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Incorporating DNA barcodes into a multi-year inventory of the fishes of
the hyperdiverse Lower Congo River, with a multi-gene performance
assessment of the genus Labeo as a case study
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Abstract
Background and aims: Here we describe preliminary efforts to integrate DNA barcoding into an ongoing inventory of the
Lower Congo River (LCR) ichthyofauna. The 350 km stretch of the LCR from Pool Malebo to Boma includes the world’s
largest river rapids. The LCR ichthyofauna is hyperdiverse and rich in endemism due to high habitat heterogeneity, numerous
dispersal barriers, and its downstream location in the basin.
Materials and methods: We have documented 328 species from the LCR, 25% of which are thought to be endemic. In addition
to detailing progress made to generate a reference sequence library of DNA barcodes for these fishes, we ask how DNA can be
used at the current stage of the Fish Barcode of Life initiative, as a work in progress currently of limited utility to a wide
audience. Two possibilities that we explore are the potential for DNA barcodes to generate discrete diagnostic characters for
species, and to help resolve problematic taxa lacking clear morphologically diagnostic characters such as many species of the
cyprinid genus Labeo, which we use as a case study.
Results: Our molecular analysis helped to clarify the validity of some species that were the subject of historical debate, and we
were able to construct a molecular key for all monophyletic and morphologically recognizable species. Several species sampled
from across the Congo Basin and widely distributed throughout Central and West Africa were recovered as paraphyletic based
on our molecular data.
Conclusion: Our study underscores the importance of generating reference barcodes for specimens collected from, or in close
proximity to, type localities, particularly where species are poorly understood taxonomically and the extent of their
geographical distributions have yet to be established.
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Introduction
From its main source in the Katanga Highlands of
southeastern Congo to its exodus into the Atlantic
Ocean in western Bas Congo, the main channel of the
Congo River forms a 4374 km arc twice bisecting the
Equator (Runge 2007). The river and its tributaries
drain an area the size of Europe and represent over
14,500 km of navigable passage across Central Africa,
providing food, transportation, and livelihoods for the
over 30 million people who live in this vast region.

Over a decade ago, 780 species of fishes were recorded
from the Congo Basin (Lévêque 1997) with 83%
considered endemic to the region (Chapman and
Chapman 2001), but despite more than a century
of ichthyological investigation (Boulenger 1901)
much of the basin remains virtually unexplored
(Thieme et al. 2005) and species discovery is the
norm when new localities are surveyed or regions
revisited. Due to limited exploration throughout
the region, incomplete sampling, and a chronic lack
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of up-to-date taxonomic and ecological knowledge, it
is widely acknowledged that the total number of fish
species is probably far greater than currently
documented. The present study stands in contrast to
previous barcoding studies of freshwater fishes that
have focused on better-understood taxa with intensive
taxonomic coverage, including tissue samples available for most species over a wide geographic range
(e.g. freshwater fishes of Canada; Hubert et al. 2008).
Here, we investigate the utility of DNA barcoding
fishes in a region that could be considered Canada’s
DNA barcoding antipode: the Lower Congo River
(LCR). At the western edge of the Congo basin, near
the twin capitals of Kinshasa (Democratic Republic of
Congo [DRC]) and Brazzaville (Republic of Congo
[RC]), the river spills over a rocky sill at the edge of
Pool Malebo and plunges down a narrow gorge cut
through the Crystal Mountains of the Atlantic Rise. In
a short stretch of about 350 km, the LCR drops 280 m
in a stepped series of rapids before it begins its outflow
into the Atlantic Ocean (Figure 1). The first detailed
ichthyological survey of the LCR rapids (Roberts and
Stewart 1976) recorded the presence of 147 fish
species including 34 LCR fishes, suggesting that this is
an extremely species-rich stretch of river. Survey
efforts over the past 4 years by ichthyologists from the
American Museum of Natural History (AMNH)
in collaboration with Congolese researchers at the
Universities of Kinshasa (DRC) and Marien Ngouabi
(RC) have more than doubled these counts, although
considerable taxonomic uncertainty persists for many
of these putative species (Table I). Additionally, in situ

measurements have shown that river flow in much of
the LCR is highly energetic, and that complex flow
structure and bathymetry are probably playing a key
role in the isolation of fish populations; this isolation
over small geographic scales may in turn account for
the extraordinarily high levels of species endemism
(Markert et al. 2010). In light of the extreme
hydrological conditions that appear to isolate many
LCR fish populations from those in the remainder of
the basin, it is highly likely that further investigation
will reveal numerous additional endemics that are
currently (erroneously) assigned to more widespread
species, and cytochrome c oxidase subunit I (COI)
diagnostics could be a preliminary tool for such
investigation. In light of the documentation of such
high levels of species richness and endemism in the
LCR, an answer to the question “Why barcode the
fishes of the LCR?” is easy: it provides a significant
contribution to the Fish Barcode of Life (FISH-BOL)
campaign to establish a barcode reference library for
all the world’s fishes. But beyond that, it is hoped that
our experiences can help to clarify the utility and
limitations of DNA barcodes as a tool for biodiversity
inventory of the taxonomically less-well-documented
fish faunas of tropical freshwaters.
The consensus among participants attending the
first meeting of the African Regional Working Group of
FISH-BOL (PAFFA 2008) was that the most efficient
manner to collect DNA barcodes for the African
ichthyofauna was through collaboration with existing
biodiversity inventories and taxonomic initiatives on
the continent. Indeed, the value of an integrative

