow them to
penetrate further into the substrate to search for prey. The
diversity of habitats in the Congo includes reef-like rocky
bottoms filled with interstices caused by fast-flowing
rapids, especially in the lower basin. Ecological studies
characterizing niche partitioning among mormyrids in
this highly variable river could be combined with our
new phylogenetic results to better understand the origin,
distribution, and maintenance of their unique CFMs.

Comparative studies reveal interesting convergences
between mormyrids and Neotropical Gymnotiformes,
another group of electric fishes that evolved the
tubesnout phenotype multiple times (Castelló et al.
2000; Albert 2001; Hollmann et al. 2008; Evans et al.
2017) and similar foraging modalities (Marrero and
Winemiller 1993). Gymnotiforms capture prey using
their pincer-like jaws to extract them from the substrate
and then suck them into their mouth through the
tubesnout. These striking similarities in structure,
function, and behavior between mormyrids and
gymnotiforms may be a secondary consequence of their
independent evolution of electric signaling to navigate
and locate their prey (Lavoué et al. 2012). More generally,
the tubesnout phenotype appears to have evolved more
times in marine fishes than in freshwater fishes.
Besides gymnotiforms and mormyrids, the armored
stickleback (Indostomus, Anabantaria), and a few species
of freshwater pipefishes (Enneacampus, Doryichthys, and
Microphis; Syngnatharia) also evolved this phenotype.
In contrast, several marine taxa with tubesnouts
are known especially from coral reefs, including
many butterflyfish species (Chaetodontidae), wrasses
(Gomphosus and Siphognathus; Labridae), spikefishes
(Triacanthodidae), the tubesnout (Aulorhynchus;
Perciformes), and many taxa within Syngnatharia
(snipefish, Marcroramphosus; seamoths, Pegasidae;
seahorses and pipefishes, Syngnathidae; trumpetfishes,
Aulostomidae; and cornetfish, Fistulariidae). Unlike
electric gymnotiforms and mormyrids, these fishes are
visual predators and use either suction feeding or grasp
feeding, suggesting that the interaction of feeding mode
with electrolocation may provide opportunities for the
evolution of novel phenotypes.

Tempo of Osteoglossomorph Diversification
The ages of divergence estimated for the major

clades are relatively older in our study compared to

those obtained by Lavoué (2016) and others (Table S2
of the Supplementary material available on Dryad).
Our analysis was informed by a recent reexamination
of the paleontological record, summarized by Hilton
and Lavoué (2018), that justified the exclusion of
several fossil taxa from our analyses (†Joffrichthys,
†Ostariostoma, †Singida, †Chauliopareion) that were
previously used for calibration (Lavoué 2016). Even
though osteoglossomorphs are well known for their
abundant fossil record, uncertainty of fossil ages and
affinities may lead to significant differences in estimates
of divergence times. For example, a recent study
excluding the contentious fossil †Chanopsis changed the
estimated age of origin for Osteoglossidae from 124
Ma to 82.8 Ma (Capobianco and Friedman 2019). By
conservatively excluding †Chanopsis from our analysis,
we estimated the age of Osteoglossidae to 87.2 Ma
(90.8–82.2 Ma, Table S5 of the Supplementary material
available on Dryad). The age of Osteoglossomorpha
remains contentious with a recent study placing
the oldest fossils around 182.4 Ma (range 206.9–167
Ma, Capobianco and Friedman (2019)), significantly
younger than most molecular estimates including the
present study (235.8–223 Ma, mean 227.4 Ma; Table S5
of the Supplementary material available on Dryad).
Although the incompleteness of the fossil record may
partially account for this ghost lineage, finding stem
osteoglossomorph fossils older than 207 Ma may be
very unlikely (Capobianco and Friedman 2019). In their
review of the fossil evidence, these authors noted that
fossil-based estimates relied on the temporal distribution
of nonmarine deposits. Since a significant part of
the early evolutionary history of teleosts has likely
transpired in marine environments (Betancur-R et al.
2015; Sallan et al. 2018), future discovery and inclusion
of marine fossils may help to resolve the molecular-fossil
gap in estimates of divergence times.

The disjunct distribution of extant osteoglossomorphs
on different continents can be reexamined considering
our estimated divergence times. Contrasting hypotheses
include vicariance due to the breakup of the
supercontinent of Gondwana (Nelson 1969; Cracraft
1974; Lundberg 1993; Li et al. 1997; Cavin 2008; Inoue
et al. 2009) and marine ancestry with transoceanic
dispersal followed by multiple invasions to freshwater
habitats (Taverne 1998; Bonde 2008; Forey and Hilton
2015). We find that distributions of both Arapaima
(South America) and Heterotis (Africa) (45.4 Ma, HPD
48.2–41.6 Ma) and Asian and African notopterids
(69.29 Ma, HPD 78.7–60.3 Ma) are too young to be
explained by vicariance associated with continental
breakup, as South America and Africa split ~110
Ma and India and Madagascar diverged from Africa
~140 Ma, in agreement with the results of Lavoué
(2016). Additionally, the divergence of Scleropages
(SEA/Australia) and Osteoglossum (South America)
dated at 38.2 Ma (HPD 50.9–24.9 Ma) also suggests
marine dispersal (but see Supplementary material
available on Dryad for an alternative calibration).
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CONCLUSIONS

The radiation of the ancient clade of bony-tongue
fishes in the Late Triassic gave rise to unique
forms among teleosts that are currently distributed
in freshwater habitats throughout the world. Rather
than vicariant events due to continental drift, this
pattern is best explained by hypotheses that involve
widespread marine ancestors that are now extinct and
multiple marine-to-freshwater transitions punctuating
their long existence. The diversity of bonytongues in
African freshwater habitats is predominantly due to
a single family (Mormyridae) that evolved electric
organs and the capacity to use electroreception as
a major evolutionary innovation. This family also
includes extreme anatomical phenotypes (chin-swelling,
Schnauzenorgan, tubesnouts with Schnauzenorgan, and
tubesnouts) comprising craniofacial structures not seen
in any other group of fishes. Multiple instances
of convergent evolution documented here for these
CFMs make mormyrids an interesting study system to
understand underlying developmental and ecological
constraints. Biogeographic analysis of mormyrids
reveals that this diversity is highly concentrated in the
Congo Basin, suggesting that niche partitioning and
electrosensory adaptations may have played a major role
in this basin, possibly due to the high heterogeneity
and complexity of its environments, especially in
the lower Congo basin. Taxon-rich phylogenomic
studies provide a robust basis for describing and
explaining the diversification of ancient groups such as
Osteoglossomorpha.
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