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Abstract

The Congolese and Lower Guinean ichthyological provinces are understudied hotspots of the global
fish diversity. Here, we barcoded 741 specimens from the Lower and Middle Congo River and from
three major drainage basins of the Lower Guinean ichthyological province, Kouilou-Niari, Nyanga
and Ogowe. We identified 194 morphospecies belonging to 82 genera and 25 families. Most
morphospecies (92.8%) corresponded to distinct clusters of DNA barcodes. Of the four
morphospecies present in both neighbouring ichthyological provinces, only one showed DNA
barcode divergence <2.5%. A small fraction of the fishes barcoded here (12.9% of the morphospecies
and 16.1% of the barcode clusters representing putative species) were also barcoded in a previous
large-scale DNA analysis of freshwater fishes of the Lower Congo published in 2011 (191 specimens,
102 morphospecies). We compared species assighnments before and after taxonomic updates and
across studies performed by independent research teams and observed that most cases of
inconsistent species assighnments were due to unknown diversity (undescribed species and unknown
intraspecific variation). Our results report more than 17 putative new species and show that DNA
barcode data provide a measure of genetic variability that facilitates the inventory of underexplored
ichthyofaunae. However, taxonomic scrutiny, associated with revisions and new species

descriptions, is indispensable to delimit species and build a coherent reference library.

Keywords

Biodiversity, Freshwater, Taxonomy, COI, Ichthyofauna, Central Africa

1 Introduction

The Fish Barcode of Life initiative (FISH-BOL) is an international research collaboration aiming at
assembling a standardized reference library of DNA barcodes for all fish species (Becker, Hanner, &
Steinke, 2011; Hanner, Desalle, Ward, & Kolokotronis, 2011; Ward, Hanner, & Hebert, 2009). The

goal of this campaign is to allow fish species identification through the comparison of query
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sequences against the reference sequence database in the Barcode of Life Data Systems, BOLD
(Ratnasingham & Hebert, 2007). DNA barcode libraries also facilitate species discovery when
morphology alone is insufficient (April, Mayden, Hanner, & Bernatchez, 2011) and particularly in
poorly inventoried areas characterized by taxonomically hyperdiverse faunas (L. H. Pereira, Hanner,

Foresti, & Oliveira, 2013; Pugedo, de Andrade Neto, Pessali, Birindelli, & Carvalho, 2016).

One of the main knowledge gaps on global fish diversity concerns the two ichthyofaunal provinces
that make up Central Africa: the Congo Basin and Lower Guinean provinces (Brooks, Allen, &
Darwall, 2011; Darwall et al., 2011; Lévéque, Oberdorff, Paugy, Stiassny, & Tedesco, 2008; Roberts,
1975). The Congo Basin is the second largest catchment area in the world after the Amazon Basin
and is characterized as a hotspot of fish diversity (Snoeks, Harrison, & Stiassny, 2011), with about
1000 described species from the region excluding lakes Kivu and Tanganyika and the Malagarazi
system (Froese & Pauly, 2018). Despite more than a century of taxonomic efforts with numerous
field expeditions, local inventories and new species descriptions (e.g. Boulenger, 1901; Decru et al.,
2017; Roberts & Stewart, 1976; Shumway et al.,, 2003; Stiassny & Mamonekene, 2007; Van
Steenberge, Vreven, & Snoeks, 2014; Wamuini, Vreven, Vandewalle, Mutambue, & Snoeks, 2010), its
fauna remains poorly documented and large areas of the Congo Basin remain underexplored
(Thieme et al., 2005). The Lower Guinean province has been more intensively studied in the last
decades (e.g. Stiassny, Teugels, & Hopkins, 2007; Walsh & Mamonekene, 2014). Although some of
its river basins show ichthyofaunal similarities with the Congo Basin (Brooks et al.,, 2011), its
southern part is characterized by very high levels of endemism. The development of a DNA reference
library for the ichthyofauna of Central Africa is a complex and slow process, which is fraught with
difficulties. The main DNA barcoding studies focusing on this region established DNA barcoding
libraries for 328 species of the Lower Congo (Lowenstein, Osmundson, Becker, Hanner, & Stiassny,
2011) and for 206 species of the north-eastern part of the Congo Basin (Decru et al., 2016). Both
studies reported species delimitation issues, which are primarily due to limited exploration
throughout the region, difficult compilation of identification keys impeding identification of
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specimens to the species level, lack of species distribution data, and a chronic lack of up-to-date
taxonomic and ecological knowledge. As a consequence, the DNA barcoding of fishes from these
regions is exposed to a plethora of species identification problems which should be addressed with
taxonomic approaches (e.g. Decru, Vreven, & Snoeks, 2012, 2013; Lowenstein et al., 2011; Vreven,

Musschoot, Snoeks, & Schliewen, 2016).

In line with the recommendations of the African Regional Working Group of FISH-BOL (2008), we
used DNA barcoding as a tool to inventory the fish biodiversity of several areas of the Congo Basin
and Lower Guinean ichthyological provinces. Our team comprises experienced fish taxonomists that
are deeply involved in the revision of the Afrotropical fish fauna. The combined use of morphological
characters and DNA barcodes is recognized as an appropriate strategy to improve the reliability of
species identifications (Hubert & Hanner, 2015; Janzen et al., 2009; Sheth & Thaker, 2017). We
pursue two objectives: (1) to link DNA barcode sequences to morphospecies and enrich existing
taxonomical data related to Congolese and Lower Guinean fish biodiversity; (2) to assess whether
DNA barcode data confirm the presumed conspecificity of morphologically identified species within
and across ichthyological provinces. We also assess the dynamics of building a DNA barcode library
for freshwater fishes by (1) evaluating whether DNA barcode libraries that are generated
independently for the same part of the Congolese drainage system (Lowenstein et al., 2011) can be
combined to ascertain unambiguous species identifications and (2) comparing DNA barcoding results

obtained for the same data set before (in 2012) and after (in 2018) recent taxonomic updates.

2 Materials and Methods

2.1 Sampling

A total of 741 specimens were sampled during four field campaigns carried out between 2004 and
2007 in the Democratic Republic of the Congo (DRC) and in the Republic of the Congo (Congo-

Brazzaville) (Fig. 1 and Table S1). In the Congolese ichthyological province (CO), we sampled a total
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of 496 specimens in the drainage basins of the Djoué (right bank, Congo-Brazzaville), Inkisi (left bank,
DRC), Luki (right bank, DRC), and Léfini (right bank, Congo-Brazzaville). The three first tributaries
represent portions of the Lower Congo whereas the Léfini is situated in the Middle Congo. Other
sampling sites included sections of the mainstream of the Lower Congo and Pool Malebo, which
belongs to the Middle Congo. In the Lower Guinean ichthyological province (LG), we sampled 245
specimens in three major drainage systems, viz. Kouilou-Niari, Nyanga and Ogowe (including Ogowe,

Polo-Ogowe and Ngongo).