Figure 1. Study system. Unlike most large rivers, the Congo lacks a delta, and much of the African continent’s interior drains into the
Atlantic through a narrow stretch of river comprising the world’s greatest rapids. For 350 km, between the twin capitals of Brazzaville and
Kinshasa to Boma, the Congo drops approximately 280 m in a series of 66 major cataracts. Labeo for this study were collected at localities
demarcated with stars. Black, proximity of Kisangani; dark gray, Lulua River; light gray, West Africa and Lower Guinea; and white (boxed),
Lower Congo rapids.
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Table I. Fishes recorded from the LCR.
Family

Taxon

Alestidae

Alestes liebrechtsii Boulenger, 1898
Alestes inferus Stiassny et al., 2009
Alestopetersius caudalis (Boulenger, 1899)
Bathyaethiops caudomaculatus (Pellegrin, 1925)
Brachypetersius huloti (Poll, 1954)
Brycinus carmesinus (Nichols and Griscom, 1917)
Brycinus comptus Roberts and Stewart, 1976
Brycinus grandisquamis (Boulenger, 1899)
Brycinus imberi Peters, 1852
Brycinus macrolepidotus (Valenciennes, 1850)
Bryconaethiops microstoma Günther, 1873
Bryconaethiops yseuxi Boulenger, 1899
Duboisialestes tumbensis (Hoedeman, 1951)
Hepsetus odoe (Bloch, 1794)
Hydrocynus goliath (Boulenger, 1898)
Hydrocynus vittatus (Castelnau, 1861)
Micralestes acutidens (Peters, 1852)
Micralestes holargyreus (Günther, 1873)
Micralestes humilis Boulenger, 1899
Micralestes lualabae Poll, 1967
Micralestes schelly Stiassny and Mamonekene, 2007
Micralestes stormsi Boulenger, 1902
Nannopetersius lamberti Poll, 1967
Nannopetersius mutambuei Wamuini and Vreven, 2008
Phenacogrammus interruptus (Boulenger, 1899)
Amphilius lamani Lönnberg and Rendahl, 1920
Amphilius zairensis Skelton, 1986
Belonoglanis nudipectus Lönnberg and Rendahl, 1920
Belonoglanis tenuis Boulenger, 1902
Doumea alula Nichols and Griscom, 1917
Phractura bovei (Perugia, 1892)
Phractura brevicauda Boulenger, 1911
Phractura lindica Boulenger, 1902
Phractura sp. “leopard” undescribed
Tetracamphilius pectinatus Roberts, 2003
Zaireichthys zonatus Roberts, 1967
Ctenopoma gabonense Günther, 1869
Ctenopoma kingsleyae Günther, 1869
Ctenopoma nigropannosum Reichenow, 1875
Ctenopoma ocellatum Pellegrin, 1899
Microctenopoma ansorgii (Boulenger, 1912)
Microctenopoma congicum (Boulenger, 1887)
Microctenopoma fasciolatum Boulenger, 1899
Microctenopoma milleri (Norris and Douglas, 1999)
Microctenopoma nanum Günther, 1869
Bagrus caeruleus Roberts and Stewart, 1976
Bagrus lubosicus Lönnberg, 1924
Bagrus ubangensis Boulenger, 1902
Parachanna insignis Sauvage, 1884
Parachanna obscura (Günther, 1861)
Ctenochromis polli Thys van den Audenaerde, 1964
Hemichromis elongatus (Guichenot, 1861)
Hemichromis lifalili Loiselle, 1979
Hemichromis stellifer Loiselle, 1979
Lamprologus congoensis Schilthuis, 1891
Lamprologus lethops Roberts and Stewart, 1976
Lamprologus teugelsi Schelly and Stiassny, 2004
Lamprologus tigripictilis Schelly and Stiassny, 2004
Lamprologus sp. “nziya” Stiassny et al. in prep., 2011
Lamprologus werneri Poll, 1959
Nanochromis consortus Roberts and Stewart, 1976
Nanochromis minor Roberts and Stewart, 1976
Nanochromis parilus Roberts and Stewart, 1976
Nanochromis splendens Roberts and Stewart, 1976
Oreochromis lepidurus Boulenger, 1899

Amphiliidae

Anabantidae

Bagridae

Channidae
Cichlidae

COI

Tissue

x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Taxonomy
xxx
xxx
xxx
xxx
xxx
xx
xxx
xx
xx ?
xx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xx
xx ?
xxx
xx?
xxx
xxx
xxx
x
xxx
xx
xx?
xx?
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xx?
xx?
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
x
xxx
xxx
xxx
xxx
xxx
xx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
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Family