Fishes were caught using gill nets. A representative selection was individually tagged using nylon T-
bar anchor tags (Hallprint, Australia) and used for DNA analysis. Fin clips were sampled and
individually stored in absolute or highly concentrated ethanol. Voucher specimens were fixed in

formalin and are deposited at the Royal Museum for Central Africa (RMCA, Tervuren, Belgium).

2.2 Morphological species identifications

All specimens were identified as morphospecies based on their external morphology, a task that
proved to be rather difficult because of the lack of identification keys for some areas or groups, the
presence of potential undescribed species and vague morphological species boundaries. This task
was achieved using the available taxonomic literature listed in the Supporting Information of Decru
et al. (2016) or through direct comparison with type specimens and other voucher specimens at the
RMCA. Specimens that did not entirely correspond to a known species were indicated with ‘cf.” or
‘sp.” and were treated as different morphospecies in the DNA barcoding analyses (see below). We
used ‘cf.” for specimens resembling the nominal species but showing at least one diagnostic
morphological character that deviated to the extent that we were unable to decide whether this

represented geographical variation or pointed to a possible undescribed species. We used ‘sp.” when
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the examined specimens most likely represented a species new to science. We also used ‘x’ for one

specimen that was considered as an hybrid: Coptodon tholloni x rendalli

2.3 DNA data collection

Total genomic DNA was extracted using DNeasy Blood & Tissue kits (Qiagen, The Netherlands)
following standard protocols for animal tissue. DNA quantity and purity was checked using the ND-
1000 spectrophotometer (NanoDrop Technologies, USA). To amplify the standard animal DNA
barcode region—the 5’-end (Folmer, Black, Hoeh, Lutz, & Vrijenhoek, 1994) of the cytochrome ¢
oxidase subunit | (COIl) gene—as suggested by Hebert, Cywinska, Ball and DeWaard (2003), we used
the tailed version of the primer pair originally published by Ward, Zemlak, Innes, Last and Hebert
(2005), FishF1_t1 (TGTAAAACGACGGCCAGTCAACCAACCACAAAGACATTGGCAC) and FishR2_t1
(CAGGAAACAGCTATGACACTTCAGGGTGACCGAAGAATCAGAA) using tails M13 forward (-21) and

M13 reverse (—27) (Messing, Crea & Seeburg, 1981).

The PCR profile was as follows: 94 °C for 3 min; 35-40 cycles of 94 °C for 40 s, 53 °C for 40 s and 72
°C for 60 s; 72 °C for 7 min, and subsequent storage of the samples at 4 °C. PCR products were
visualized using 1.2% agarose gel electrophoresis. Purification was done either on illustra GFX PCR
DNA purification kit columns (GE Healthcare, USA) or using the NucleoFast 96 PCR Plate (Macherey-
Nagel, Germany) and vacuum-purification. PCR products were sequenced bi-directionally using the
M13 vector primers. DNA sequencing was carried out on ABI automated capillary sequencers using
BigDye v1.1 or BigDye v3.1 chemistry following the manufacturer’s instructions (Life Technologies,
USA). DNA sequences were quality-checked, assembled and aligned with the SeqScape v2.5 software
(Life Technologies, USA). Sequences obtained from type specimens were given the labels holo- and

paragenetypes following Chakrabarty (2010).
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2.4 DNA analyses

Analyses were performed on the COI data set produced here (data set A) and on a combined data
set (data set A+B) obtained after merging our data with the records published by Lowenstein et al.
(2011). This latter data set (B) represents the largest data set of freshwater fish sequences publicly
available for Central Africa. It was assembled by an independent research team. It was compiled by
selecting all samples from the American Museum of Natural History (AMNH) downloaded from

GenBank using the keywords ‘Barcode’, ‘Congo’ and ‘fish’ (Table S1).

Using MEGA v6.06 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) and the R package ape
(Paradis, Claude, & Strimmer, 2004), we calculated pairwise uncorrected p-distances (Srivathsan &
Meier, 2012) and assessed the existence of a gap between distances within morphospecies and
among morphospecies (Collins, Boykin, Cruickshank, & Armstrong, 2012). We then applied four
methods to determine molecular operational taxonomic units (MOTUs) from the DNA barcodes. All
work without any a priori knowledge of species identity and were developed to approximate
putative species: the automatic barcode gap discovery (ABGD) method (Puillandre, Lambert,
Brouillet, & Achaz, 2012), the Refined Single Linkage (RESL) analysis (Ratnasingham & Hebert, 2013),
the General Mixed Yule Coalescent (GMYC) model (Pons et al., 2006) and a Bayesian implementation
of the Poisson tree processes (bPTP) model (Zhang, Kapli, Pavlidis, & Stamatakis, 2013). ABGD, GMYC
and bPTP were used to analyse data sets A and A+B whereas RESL was only used for data set A (tool
currently not available for multiple selections). The ABGD method was used with default settings
(prior maximal intraspecific distances between 0.001 and 0.1) and using uncorrected p-distances to
automatically detect gaps in the distribution of pairwise distances among DNA barcodes, which can
be used to delimit hypothetical species. The RESL analysis was performed using the BOLD System
(Ratnasingham & Hebert, 2007). It first performs a single linkage clustering of the records and then
clusters records with high sequence similarity and connectivity, and separates those with lower

similarity and sparse connectivity. The GMYC (single threshold approach) and the bPTP models are
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based on the phylogenetic species concept. The first identifies the transition points between inter-
and intra-species branching rates on a time-calibrated ultrametric tree whereas the second is based
on a transition in the number of substitutions and does not require an ultrametric tree. Bayesian
inference (BI) of phylogeny and the maximum likelihood (ML) method were used to reconstruct the
phylogenetic trees used for GMYC and bPTP, respectively. The first phylogenetic analysis was
conducted using the Yule model and a constant clock in BEAST2 (Bouckaert et al., 2014). The second
analysis was conducted using RAXML (Stamatakis, 2015) with 1000 bootstrap pseudo-replicates.
Both analyses were run on the CIPRES Science Gateway (Miller, Pfeiffer, & Schwartz, 2010) using the
best partition scheme and best-fit substitution models estimated using PartitionFinder v. 1.1
(Lanfear, Calcott, Kainer, Mayer & Stamatakis, 2014). For Bl, two parallel runs were run for 20 million
generations. Convergence was checked and the first 25% of the trees were discarded (“burn-in”).We
finally evaluated the agreement between the morphospecies and the DNA barcode clusters obtained
above and those obtained from a tree-based cluster analysis. For the latter analysis, distance-based
neighbour joining (NJ) trees were constructed using MEGA v6.06 (Tamura et al., 2013) for the data
sets A and A+B and for the five families that are represented by the highest number of sequences in
the data set (>60 sequences per family for Alestidae, Cichlidae, Cyprinidae, Distochodontidae and
Mormyridae). Node support of the NJ trees was evaluated by non-parametric bootstrapping using
1000 replicates. Given the conceptual problems associated with the interpretation of NJ trees when
delimiting species (Meier, Shiyang, Vaidya, & Ng, 2006), we did not use the NJ tree to delimit
MOTUs. Rather, we used it to assess if all DNA barcodes obtained for each morphospecies clustered
(with a bootstrap value > 95%) and were not mixed with DNA barcodes from other morphospecies in
the tree. This analysis was performed for data sets A and A+B and using the taxonomical
classifications available in 2012 and in 2018. Obviously, morphospecies that were represented by
one single sequence (singleton) were not analysed as clusters. They were only considered if they

were mixed with other sequences.
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3 Results