Citharinidae

Clariidae

Claroteidae

Clupeidae

Taxon
Orthochromis cf. stormsi (Boulenger, 1902)
Pelmatochromis nigrofasciatus (Pellegrin, 1900)
Sarotherodon galileus boulengeri (Pellegrin, 1903)
Sarotherodon nigripinnis (Guichenot, 1861)
Steatocranus bleheri Meyer, 1993
Steatocranus casuarias Poll, 1939
Steatocranus sp. “dwarf” Schliewen et al. in prep., 2010
Steatocranus gibbiceps Boulenger, 1899
Steatocranus glaber Roberts and Stewart, 1976
Steatocranus mpozoensis Roberts and Stewart, 1976
Steatocranus tinanti (Poll, 1939)
Teleogramma brichardi Poll, 1959
Teleogramma depressum Roberts and Stewart, 1976
Teleogramma gracile Boulenger, 1899
Thoracochromis bakongo (Thys van den Audenaerde, 1964)
Thoracochromis demeusii (Boulenger, 1899)
Thoracochromis fasciatus (Perugia, 1892)
Tilapia cabrae Boulenger, 1899
Tilapia tholloni (Sauvage, 1884)
Tylochromis lateralis (Boulenger, 1898)
Tylochromis praecox Stiassny, 1989
Citharinus congicus Boulenger, 1897
Citharinus gibbosus Boulenger, 1899
Citharinus macrolepis Boulenger, 1899
Channallabes apus (Günther, 1873)
Clariallabes teugelsi Ferraris, 2007
Clariallabes manyangae (Boulenger, 1919)
Clariallabes melas (Boulenger, 1887)
Clarias angolensis Steindachner, 1866
Clarias buthupogon Sauvage, 1876
Clarias camerunensis Lönnberg, 1895
Clarias gabonensis Günther, 1897
Clarias gariepinus (Burchell, 1822)
Clarias pachynema Boulenger, 1903
Clarias platycephalus Boulenger, 1902
Gymnallabes nops Roberts and Stewart, 1976
Heterobranchus longifilis Valenciennes, 1840
Platyallabes tihoni (Poll, 1944)
Anaspidoglanis macrostoma (Pellegrin, 1900)
Auchenoglanis occidentalis (Valenciennes, 1840)
Chrysichthys brevibarbis (Boulenger, 1899)
Chrysichthys cranchii (Leach, 1818)
Chrysichthys delhezi Boulenger, 1899
Chrysichthys duttoni Boulenger, 1905
Chrysichthys habereri Steindachner, 1912
Chrysichthys helicophagus Roberts and Stewart, 1976
Chrysichthys laticeps Pellegrin, 1932
Chrysichthys longibarbis (Boulenger, 1899)
Chrysichthys nigrodigitatus (Lacépede, 1803)
Chrysichthys ornatus Boulenger, 1902
Chrysichthys polli Risch, 1987
Chrysichthys thonneri Steindachner, 1912
Gephyroglanis congicus Boulenger, 1899
Gephyroglanis longipinnis Boulenger, 1899
Notoglanidium pallidum Roberts and Stewart, 1976
Parauchenoglanis balayi (Sauvage, 1879)
Parauchenoglanis punctatus (Boulenger, 1902)
Parauchenoglanis sp. “inkisi” undescribed
Rheoglanis dendrophorus (Poll, 1966)
Microthrissa congica (Regan, 1917)
Microthrissa minuta Poll, 1974
Microthrissa royauxi Boulenger, 1912
Odaxothrissa ansorgii Boulenger, 1910
Odaxothrissa losera Boulenger, 1899

COI

Tissue

Taxonomy

x
x
x

x?
xxx
xx
xx
xxx
xxx
xx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xx ?
xx
xxx
xxx
xxx
xxx
xxx
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xx?
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xxx
xxx
xxx
xxx
xxx
xx
xx
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Cyprinidae

Distichodontidae

Taxon
Pellonula leonensis Boulenger, 1916
Pellonula vorax Günther, 1868
Potamothrissa obtusirostris (Boulenger, 1909)
Barbus atromaculatus Nichols and Griscom, 1917
Barbus cf. collarti Poll, 1945
Barbus erythrozonus Poll and Lambert, 1959
Barbus cf. girardi Boulenger, 1910
Barbus holotaenia Boulenger, 1904
Barbus jae Boulenger, 1903
Barbus kessleri (Steindachner, 1866)
Barbus lamani Lönnberg and Rendahl, 1920
Barbus miolepis Boulenger, 1902
Barbus unitaeniatus Günther, 1866
Barbus cf. mocoensis Trewavas, 1936
Barbus vanderysti Poll, 1945
Caecobarbus geertsii Boulenger, 1921
Chelaethiops elongatus Boulenger, 1899
Clypeobarbus congicus (Boulenger, 1899)
Clypeobarbus pleuropholis (Boulenger, 1899)
Garra congoensis Poll, 1959
Garra ornata Nichols and Griscom, 1917
Labeo annectens Boulenger, 1903
Labeo barbatus Boulenger, 1898
Labeo chariensis Pellegrin, 1904
Labeo cyclorhynchus Boulenger, 1899
Labeo degeni Boulenger, 1920
Labeo falcipinnis Boulenger, 1903
Labeo fulakariensis Tshibwabwa et al., 2006
Labeo greenii Boulenger, 1902
Labeo kirkii Boulenger, 1903
Labeo sp. “luozi” Stiassny and Tshibwabwa in prep., 2011
Labeo lineatus Boulenger, 1898
Labeo lividus Roberts and Stewart, 1976
Labeo longipinnis Boulenger, 1898
Labeo lukulae Boulenger, 1902
Labeo macrostomus Boulenger, 1898
Labeo nasus Boulenger, 1899
Labeo parvus Boulenger, 1902
Labeo cf. quadribarbis Poll and Gosse, 1963
Labeo rectipinnis Tshibwabwa, 1997
Labeo simpsoni Richardo-Bertram, 1943
Labeo sorex Nichols and Griscom, 1917
Labeo sp. nov
Labeo weeksii Boulenger, 1909
Labeobarbus caudovittatus Boulenger, 1902
Labeobarbus dartevellei (Poll, 1945)
Labeobarbus cf. marequensis (Smith, 1841)
Labeobarbus cf. rhinophorus (Boulenger, 1910)
Labeobarbus cf. rocadasi (Boulenger, 1910)
Labeobarbus cf. rosae (Boulenger, 1910)
Labeobarbus n.sp. “deep” undescribed
Leptocypris lujae (Boulenger, 1909)
Leptocypris modestus Boulenger, 1900
Leptocypris weeksii (Boulenger, 1899)
Leptocypris weynsii (Boulenger, 1899)
Raiamas christyi (Boulenger, 1920)
Raiamas kheeli Stiassny et al., 2006
Raiamas cf. salmolucius (Nichols and Griscom, 1917)
Varicorhinus latirostris Boulenger, 1910
Varicorhinus macrolepidotus Pellegrin, 1928
Varicorhinus robertsi Banister, 1984
Varicorhinus cf. stenostoma Boulenger, 1910
Distichodus affinis Günther, 1873
Distichodus antonii Schilthuis, 1891

COI

Tissue

x

x
x
x
x
x
x

x
x
x
x
x
x
x
x
x

x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x

Taxonomy
xx
xxx
xxx
xxx
xxx
xxx
xx
xxx
xxx
xx
xx
xx?
xx?
x?
xx
xxx
xxx
xxx
xxx
xxx
xx
x?
xxx
x?
xxx
xx
xx
xxx
xxx
xx?
xxx
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xx
xxx
x?
xx
xx
xx?
xx?
x
xx?
xxx
xxx
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x
xx?
xx?
xx?
xx?
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xx?
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Family

Eleotridae
Gobiidae
Malapteruridae
Mastacembelidae

Mochokidae

Mormyridae

Taxon
Distichodus atroventralis Boulenger, 1898
Distichodus fasciolatus Boulenger, 1898
Distichodus lusosso Schilthuis, 1891
Distichodus maculatus Boulenger, 1898
Distichodus cf. mossambicus Peters, 1852
Distichodus sexfasciatus Boulenger, 1897
Eugnathichthys macroterolepis Boulenger, 1899
Hemigrammocharax uniocellatus (Pellegrin, 1926)
Ichthyborus ornatus (Boulenger, 1899)
Mesoborus crocodilus Pellegrin, 1900
Nannocharax elongatus Boulenger, 1900
Nannocharax parvus Pellegrin, 1906
Nannocharax cf. taenia Boulenger, 1902
Phago boulengeri Schilthuis, 1891
Kribia nanna (Boulenger, 1901)
Awaous lateristriga (Duméril, 1861)
Malapterurus gossei Norris, 2002
Malapterurus microstoma Poll and Gosse, 1969
Mastacembelus aviceps Roberts and Stewart, 1976
Mastacembelus brachyrhinus Boulenger, 1899
Mastacembelus brichardi (Poll, 1958)
Mastacembelus congicus Boulenger, 1896
Mastacembelus crassus Roberts and Stewart, 1976
Mastacembelus greshoffi Boulenger, 1901
Mastacembelus latens Roberts and Stewart, 1976
Mastacembelus marchei Sauvage, 1879
Mastacembelus niger Sauvage, 1879
Mastacembelus paucispinis Boulenger, 1899
Mastacembelus robertsi (Vreven and Teugels, 1996)
Mastacembelus simbi Vreven and Stiassny, 2009
Mastacembelus traversi (Vreven and Teugels, 1997)
Atopochilus mandevillei Poll, 1959
Atopochilus sp. “mbouno” undescribed
Chiloglanis carnosus Roberts and Stewart, 1976
Chiloglanis congicus Boulenger, 1920
Chiloglanis micropogon Poll, 1952
Euchilichthys guentheri (Schilthuis, 1891)
Euchilichthys royauxi Boulenger, 1902
Microsynodontis christyi Boulenger, 1920
Microsynodontis sp. “elongate” undescribed
Synodontis acanthomias Boulenger, 1899
Synodontis alberti Schilthuis, 1891
Synodontis angelicus Schilthuis, 1891
Synodontis brichardi Poll, 1959
Synodontis caudalis Boulenger, 1899
Synodontis congicus Poll, 1971
Synodontis decorus Boulenger, 1899
Synodontis depauwi Boulenger, 1899
Synodontis flavitaeniatus Boulenger, 1919
Synodontis greshoffi Schilthuis, 1891
Synodontis longirostris Boulenger, 1902
Synodontis nigriventris David, 1936
Synodontis notatus Vailliant, 1893
Synodontis pleurops Boulenger, 1897
Synodontis schoutedeni David, 1936
Synodontis smiti Boulenger, 1902
Synodontis soloni Boulenger, 1899
Campylomormyrus christyi (Boulenger, 1920)
Campylomormyrus compressirostris (Pellegrin, 1928)
Campylomormyrus curvirostris (Boulenger, 1898)
Campylomormyrus elephas (Boulenger, 1898)
Campylomormyrus numenius (Boulenger, 1898)
Campylomormyrus rhynchophorus (Boulenger, 1898)
Campylomormyrus tamandua (Günther, 1864)