3.1 The new DNA barcode library (data set A)

We obtained DNA barcodes of 589-652 base pairs (bp) for 741 specimens (Process ID from
BCOVR001-17 to BCOVR741-17 in the Barcode of Life Data Systems, BOLD), representing 194
morphospecies, 82 genera, 25 families and 10 orders (Table S1). The number of sequences obtained
per morphospecies averaged 3.82 and ranged from 1 to 27 (55 morphospecies were represented by
singletons). Pairwise p-distances observed within each morphospecies (mean=0.96%) were generally
much lower than those observed among morphospecies (20.7%) (Fig. 2A). However, there was no
barcoding gap as their ranges overlapped (0-10.7% and 0-28.1%, respectively). For example, p-
distances within Clarias camerunensis (Clariidae) (0-7.2%) exceeded the interspecific p-distances
between Marcusenius moorii and M. kutuensis (Mormyridae) (3.4—4.6%). The numbers of MOTUs
identified on the exclusive basis of COl were 207—-210 (ABGD with prior maximal distances of 0.013—
0.001), 207 (RESL), 204-212 (GMYC) and 186-220 (bPTP). All methods produced very similar
partitions (Table S1). For example, in the partition considering 207 MOTUs, 17 morphospecies were
split in different putative species, while 18 were lumped with other morphospecies. In the same
partition, distances among barcodes of the same MOTUs (0-1.9%) overlapped with those of
different MOTUs (1.5-28.1%), but to a lower extent than when comparisons were based on
morphospecies (Fig. 2A). The clustering obtained in the NJ tree concurred with 180 of the 194
morphospecies (92.8%) analysed here (Table S2 and Fig. S1). The 14 remaining morphospecies (six
with provisional names and eight representing nominal species) were split in different clusters, or

lumped (and sometimes shared their DNA barcodes) with other morphospecies (see below).

When the same data set was analysed with the taxonomic classification available in 2012, the
proportion of morphospecies in agreement with the clusters found in the NJ tree (176/197=89.3%)

was lower than the results of 2018 (92.8%, see above).
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In some cases, the morphospecies defined after the taxonomic update of 2018 were still not
matching the clusters of the NJ tree. The catfish Clarias angolensis (Clariidae) contained at least two
haplotype groups in the Lefini (divergence of 4.1-6.1% between the groups) but one group clustered
with DNA barcodes of Clarias gabonensis from the Inkisi (2.4—2.6% divergence between Clarias
gabonensis and its closest cluster Clarias angolensis). Four Ctenopoma (Anabantidae) species, C.
ocellatum, C. cf. maculatum (singleton), C. acutirostre and C. sp. ‘Lefini’ (singleton) shared the same
haplotype. Similarly, DNA barcodes of Coptodon tholloni (Cichlidae) clustered with C. congicus (0.2—
0.5%). Besides, DNA barcodes for Petrocephalus simus (Mormyridae) from the Ogowe (LG) were
more similar (2.6%) to P. binotatus (Lefini, CO, singleton) than to presumed conspecifics occurring in
the Kouilou-Niari, LG (3.4-3.6%). In some cases, morphospecies showing minor morphological
differences (‘cf.” in identification) clustered or shared COI haplotypes: Petrocephalus microphthalmus
(singleton, Mormyridae) shared a common haplotype with Petrocephalus cf. microphthalmus
(singleton). This also held for Malapterurus beninensis (Malapteruridae) and Malapterurus cf.

beninensis (singleton) and for Labeobarbus sp. ‘intermediate’ and L. sp. ‘Inkisi’ (Cyprinidae).

3.2 Morphospecies occurring in neighbouring ichthyological provinces (data set A)

Only four of the 194 morphospecies sequenced here were collected both in the Lower Guinean (LG)
and in the Congo (CO) provinces (Fig. 3A). In one of them, Marcusenius moorii (Mormyridae), DNA
barcode divergences among ichthyological provinces (0.7-1.7%) were in the range of the
divergences within ichthyological provinces (0—1.9%) (Fig. 2B). In the three other morphospecies,
specimens from different ichthyological provinces showed important DNA barcode divergences (up
to 9.4%) although they did not show any conspicuous morphological differences. For Clarias
camerunensis (Clariidae), the DNA barcode divergence between the specimens of CO and LG
reached 7.2%. For Hemichromis elongatus (Cichlidae), the DNA barcodes obtained from specimens

of LG were highly divergent from those of CO (6.0-9.4%). The populations of LG were divided in
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three DNA barcode clusters (4.8-9.2% among clusters), not related to their geographical origin,
while the CO populations from the Inkisi and the Lefini shared one haplotype (Fig. 3A). For
Mastacembelus niger (Mastacembelidae), four clusters of DNA barcodes were observed
(divergences of 0—0.5% within clusters and 1.9-5.5% among clusters), each cluster representing
specimens collected in a different river: Kouilou-Niari (LG), Polo-Ogowe (LG), Inkisi (CO) and Lefini
(CO) (Fig. 3A). Interestingly, divergences between rivers of the same ichthyological province (5.3—

5.5%) were larger than those between rivers of adjacent provinces (1.9-4.6%).

In contrast, four undescribed morphospecies showed both morphological differences and DNA
barcode divergences with the morphologically closest nominal species found in the neighbouring
province (Fig. 3B): Pareutropius sp. ‘debauwi-like’ (Schilbeidae, LG) showed divergences of 8.9-9.4%
with Pareutropius debauwi (CO); Coptodon cf. rendalli (Cichlidae, LG) with Coptodon rendalli (CO)
(2.9-3.1%); Paramormyrops cf. kingsleyae (Mormyridae, CO) with Paramormyrops kingsleyae (LG)
(5.3-5.5%); Garra cf. ornata (Cyprinidae, CO) with Garra ornata (LG) (4.8%). For two other hitherto
undescribed morphospecies that resembles species from the neighbouring province, Labeo cf.
lukulae (LG) and Chiloglanis cf. batesii (CO), no DNA barcode was available for representatives of the

neighbouring province.

3.3 Morphospecies from a single ichthyological province (data set A)

Our results also showed high diversity within a single ichthyological province (Fig. 4A). For example,
two undescribed congeneric mormyrids with strikingly different morphologies and divergent DNA
barcodes (9.9%) were found in the Kouilou-Niari (LG): Ivindomyrus sp. ‘elongate’ (singleton) and
Ivindomyrus sp. ‘short’ (singleton). Also, one undescribed distichodontid was found in the Nyanga
(LG): Nannocharax sp. ‘Nyanga’ (singleton, >7.2% divergence with the other Nannocharax). Seven

other morphospecies with provisional names showed relatively high DNA barcode divergences with
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the morphologically most similar formally described species (Fig. 4A). Six of them were found in
different river basins: Amphilius cf. nigricaudatus (Amphiliidae, Nyanga, LG) showed a divergence of
8.7% with Amphilius nigricaudatus from Kouilou-Niari (LG). Nannocharax sp. ‘parvus-like’
(Distichodontidae, Polo-Ogowe, LG, singleton) showed a divergence of 13.5% with Nannocharax
parvus from Nyanga (LG, singleton). Enteromius sp. ‘miolepis-like’ (Cyprinidae, Inkisi, CO) showed
divergences of 4.6—4.8% with Enteromius miolepis from Lefini (CO). Chilochromis sp. ‘dupontiOgowe’
(Cichlidae, Ogowe, LG), C. sp. ‘dupontielongate’ (Kouilou-Niari, LG) and C. sp. ‘dupontideep’ (LG,
Nyanga) were found in three different river basins and showed DNA barcode divergences of 1.4—
3.4%. The same was observed within a single river (Kouilou-Niari, LG) for a seventh morphospecies:
Parauchenoglanis sp. ‘balayi-like’ (Claroteidae) showing 10.6-10.8% divergence with

Parauchenoglanis balayi.

Considerable DNA barcode divergences (0.7-3.8%) were also detected within nine morphospecies
(Fig. 4B). Four of them were from different river basins of LG (Fig. 4B): Atopochilus savorgnani
(Mochokidae, divergences of 0.5-1.4%), Doumea cf. sanaga (Amphiliidae, 0-2.6%), Distichodus
hypostomatus (Distichodontidae, 0-1.2%) and Opsaridium ubangiense (Cyprinidae, 1.2-3.8%). In
three species of CO, we detected different haplotype groups (each haplotype group represented by
2-4 haplotypes) within the single sub-drainage basin of the Lefini (Fig. 4C): Epiplatys multifasciatus
(Nothobranchiidae, 1.7-2% divergence among the haplotype groups), Gnathonemus petersii
(Mormyridae, 0.5-1.0%) and Pollimyrus nigripinnis (Mormyridae, 0.5-3.8%). In the two last
morphospecies, divergences were observed within the same river (Fig. 4C): Schilbe grenfelli
(Schilbeidae) from the Lefini river (CO) was represented by two haplotypes (1.4% divergence), one of
which was also found in the Inkisi (CO), and Chromidotilapia cf. kingsleyae (Cichlidae, LG) was
represented by two well-differentiated clades found in sympatry in the Ogowe and in the Nyanga

(0-0.7% and 2.9-3.4% divergence within and between the clades, respectively).
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In contrast, we also reported small COIl distances between Parauchenoglanis sp. ‘balayi-like’
(Claroteidae) and P. cf. pantherinus (singleton) (0.7-1%, Fig. 4A). More surprisingly, the intergeneric
divergence found between Oreochromis niloticus (nine DNA barcodes) and Sarotherodon galilaeus
(singleton) (both Cichlidae) was very small (0.7%) compared to the interspecific divergence found

within Oreochromis (9.2% between O. niloticus and O. schwebischi).

3.4 The combined DNA barcode library (data set A+B)

Our data set was merged with the publicly available data set of Lowenstein et al. (2011) containing
191 DNA barcodes of freshwater fishes from the Lower Congo (data set B). This data set represented
102 morphospecies, 48 genera (after updating the taxonomy — Table S1), 18 families and 8 orders.
The number of sequences available per morphospecies averaged 1.87 and ranged from one to eight,
with 47 morphospecies represented by a single sequence. The combined DNA barcode library (data
set A+B) counted 932 DNA sequences representing 263 morphospecies, 96 genera, 27 families and
12 orders (average of 3.51 specimens sequenced per species, ranging from 1 to 27). In the combined
data set there were 81 singletons, which was a lower number than the sum of the singletons in both
data sets (56 for data set A and 47 for B, respectively). The number of morphospecies that were

present in both data sets was 34 (12.9% of all morphospecies).

Barcode distances within and among morphospecies (0-23.4 and 0-28.7%, respectively) overlapped
even more than in data set A (Fig. 2A). The numbers of MOTUs identified on the exclusive basis of
COl were 261-266 (ABGD with prior maximal distances of 0.013-0.001), 253—-265 (GMYC) and 229-
267 (bPTP). t. In the partition considering 261 MOTUs, distances among barcodes of the same
MOTUs (0-2.4%) overlapped with those of different MOTUs (1.2—-28.7%), but to a lower extent than
when comparisons were based on morphospecies (Fig. 2A). In the same partition, 42 MOTUs (16.1%

of all MOTUs) were represented both in A and B. We also observed that 19 morphospecies were split
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in two or more putative species, 61 morphospecies were lumped with at least one other
morphospecies and 16 morphospecies were both split and lumped with other putative species

(Table S2).

In the NJ tree (Table S2 and Fig. S2), the proportion of morphospecies clustering in distinct clusters
decreased to 78.3% (92.8% in data set A and 78.4% in data set B). We observed that 21 of the 57
morphospecies that were lumped or split in the combined NJ tree were not problematic in the
separate data sets (Table S2))). They belonged to the Anabantidae (2 morphospecies), Clariidae (1),
Cyprinidae (8), Distichodontidae (1), Mormyridae (7) and Citharinidae (2). Some of these new
inconsistencies were caused by a lumping of morphospecies with provisional names (‘sp.” or ‘cf.’):
Labeobarbus sp. ‘intermediate’ and L. sp. ‘Inkisi’(A) clustered with L. stenostoma (B). Garra cf. ornata
(A) was lumped with G. ornata (B), Ctenopoma cf. nigropannosum (A) with C. gabonense (B), and
Pollimyrus cf. nigripinnis (A) with P. maculipinnis (B). Other inconsistencies were due to the lumping
of nominal species in the NJ tree: Labeo lineatus (B) with L. greenii (singleton, A), Mormyrops
furcidens (A) with M. lineolatus (B), M. masuianus (B) with M. sirenoides (A), Pollimyrus nigripinnis
(A) with one haplotype of P. maculipinnis (B) and Citharinus gibbosus (B) with C. macrolepis (A). In
another case, Enteromius holotaenia (B) was lumped with E. miolepis (A), which was split from the E.
miolepis (B) identified independently. Similarly, Clarias gabonensis (singleton, B) was split from C.
gabonensis (A) but lumped with some haplotypes of C. angolensis (A) identified here. Finally, three
species were split in different clusters (Enteromius rubrostigma, Opsaridium ubangiense and

Eugnathichthys macroterolepis).