COI

Tissue

x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x

x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Taxonomy
xxx
xx
xxx
xxx
xx?
xxx
xxx
xxx
xxx
xxx
xx
xxx
xx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xx
xxx
xx?
xxx
xxx
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xx?
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Family

Nothobranchiidae

Notopteridae
Poeciliidae

Polypteridae

Protopteridae
Schilbidae

Taxon
Campylomormyrus cf. tshokwe (Poll, 1976)
Cyphomyrus macrops (Boulenger, 1909)
Cyphomyrus plagiostoma (Boulenger, 1898)
Cyphomyrus psittacus (Boulenger, 1897)
Cyphomyrus wilverthi (Boulenger, 1898)
Cyphomyrus weeksii (Boulenger, 1902)
Gnathonemus petersii (Günther, 1862)
Hippopotamyrus cf. pappenheimi (Boulenger, 1910)
Marcusenius greshoffi (Schilthuis, 1891)
Marcusenius monteiri (Günther, 1873)
Marcusenius moorii (Günther, 1867)
Marcusenius schilthuisiae (Boulenger, 1899)
Marcusenius stanleyanus (Boulenger, 1897)
Mormyrops anguilloides (Linnaeus, 1758)
Mormyrops curtus Boulenger, 1899
Mormyrops engystoma Boulenger, 1898
Mormyrops mariae (Schilthuis, 1891)
Mormyrops masuianus Boulenger, 1898
Mormyrops nigricans Boulenger, 1899
Mormyrops parvus Boulenger, 1898
Mormyrus bumbanus Boulenger, 1909
Mormyrus iriodes Roberts and Stewart, 1976
Mormyrus cyaneus Roberts and Stewart, 1976
Mormyrus proboscirostris Boulenger, 1898
Myomyrus macrodon Boulenger, 1898
Myomyrus pharao Poll and Taverne, 1967
Petrocephalus christyi Boulenger, 1920
Petrocephalus grandoculis Boulenger, 1920
Petrocephalus microphthalmus Pellegrin, 1904
Petrocephalus sauvagii (Boulenger, 1887)
Petrocephalus sp. “Lavoue 7” Lavoue et al. in press
Pollimyrus adspersus (Günther, 1866)
Pollimyrus nigripinnis (Boulenger, 1899)
Pollimyrus pedunculatus (David and Poll, 1937)
Stomatorhinus ater Pellegrin, 1924
Stomatorhinus cf. fuliginosus Poll, 1941
Stomatorhinus microps Boulenger, 1898
Stomatorhinus cf. patrizii Vinciguerra, 1928
Stomatorhinus polylepis Boulenger, 1899
Stomatorhinus puncticulatus Boulenger, 1899
Stomatorhinus schoutedeni Poll, 1945
Aphyosemion cognatum Meinken, 1951
Aphyosemion escherichi (Ahl, 1924)
Aphyosemion labarrei Poll, 1951
Aphyosemion schioetzi Huber and Scheel, 1981
Epiplatys multifasciatus (Boulenger, 1913)
Epiplatys singa (Boulenger, 1899)
Epiplatys spilargyreis (Duméril, 1861)
Papyrocranus congoensis (Nichols and La Monte, 1932)
Xenomystus nigri (Günther, 1868)
Aplocheilichthys spilauchen (Dümeril, 1861)
Hypsopanchax zebra (Pellegrin, 1929)
Micropanchax sp. “nziya” Schelly and Stiassny in prep.
Plataplochilus loemensis (Pellegrin, 1924)
Polypterus congicus Boulenger, 1898
Polypterus delhezi Boulenger, 1899
Polypterus ornatipinnis Boulenger, 1902
Polypterus palmas polli Gosse, 1988
Polypterus weeksii Boulenger, 1898
Protopterus aethiopicus mesmaekersi Poll, 1961
Protopterus dolloi Boulenger, 1900
Parailia congica Boulenger, 1899
Parailia occidentalis (Pellegrin, 1901)
Pareutropius debawi (Boulenger, 1900)

COI

Tissue

Taxonomy

x
x
x
x
x
x

xx
xx
xxx
xx
xxx
xxx
xxx
xx?
xxx
xxx
xxx
xxx
xx?
xx
xxx
xxx
xx
xx
xxx
xx
x?
xxx
xxx
xxx
xxx
xxx
xxx
xx
xxx
xxx
xxx
xxx
xx?
xxx
xx
xx?
xxx
xx?
xxx
xxx
xxx
xxx
xxx
xxx
xx
xxx
xx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xxx
xx
xxx
xxx
xxx
xxx
xxx
xxx

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x

x
x
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Table I – continued
Family

Taxon

Tetraodontidae

Pareutropius mandevillei Poll, 1959
Schilbe congensis (Leach, 1818)
Schilbe grenfelli Boulenger, 1900
Schilbe intermedius Rüppell, 1832
Schilbe zairensis De Vos, 1995
Tetraodon miurus Boulenger, 1902