Below, we limit ourselves to the comparison of morphospecies assignments and DNA barcodes for
families for which we amassed the highest number of sequences: the Alestidae (73 sequences),
Cichlidae (126), Cyprinidae (215), Distichodontidae (130) and Mormyridae (102). Alestidae: The DNA
barcodes of the only morphospecies present in both data sets (Phenacogrammus interruptus)

matched (Fig. 5). Cichlidae: Both data sets contained Coptodon tholloni and C. congicus. Although
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some DNA barcodes from the two species were identical in our study, they were distinct (15.2%) in
the data set B. Hence, the four DNA barcodes (3 C. tholloni and 1 C. congicus) of Lowenstein et al.
(2011) appeared to allow the identification of these two species while these taxa could not be
identified using our larger sampling (10 C. tholloni and 10 C. congicus, Fig. 6). Cyprinidae: Both data
sets had six morphospecies in common. The DNA barcodes of three of these (Enteromius
rubrostigma, E. miolepis and Opsaridium ubangiense) were split in different clusters after combining
the two data sets. The three others morphospecies (Labeo altivelis, Labeobarbus macrolepidotus and
Raiamas kheeli) clustered in the NJ tree in accordance with the morphospecies assignments). Five
other morphospecies (Enteromius holotaenia (B), Garra cf. ornata, (A), Labeo greenii (A), L. lineatus
(B) and Labeobarbus stenostoma (B) were lumped with other morphospecies in the combined data
set. Two morphospecies associated to one valid species name (Labeo annectens and L. cf. annectens)
were collected in different ichthyological provinces (each team in a different province) and showed
DNA barcodes with divergences of 4.6-5.5%. (Fig. 7). Distichodontidae: Seven out of the eight
species represented in both data sets clustered according to their morphospecies identification. Only
Eugnathichthys macroterolepis was represented by DNA barcodes that were split and showed
divergences of 10.84% (Fig. 8). Mormyridae: All seven morphospecies found in both datasets
clustered according to their morphospecies identification. However, other morphospecies were
lumped in the NJ tree: Pollimyrus maculipinnis (B) was lumped with with P. nigripinnis (A),

Mormyrops masuianus (B) with M. sirenoides (A) and M. lineolatus (B) with M. furcidens (A) (Fig. 9).

4 Discussion

4.1 Undescribed diversity in the new DNA barcode library (data set A)

With this DNA barcode library of 741 fishes collected from the Lower and Middle Congo River (CO)
and three major drainage basins of the Lower Guinean (LG) ichthyological province, we associate
194 morphospecies with DNA barcodes. Our NJ tree analysis showed that most morphospecies

(92.8%) were resolved as distinct clusters of DNA barcodes. However, taxonomic assignment
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remains a major challenge in this understudied species-rich fauna. Indeed, our analyses (ABGD, RESL,
GMYC, bPTP and NJ tree) revealed some inconsistencies between morphology-based identifications
and DNA barcode clustering. A considerable proportion of these inconsistencies can be attributed to
undescribed diversity and, more specifically, to species that are either not yet described (splitting in
the NJ tree) or to species whose phenotypic variation is not yet known (lumping in the NJ tree).
Indeed, the results obtained for the same data set but based on the taxonomic knowledge of 2012
provided a larger number of inconsistencies than those based on the current taxonomy. This is
mainly due to the revision of Hepsetus (Decru et al., 2013; Decru, Snoeks, & Vreven, 2015),
Congolapia bilineata (Dunz, Vreven, & Schliewen, 2012) and the synonymization of Varicorhinus and
Labeobarbus (Berrebi, Chenuil, Kotlik, Machordom, & Tsigenopoulos, 2014; Tsigenopoulos,
Kasapidis, & Berrebi, 2010; Vreven et al.,, 2016). Other cases of overlooked biodiversity were
suggested by our NJ tree and were already reported by Decru et al. (2016). For example, in the
genus Clarias, specimens identified as C. angolensis represent three different lineages belonging to a

cluster also including C. gabonensis.

The DNA barcodes obtained here suggest the existence of more than 17 undescribed species. Most
of them (14) were already revealed by morphological analysis and supported as separated MOTUs in
the DNA barcoding analyses: three collected in a single location and not associated to any other
known species, four diverging from a species living in the neighbouring ichthyological province and
seven diverging from a species living in another river of the same province (DNA barcodes showing
1.4-13.5% divergences). Three additional undescribed species are suggested by DNA barcode
divergences >5% within three of the four morphospecies present in both ichthyological provinces.
Other overlooked taxa may be distinguished by DNA barcode divergences of 0.7-3.8% within nine
morphospecies present in a single province. The contribution of DNA barcoding for the detection of
new taxa was acknowledged in most DNA barcoding campaigns focusing on large river basins (Decru
et al., 2016; Hubert et al., 2008; Nascimento et al., 2016; Pereira, Pazian, Hanner, Foresti, & Oliveira,
2011; Shen, Guan, Wang, & Gan, 2016). Multiple lineages were suspected within Enteromius
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miolepis on the basis of DNA barcodes. They could subsequently be distinguished using
morphometric analyses and may represent undescribed species (Van Ginneken, Decru, Verheyen, &
Snoeks, 2017). Conversely, phenotypic differences between Labeobarbus sp. ‘Inkisi’ and L. sp.
‘intermediate’ or Coptodon congicus and C. tholloni were not associated with DNA barcode
divergences. Such cases have to be investigated with additional sampling and alternative DNA
markers in order to check if they represent species that cannot be identified using DNA barcodes or
species with large intraspecific phenotypic variation as reported in Labeo altivelis (Van Steenberge,
Gajdzik, Chilala, Snoeks, & Vreven, 2017). Even if most of these taxonomic investigations will result
in a better agreement between species and MOTUs (suggesting that the ranges of intra- and
interspecific barcode distances would become more similar to those observed for MOTUs in Fig. 2A),
several species delineations may differ from the MOTUs based on DNA barcodes in the cases of
young species or introgression. For example, the DNA barcodes of specimens identified as
Oreochromis niloticus and Sarotherodon galilaeus showed small divergences and were grouped in
the same MOTU by all analyses (ABGD, RESL, GMYC and bPTP, Fig. S1). These small distances also
appear in a similar DNA barcoding study (Nwani et al., 2011). Representatives of these two closely-
related genera, belonging to the same cichlid tribe (Dunz & Schliewen, 2013) are known to hybridise
(Bezault et al., 2012). Hence, these observations could be the consequence of introgression even if
we cannot exclude species misidentification, incomplete lineage sorting, taxonomic over-splitting or

recent radiation (Nwani et al., 2011).

4.2 Conspecifics in adjacent ichthyological provinces (data set A)

Africa is divided into ichthyogeographical provinces on the basis of fish fauna composition (Roberts,
1975; Thieme et al., 2005), which reflects endemism and dispersal. Out of the 194 morphospecies
collected here (496 specimens from CO and 245 from LG), only one was sampled in both

ichthyological provinces and did not show high DNA barcode divergences among ichthyological
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provinces (Marcusenius moorii, 0.7-1.7%). The other morphospecies were either morphologically
different from those found in the neighbouring province or were represented by distinct clusters of
DNA barcodes, showing divergences of 2.9-13%. Considering both morphology and DNA barcodes,
we can say that 99.5% of all 194 morphospecies sampled in this study represent divergent lineages,

illustrating the distinction of the ichthyofaunae of the two provinces.

4.3 DNA barcode divergences within ichthyological provinces (data set A)

DNA barcoding studies already suspected cases of intraspecific geographic resolution of COI at the
river system level in southeastern Nigeria and in the north-eastern part of the Congo Basin (Decru et
al.,, 2016; Nwani et al., 2011). Compared to the Congo Basin, which includes large tributary basins
connected to the main Congo River, the Lower Guinean province includes several small to medium-
sized coastal rivers (Brooks et al., 2011). This could explain why most cases of COI divergence
observed within morphospecies (4/4) or species groups (4/5 morphospecies) were found in LG (Fig.

2B). Deep and uniform sampling is necessary to confirm the resolution at this level.

4.4 DNA barcoding as a joint effort (data set A+B)

Constructing large-scale reference libraries of DNA barcodes often requires the assembly of
independently generated data sets. Combining our data set with that of Lowenstein et al. (2011)
including species mainly collected in the same part of the Congolese drainage system confirmed the
impressive ichthyological diversity of this region (Snoeks et al., 2011). The majority of the species
collected in one study were not collected in the other study. This was measured both in terms of
morphospecies (34/263 morphospecies in common) and DNA barcode clusters (42/261 putative
species in common). These two measurements show that the error associated with alternative

species name assignment has a minor effect on this observation and that much work remains to be
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done to get a comprehensive knowledge of the fish diversity in the Lower Congo. Unfortunately, too
few DNA barcoding studies intentionally report and discuss inconsistencies observed among
reference libraries obtained for the same fauna. This is regrettable because inconsistencies and the
way they are treated is crucial for the reliability of DNA barcoding species identifications. Our results
show that species assignment becomes more problematic in the library combining data sets A and B
(more inconsistencies and larger overlap between distances among and within morphospecies).
First, misidentifications and mislabelling become obvious when misidentified specimens are
compared with correctly identified specimens of the same species. This would explain the aberrant
clustering of voucher specimen t-073-7242 (identified as Garra ornata in data set B, Cyprinidae) with
specimens of a different family (A, Mochokidae). Mislabelling is also probable for voucher t-062-
6197 (data set B), which was collected in DRC (according to its GenBank accession number
HM418112) and identified as Sanagia velifera, an endemic species of Cameroon. The same is
possible for specimens of Labeo (Fig. 5) and of Monostichodus lootensi (HM418231, Fig. 6). For more
closely related species, when misidentification is more difficult to detect, more investigation is
needed to judge if formally described species 1) were not consistently recognized by independent
teams or 2) correspond to one single species or 3) cannot be distinguished on the basis of DNA
barcodes. This could be the case for the following pairs of species showing identical or very similar
DNA barcodes: Labeo lineatus (B) and L. greenii (A), Mormyrops furcidens (A) and M. lineolatus (B),
M. sirenoides (A) and M. masuianus (B), Pollimyrus nigripinnis (A) and one haplotype of P.
maculipinnis (B), Citharinus macrolepis (A) and C. gibbosus (B), Enteromius holotaenia (B) and E.
miolepis (A). Anyway, most inconsistences between data sets were caused by a different way of
treating unknown diversity. Indeed, in several cases, different lineages showing divergent DNA
barcodes were identified with the only existing name available. This was likely the case for the
following species, which were all described from other drainage systems or geographically distant
places of the same rivers: Clarias gabonensis (Ogowe River, LG, Gabon), Enteromius rubrostigma

(Ogowe River, LG, Gabon), Opsaridium ubangiense (Ubangi River, CO, Central African Republic) and
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Eugnathichthys macroterolepis (Chiloango, LG, Angola). In other cases, morphological variants
identified by us with provisional names (Garra cf. ornata, Ctenopoma cf. nigropannosum, P. cf.
nigripinnis) do not show any DNA barcode divergence with the described species and correspond to

either new phenotypes hitherto unknown for the species or recently diverged species.

Similarly to the study of Decru et al. (2016), the families showing most inconsistencies (Cyprinidae
and Mormyridae) contain genera for which much of the species diversity remains overlooked.
Taxonomic assignments are inevitably less accurate in the presence of undescribed lineages because
species boundaries are unknown. DNA barcoding offers the opportunity to quantify the consistency of
species delineations with a measure of genetic variability (Kress & Erickson, 2012). Our results
highlight specific cases where the study of additional specimens and comparisons with type material
are necessary to provide reliable species descriptions and it is evident that the developed DNA
barcode reference library is far from comprehensive. It will become increasingly useful for
biodiversity surveys when more species and more populations will be included. DNA barcoding
ideally works as a species identification tool based on an established taxonomy (Desalle, 2006). This
implies that the sequencing of new samples from unexplored areas is mainly useful to flag specimens
with divergent DNA barcodes. Tools like ABGD, RESL, GMYC or bPTP provided very coherent sets
of MOTUs in this study. We therefore recommend using provisional species assignments (i.e. not
formal descriptions), for which MOTUs can be used in combination with morphospecies assignments
to guide further taxonomic investigation when exploring poorly inventoried fauna.

Unfortunately, the rate-limiting factors in describing biodiversity will remain the collection of new
specimens in the field and taxonomic revisions. This is especially true for Africa, where routine and
geographically representative collection of species in the field remains problematic due to conflicts,
inaccessibility and a lack of capacity and logistical support. Of particular concern are countries such
as the DRC with high freshwater fish diversity and levels of endemism (Froese & Pauly, 2018; Swartz,
Mwale, Hanner, & Swartz, 2008). The growing database of DNA barcodes indeed increases the speed

and the consistency of fish identification by facilitating comparisons among reference collections
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(Swartz et al., 2008). However, the rising number of putative new species reported on the basis of
DNA barcode data will only speed up species descriptions if a considerable investment would be

made in taxonomic experts that are capable to analyse them.
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Figures and tables

Figure 1. Sampling locations of this study and Lowenstein et al. (2011) at different scales (A, B, C).
Orange symbols mark the collection sites of this study situated within the Congolese ichthyological
province (diamonds: Luki, stars: Inkisi, disks: Djoué and Pool Malebo, triangles: Lefini). Red
symbols represent our sampling records from the Lower Guinean ichthyological province (disks:
Kouilou-Niari, diamonds: Nyanga, star: Polo Ogowe and triangle: Ngongo). Black dots represent
sampling records of Lowenstein et al. (2011). Blue lines and orange lines represent rivers and political
borders, respectively.