COI

Tissue

Taxonomy

x
x
x
x

xxx
xxx
xx
xx
xxx
xxx

x

Mitochondrial DNA Downloaded from informahealthcare.com by University of Guelph on 03/21/11
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Notes: To date, 328 species of fishes, including 84 endemics (bold), are documented from the LCR. One hundred and eleven species were
sequenced for COI, including 21 endemics. Tissues for 37 more endemics and 112 nonendemics await processing. Tissues are unavailable for
24 endemics (underlined). Approximately, 155 species types are recorded from within or near the LCR (shaded). The column “taxonomy”
denotes the confidence in species diagnosis based on morphology, i.e. xxx, confident; x, tentative; and “?” denotes LCR specimens that
deserve greater scrutiny.

approach to taxonomy is recognized (Padial et al. 2010)
and was documented for other large-scale inventory
projects involving tropical biodiversity (e.g. Janzen et al.
2008). Such integration is deemed beneficial for several
reasons. First, and most pragmatically, COI sequences
could usefully augment morphological and molecular
phylogenetic analyses already underway on LCR fishes.
Secondly, the use of COI sequence diagnostics in
concert with morphological characters in species
descriptions (Amato et al. 1999; Victor 2007) is
recognized as an increasingly useful synergy. Incorporating gene sequences from type specimens (or retrospectively from topotypical material) optimizes the
accuracy of future barcode identifications—which is
particularly important when faunas are poorly understood taxonomically and geographical distributions
undefined—while allowing for these data to be used as
any other discrete character (DeSalle 2006) for
unambiguously diagnosing species (DeSalle et al.
2005; Lowenstein et al. 2009).
While comprehensive reference sequences from
systematics-driven initiatives can be added to the
Barcode of Life Data System (BOLD; Ratnasingham
and Hebert 2007) with relative ease and can be used to
generate species hypotheses or identifications, generating complete reference libraries in localities like the
LCR is a far greater challenge. Clearly accession to
BOLD of COI sequences of the many LCR endemics
that have striking morphologies, or have already been
subject to taxonomic scrutiny, is unproblematic and
can be fast-tracked to provide an authoritative
reference for the molecular identification of these
geographically delimited taxa. Unfortunately, such is
not the case for many of the other LCR taxa, and
although considerable progress was made, it is unlikely
that a comprehensive DNA barcode library for the
LCR will be achieved within the decade. This is
primarily because insufficient taxonomic research was
conducted on portions of the region’s ichthyofauna to
allow for unambiguous species assignment, and in
many cases the species historically recorded from this
river stretch have yet to be relocated. Biodiversity
science—either barcode-aided or not—is hindered

when there are few taxonomic authorities and
insufficient past scholarship to allow unambiguous
identification of specimens. Such is clearly the case for
many of the poorly diagnosed taxa that were reported
from the LCR (Table I), and in many cases determining
whether individuals collected in the LCR are novel to
the system (localized endemics) or populations of
extralimital species requires significant revisionary
effort and would benefit greatly from access to
sequences from type (or, more realistically, topotypical) material. At the current stage of the FISH-BOL
campaign, perhaps its greatest beneficiaries may be
taxonomists working on such historically contentious
taxa that have yet to be subjected to molecular analysis
and for which morphological diagnostics have yet to be
identified. One such taxonomically challenging assemblage considered here comprises the large-bodied,
heavily harvested cyprinids of the species-rich genus
Labeo Cuvier, 1817, a genus that is particularly wellrepresented in the LCR (Table I) and that poses
significant problems with respect to species delimitation and assignment (Table II).
Monophyly of this large Afro-Asian genus is strongly
supported by morphological apomorphies (Tshibwabwa 1997; Stiassny and Getahun 2007). While
Tshibwabwa (1997) found support for the monophyly
of the African representatives, this result has yet to be
assessed using molecular data. Boulenger (1909)
compiled the first identification key for 36 African
species, and subsequently more than 100 have been
described, although Reid (1985) accepted only 46 as
valid, writing: “In my investigation I have only rarely
found a character unique to and possessed by all of the
included individuals of any one ‘species’—overlapping
variation is the general case” (p. 12). Although others
argue that Reid’s estimate is overly conservative
(Roberts 1986; Skelton 1994; Tshibwabwa 1997;
Tshibwabwa et al. 2006), recognition of the highly
problematic alpha-taxonomy of the group resulting
from a paucity of morphological diagnostics is one of
few points of agreement. Reid (1985) sorted the
African Labeo into six species groups based on anatomy
and morphometrics, but conceded that the divisions