Figure 2. A: Boxplots representing the ranges of distances observed in data sets A (left) and A+B
within and among morphospecies (top), and within and among MOTUs determined using ABGD
(bottom) (right). This was done for all families and for the five families represented by more than 60
sequences (Alestidae, Cichlidae, Cyprinidae, Distichodontidae and Mormyridae). B: Ranges of
distances among specimens of the same morphospecies collected within and among river basins.
CO: Congolese ichthyological province, LG: Lower Guinean ichthyological province. Coloured boxes
represent the interquartile range. Bold horizontal bars represent medians. Whiskers represent the
range of values situated <1.5 times the interquartile range from the box. Open circles represent
outliers outside this range.
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Figure 3. A: Subtrees showing distances within morphospecies found in both ichthyological
provinces. B: Subtrees showing distances between pairs of similar morphospecies collected in
neighbouring provinces. These subtrees were extracted from the neighbour-joining tree based on
the new barcode data set (data set A) and using uncorrected p-distances. Bootstrap values are given
at the nodes.

Figure 4. A: Subtrees showing distances among relatively similar morphospecies collected in the
same ichthyological province. B: Subtrees showing distances within morphospecies collected in
different rivers of the same ichthyological province. C: Subtrees showing distances within
morphospecies collected in the same river. These subtrees were extracted from the neighbour-
joining tree based on the new barcode data set (data set A) and using uncorrected p-distances.
Bootstrap values are given at the nodes.

Figure 5. Neighbour-Joining (NJ) tree (uncorrected p-distance) for all DNA barcode sequences of the
family Alestidae. Bootstrap values are given at the nodes. (A): new records from this study; (B):
records from Lowenstein et al. (2011).

Figure 6. Neighbour-Joining (NJ) tree (uncorrected p-distance) for all DNA barcode sequences of the
family Cichlidae. Bootstrap values are given at the nodes. (A): new records from this study; (B):
records from Lowenstein et al. (2011). Bold annotations indicate incongruences between DNA
barcode clusters in the tree and morphospecies assignments (S: morphospecies split in different
clusters; L: different morphospecies lumped in the same cluster).

Figure 7. Neighbour-Joining (NJ) tree (uncorrected p-distance) for all DNA barcode sequences of the
family Cyprinidae. Bootstrap values are given at the nodes. (A): new records from this study; (B):
records from Lowenstein et al. (2011). Bold annotations indicate incongruences between DNA
barcode clusters in the tree and morphospecies assignments (S: morphospecies split in different
clusters; L: different morphospecies lumped in the same cluster; *: incongruence obtained after
merging data sets A and B).

Figure 8. Neighbour-Joining (NJ) tree (uncorrected p-distance) for all DNA barcode sequences of the
family Distichodontidae. Bootstrap values are given at the nodes. (A): new records from this study;
(B): records from Lowenstein et al. (2011). Bold annotations indicate incongruences between DNA
barcode clusters in the tree and morphospecies assignments (S: morphospecies split in different
clusters; L: different morphospecies lumped in the same cluster; *: incongruence obtained after
merging data sets A and B).

Figure 9. Neighbour-Joining tree (uncorrected p-distance) for all DNA barcode sequences of the
family Mormyridae. Bootstrap values are given at the nodes. (A): new records from this study; (B):
records from Lowenstein et al. (2011). Bold annotations indicate incongruences between DNA
barcode clusters in the tree and morphospecies assignments (S: morphospecies split in different
clusters; L: different morphospecies lumped in the same cluster; *: incongruence obtained after
merging data sets A and B).
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Supporting information

Table S1 (sup-001-TableS1-S2). List of all fishes analysed in this study (data sets A, B and A+B), with
information on their morphological identification (according to the taxonomy of 2012 and 2018),
their collection and their molecular operational taxonomic unit ID based on different methods
(ABGD, RESL, GMYC and bPTP).

Table S2 (sup-001-TableS1-S2). List of all fish species analysed in this study, with number of
specimens sampled per species in the different data sets (A, B and A+B) and information on the
consistency between (morpho)species identifications (according to the taxonomy of 2012 and 2018)
and clusters in the neighbour-joining (NJ) tree. OK: consistent, -: no data, split: morphospecies split
in different clusters of the NJ tree, lumped: different morphospecies lumped in one cluster of the NJ
tree, new: new inconsistency observed after merging data sets A and B.

Figure S1 (sup-002-FigS1-S2). Neighbour joining tree constructed with pairwise deletion and using
pairwise uncorrected p-distances among the DNA barcode sequences (5’-end of the cytochrome ¢
oxidase subunit | gene, 589-652 bp) of the 741 fishes sequenced here (data set A). Bootstrap values
are indicated at nodes (1000 replicates).

Figure S2 (sup-002-FigS1-S2). Neighbour joining tree constructed with pairwise deletion and using
pairwise uncorrected p-distances among the DNA barcode sequences (5’-end of the cytochrome ¢
oxidase subunit | gene, 589-652 bp) of 932 fishes sequenced here (data set A, 741 specimens) and by
Lowenstein et al. (2011) (data set B, 191 specimens). Bootstrap values are indicated at nodes (1000
replicates).
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« Brycinus grandisquamis (A)

95{ Brycinus poptae (A)

100

2{ Bryconalestes longipinnis (A)
22 Bryconalestes tholloni (A)

100

—eeei Brycconalestes bartoni (A)

97

=2 Rhabdalestes yokai (A)

Micralestes acutidens (A)

—| Nannopeterius mutambuer (A)

— Phenacogrammus interruptus (A+B)

— | Alestopeterius nigropterus (A)

98

| Brachypetersius altus (A)

Bathyaethiops caudomaculatus (A)

100

Hydrocynus forskahlii (A)

—= Bryconaethiops boulengeri (A)

Bryconaethiops microstoma (A)

== Alestes liebrechtsii (A)

100

— Alestes macrophthalmus (A)
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Outgroup: Kribia nana (A)
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‘ Coptodon tholloni (A+B) & ;¢
C. congicus (A)
Coptodon tholloni x rendalli (A)
= d Coptodon cf. rendalli (A)
10— Coptodon rendalli (A)

99 Coptodon congicus (B) §
7 —99{ Congolapia crassa (A)
— C%/ggolap/a bilineata (A)
B o= Chilochromis sp.dupontiOgowe (A)
. Chilochromis sp.dupontideep (A)
" Chilochromis sp.dupontielongate (A)
— 1o Sarotherodon galilaeus (A)

o0 %eochromls niloticus (A)
Oreochromis schwebischi (A)

98 b Oreochromis schwebischi (A)
Chetia sp.Inkisi (A)
Steatocranus cf. tinanti (A)

—- =2 Heterochromis multidens (A)

5 499! Hemichromis elongatus (A)

Hemichromis elongatus (A)
%9 — Hemichromis elongatus (A)

100 b Hermichromis elongatus (A)
_I- 2 Tylochromis lateralis (A)

100

100

= = Hemichromis stellifer (A)

100 = i Divandu cf. albimarginatus (A)

Divandu cf. albimarginatus (A)