Sample code

JM-08-4 AMNHI-380
JM-08-5 AMNHI-381
t-002-0106 AMNHI-382
t-065-6469 AMNHI-383
t-028-2765 AMNHI-384
t-022-2149 AMNHI-385
t-067-6659 AMNHI-386
t-066-6565 AMNHI-387
t-062-6195 AMNHI-135
t-062-6196 AMNHI-136
t-054-5388 AMNHI-388
t-069-6837 AMNHI-214
t-069-6836 AMNHI-213
t-039-3879 AMNHI-389
t-038-3720 AMNHI-390
t-054-5397 AMNHI-391
t-055-5472 AMNHI-392
t-055-5475 AMNHI-393
t-054-5329 AMNHI-394
t-054-5330 AMNHI-395
t-054-5331 AMNHI-396
t-054-5332 AMNHI-397
t-055-5473 AMNHI-398
t-040-3914 AMNHI-399
t-038-3758 AMNHI-400
JM-08-11 AMNHI-401
JM-08-12 AMNHI-402
t-054-5389 AMNHI-403
t-030-2986 AMNHI-404
t-021-2043 AMNHI-405
t-055-5471 AMNHI-406
t-062-6122 AMNHI-129
t-030-2985 AMNHI-407
t-027-2629 AMNHI-408
t-049-4876 AMNHI-409
CO8-760 AMNHI-410
t-062-6121 AMNHI-411
t-062-6123 AMNHI-412
t-038-3756 AMNHI-413
t-075-7407 AMNHI-414
CO8-282 AMNHI-415
t-022-2139 AMNHI-416
CO8-759 AMNHI-417
t-030-2743 AMNHI-418
t-031-3074 AMNHI-419

Species

L. aff. rectipinnis
L. aff. rectipinnis
L. annectens
L. barbatus
L. barbatus
L. barbatus
L. barbatus
L. barbatus
L. batesii
L. batesii
L. cf. coubie
L. cf. cyclorhynchus
L. cf. cyclorhynchus
L. cf. maleboensis
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. cf. parvus
L. chariensis
L. chariensis
L. chariensis
L. chariensis
L. cyclorhynchus
L. cyclorhynchus
L. cyclorhynchus
L. fulakariensis
L. fulakariensis
L. fulakariensis
L. fulakeriensis
L. fulakeriensis
L. greenii
L. greenii
L. greenii
L. greenii
L. greenii
L. greenii
L. greenii
L. lineatus
L. lineatus

Lulua River
Lulua River
LCR: Inkisi River
LCR: Luozi
LCR: Devil’s hole
LCR: Devil’s hole
LCR: Luozi
LCR: Luozi
Cameroon: Ebebda
Cameroon: Ebebda
LCR:Lualua
LCR: Nsele River
LCR: Nsele River
LCR: Mosolo market
LCR:Lualua
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
LCR: Ndjili River
Lulua River
Lulua River
Lulua River
Lulua River
LCR: Bulu
LCR: Foulakari River
Lulua River
Kisangani: Maiko River
LCR: Bulu
LCR: Mbelo
Lulua River
LCR: Lufula River
Kisangani: Maiko River
Kisangani: Tshopo River
Lulua River
Lulua River
LCR: Banda Nyenge
LCR: Devil’s hole
LCR: Lufula River
LCR: Bulu
LCR: Bulu

Locality
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.

longipinnis
longipinnis
longipinnis
nasus
longipinnis
longipinnis
lukulae
nasus
nasus
nasus
nasus
nasus
nasus
nunensis
parvus
nunensis
parvus
parvus
parvus
parvus
parvus
parvus
parvus
parvus
parvus
parvus
quadribarbis
quadribarbis
sangaensis
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni
simpsoni “longfin”

Species
t-020-1986 AMNHI-427
t-050-4913 AMNHI-428
CO8-54 AMNHI-429
t-062-6126 AMNHI-132
t-027-2620 AMNHI-430
t-033-3231 AMNHI-431
t-032-3147 AMNHI-432
CO8-281 AMNHI-436
t-030-2946 AMNHI-433
t-030-2945 AMNHI-434
CO8-761 AMNHI-437
t-067-6631 AMNI-210
CO8-270 AMNHI-435
t-064-6381 AMNH-161
t-062-6119 AMNHI-127
t-064-6382 AMNH-162
t-055-5449 AMNHI-438
t-038-3726 AMNHI-439
t-055-5405 AMNHI-440
t-055-5450 AMNHI-441
t-055-5451 AMNHI-442
t-055-5469 AMNHI-443
t-055-5470 AMNHI-444
t-055-5474 AMNHI-445
t-062-6125 AMNHI-131
t-044-4331 AMNHI-446
t-033-3252 AMNHI-447
t-033-3244 AMNHI-448
t-064-6380 AMNHI-449
t-074-7374 AMNHI-450
t-055-5452 AMNHI-452
t-074-7372 AMNHI-451
t-049-4864 AMNHI-453
t-049-4865 AMNHI-454
t-031-3042 AMNHI-455
t-032-3148 AMNHI-456
t-031-3073 AMNHI-457
t-032-3154 AMNHI-458
t-052-5117 AMNHI-459
t-052-5118 AMNHI-460
t-052-5119 AMNHI-461
t-052-5120 AMNHI-462
t-030-2905 AMNHI-463
t-066-6530 AMNHI-464
CO8-846 AMNHI-465

Sample code

LCR: Foulakari River
LCR: Lufula River
LCR: Luozi
Kisangani: Maiko River
LCR: Mbelo
LCR: upstream Luozi
LCR: below Bulu
LCR: Banda Nyenge
LCR: Bulu
LCR: Bulu
LCR: Lufula River
LCR: Luozi
LCR: Pioka
Cameroon: Ebebda
Kisangani: Maiko River
Cameroon: Ebebda
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
Lulua River
Kisangani: Maiko River
LCR: Pioka
Kisangani: Mpozo River
Kisangani: Mpozo River
Cameroon: Ebebda
Lulua River
Lulua River
Lulua River
LCR: Bas Congo
LCR: Bas Congo
LCR: Bulu
LCR: Bulu
LCR: Bulu
LCR: Bulu
LCR: downstream Luozi
LCR: downstream Luozi
LCR: downstream Luozi
LCR: downstream Luozi
LCR: Luozi
LCR: Luozi
LCR: downstream Luozi