” 24 Chromidotilapia cf kingsleyae (A)
100 st Chromidotilapia cf. kingsleyae (A)
Outgroup. Kribia nana (A)
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I 04 Garra congoensis (B) & G. ornata (B) & G. cf. ornata (A) LS
4' E Garra cf. congoensis (A)
- Garra ornata (A) S
100 Chelaethiops congicus (B)
_| E Chelaethiops congicus (B)
Leptocypris modestus (B)

1o Raiamas cf, christyi (B) & Opsaridium ubangiense (B) LS*
wol %= Raiamas christyi (A)
w3 Raiamas kheeli (A+8)

Raiamas buchholzi (A)
100E Raiamas salmolucius (B)
Raiamas salmolucius (B)
& _&- Opsaridium ubangiense (A) S§*
— 1002 Opsaridium ubangiense (A) §*
Opsaridium boweni (B)
2. Leptocypris weeksii (B)
Leptocypris sp. (A)
Leptocypris weynsii (B)
Sanagia velifera (B)
1% abeobarbus progenys (A)
Labeobarbus macrolepidotus (B)

L9 [ abeobarbus macrolepidotus (A)
155 Labeobarbus cf. sandersi (A)

Labeobarbus stenostoma (B) & L. sp. intermediate (A) & L. sp. Inkisi (A)
SL*

Labeobarbus sp. intermediate (A) S
Labeobarbus robertsi (A)
Labeobarbus caudovittatus (B)
19 Labeobarbus roylii (A)
Labeobarbus cf. semireticulatus (A)
Labeobarbus compiniei (A)

2. Clypeobarbus pleuropholis (A)
Enteromius cf. chiumbeensis (B) & E. sp.spot (B)
Enteromius rubrostigma (B) S$*
Enteromius holotaenia (B) & E. miolepis (A) L*S$*

Enteromius miolepis (B) §*

2. Enteromius sp.miolepis-likelnkisi (A)
Enteromius chiumbeensis (B)
0. Enteromius prionacanthus (A)
Enteromius sp. Inkisi (A)
Enteromius rubrostigma (A) S§*
0. Enteromius sp. miolepis-likeLuki (A)
24 Enteromius guirali (A)
24 Enteromius martorelli (A)
Enteromius sp. holotaenia-likeLuki (A)

Enteromius diamouanganai (A)

&« Enteromius matthesi (B)
Enteromius cf. humeralis (A)
Enteromius sp. Luki (A)

X2 Enteromius sp. argenteus-like (A)

100

100

99

99

100

% 1%, Enteromius camptacanthus (A)
1% Enteromius unitaeniatus (A)
Enteromius luluae (B)
| Labeo annectens (B)

Labeo barbatus (B) S
Labeo barbatus (B) & L. nasus (B) LS

Labeo cf. nasus (A)
Labeo cf. annectens (A)
Labeo cf. annectens (A)
Labeo macrostoma (A)
Labeo cf. lukulae (A)
Labeo cf. lukulae (A)
Labeo simpsoni (B) & L. nasus (B) LS
Labeo chariensis (A)
Labeo sanagaensis (B) & L. simpsoni (B) LS
_| 0. 1abeo aff; rectipinnis (A)
_%{I Labeo barbatus (B) S
pr Labeo batesii (B)
Labeo barbatus (B) §

[ | E“” Labeo altivelis (A+B) & L. sp. sowans (B) L*

9% 9 Labeo cf. coubie (B)

Labeo cf. cyclorhynchus (B)
- %4 Labeo lineatus (B) & L. greenii (A) S*

——< Labeo cf. batesii (A)

99— Labeo cf. camerunensis (A)

Garra ornata (B) S
Outgroup. Kribia nana (A)
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Monostichodus lootensi (B) S

=5 Ichthyborus ornatus (B)
Distichodus atroventralis (A+B)
Distichodus mossambicus (B)
Distichodus lusosso (B)
Distichodus antonii (B)
84 Distichodus sexfasciatus (B)
Distichodus fasciolatus (B) & D. Schenga (B) L
E Distichodus fasciolatus (A+B)

Distichodus decemmaculatus (B) S
_9[[;9- Distichodus teugelsi (A)

Distichodus decemmaculatus (B) S
—‘?i4 Distichodus noboli (A+B)
{ Distichodus affinis (A+B) & D. spA (B) & D. spB (B)
Distichodus hypostomatus (A)
Dlst/chodus notospilus (A)

92

96 \

Monostichodus lootensi (B) S

2. Nannocharax schoutedeni (B)

_|_| 10— Nannocharax elongatus (B)

100

Nannocharax procatopus (A)
100

Belonophago hutsebouti (B)

104 Phago boulengeri (A+B) S
104 Mesoborus crocodilus (A+B) S
—= Eugnathichthys macroterolepis (A) $*
Eugnathichthys macroterolepis (B) S*
Hem/grammocharax uniocellatus (B)

o8 Neolebias trilineatus (B)
1% Neolebias trilineatus (A)

Hemigrammocharax ocellicauda (B)

82

Phago boulengeri (B) S

_99: Nannocharax sp.parvus-like (A)
Nannocharax sp.Nyanga (A)

— Nannocharax parvus (A)

Neolebias ansorgii (B)
—2{ Xenocharax sp.spilurus-like (A)

99

_|:9-i Xenocharax spilurus (A)
100—== Xenocharax spilurus (A)

Mesoborus crocodilus (B) S
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Outgroup: Kribia nana (A)
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— 2« Petrocephalus christyi (A+8)
2 Petrocephalus binotatus (A)
100 _&- Petrocephalus simus (A) S
Petrocephalus simus (A) S
—1 Petrocephalus cf. christyi (A)
Stomatorhinus walkeri (A)
Ivindomyrus sp. shortKouilou (A)
Ivindomyrus sp. elongatekouilou (A)
Marcusenius moorii (A+B)
Marcusenius moorii (A)
Marcusenius kutuensis (A+B)
Gnathonemus echidnorhynchus (A)
Gnathonemus petersii (A+B)
Hippopotamyrus weeksii (A)
Hippopotamyrus cf. ansorgii (A)
183 Paramormyrops cf. kingsleyae (A)
o £aramormyr0ps kingsleyae (A)
< Pollimyrus maculipinnis (B) & P. cf. nigripinnis (A) & P. splsoiaszsos (B) L*S*
— P _ﬁ Pollimyrus maculipinnis (B) & P. nigripinnis (A) & P sp1 (B) L*§*
100 Pollimyrus nigripinnis (A)
% Oxymormyrus boulengeri (B) & Mormyrops cf. zanclirostris (B) L
™1 P Oxymormyrus boulengeri (A)
Mormyrops zanclirostris (A)
] — Mormyrops masuianus (B) & M. sirenoides (A) L*
Mormyrops angU///O/des(A )
99— Mormyrops nigricans (A+B)
—4 Mormyrops lineolatus (B) & M. furcidens (A) L*
[ Mormyrus caballus (A)
— Brienomyrus brachyistius (A)

Myomyrus macrodon (A)
— Petrocephalus microphthalmus (A+B) & P. cf. microphthalmus (A) L*

Outgroup: Kribia nana (A)
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