Locality

Table II. Specimens, sample identification codes, and collecting localities for Labeo from the LCR, Lualua River, Middle Congo (Kisangani), and Cameroon.
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LCR: Bulu
LCR: Foulakari River
LCR: Nsele River
LCR: Lufula River
LCR: Lualua
LCR: Mosolo River
LCR: Ndjili market
LCR: Kinsuka
LCR: Kinsuka
LCR: Bulu
t-031-3084 AMNHI-420
t-020-1994 AMNHI-421
t-069-6876 AMNHI-212
t-049-4900 AMNHI-422
t-055-5406 AMNHI-423
t-039-3878 AMNHI-424
t-039-3841 AMNHI-425
t-067-6671 AMNHI-206
t-067-6672 AMNHI-207
t-030-2947 AMNHI-426
L. lineatus
L. lineatus
L. lineatus
L. lineatus
L. lineatus
L. lineatus
L. lineatus
L. lividus
L. lividus
L. longipinnis

Note: The upper identification code is the AMNH tissue accession, and the lower code is the BOLD process ID that may be used to view specimen records and GenBank accession numbers.

LCR: Kinsuka
LCR: Luozi
LCR: Ndjili River
LCR: Fouta
LCR: Kinshasa market
LCR: Kinshasa market
LCR: Lenga Lenga
LCR: Nsele River
LCR: Nsele River
LCR: Nsele River
t-023-2269 AMNHI-466
CO8-53 AMNHI-467
t-039-3831 AMNHI-470
t-001-0031 AMNHI-471
t-040-3937 AMNHI-472
t-040-3955 AMNHI-473
CO8-928 AMNHI-474
t-068-6791 AMNHI-468
t-068-6798 AMNHI-469
t-068-6776 AMNHI-475
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.

Locality
Sample code

sorex
sp. nov
weeksii
weeksii
weeksii
weeksii
weeksii
weeksii
weeksii
weeksii

Locality
Sample code
Species

J. H. Lowenstein et al.

Species

Table II – continued
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may not be monophyletic and that their relationships
may lie with certain Asian Labeo. Subsequent workers
have challenged the validity of Reid’s divisions (Roberts
1986; Thys van den Audenaerde 1987; Tshibwabwa
1997). Using 17 morphological characters, however,
Tshibwabwa (1997) affirmed the two main morphological groups of African Labeo recognized by Reid—
the “papillate group” and the “plicate group”—
differentiated on the basis of the disposition of the
papillae on the upper labial fold of the upper jaw and
lower lip. These commercially important (Skelton et al.
1991; Tshibwabwa and Teugels 1995; Tshibwabwa
1997; Gordon 2006), yet taxonomically poorly understood cyprinids therefore represent an interesting case
study for the application of DNA barcoding in a
hyperdiverse tropical riverine system.
Here, we explore whether COI assists in resolving
some of the taxonomic uncertainties and conflicting
synonymies proposed by previous authors, and
investigate whether the morphologically well-defined
Labeo species can also be diagnosed using nucleotide
characters. Based on these data, we present a
preliminary molecular phylogeny of species relationships among the available sampling of Labeo from the
Congo basin, the Lower Guinean ichthyofaunal
province, several Southeast Asian Labeo and cyprinid
outgroups using nuclear rag1 and mtDNA COI and
control region sequences. We then compare this result
with a gene tree derived from COI.
Materials and methods
Collecting localities and sampling
Large synoptic collections of fishes were made over
four field seasons (2006 –2009) at multiple sites along
a 350-km stretch of the LCR, in Pool Malebo and
from selected sites along affluent rivers and streams of
the Pool and along the LCR (Figure 1). Due to a
combination of limited river access and extreme
hydrological conditions throughout much of the river
reach, sampling in main channel habitats of the LCR
is extremely challenging. As a result, most collecting
effort focused on relatively sheltered shoreline habitats
and, despite intensive efforts, many of the species
historically recorded as present in the LCR have yet to
be re-collected (see below).
Collections and specimen processing was conducted
in accordance with the American Fisheries Society
Guidelines (Nickum 2004). For many of the species
collected, tissue samples were field preserved in 95%
ethanol, and voucher specimens were preserved
in formalin and transferred to 70% ethanol for
morphological analysis. Voucher specimens were accessioned into the collections of the Department of
Ichthyology, AMNH, New York and the Zoologische
Staatssammlung (ZSM), Munich. Specimen provenance data and sequence information (see below)
were deposited on BOLD (project code: AMNHI)

Barcoding fishes of the Lower Congo River
in accordance with FISH-BOL guidelines (Ward et al.
2009).
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Labeo analysis
Specimens incorporated in the molecular analysis,
excluding those downloaded from GenBank, were
assigned to species by a world authority on Labeo
taxonomy (S.M. Tshibwabwa), and the broad geographic areas from which they were collected are
represented with shaded stars in Figure 1. Putative
species from the LCR, four of which appear to represent
range extensions into the LCR (marked with an
asterisk), are included: Labeo annectens* Boulenger,
1903, Labeo barbatus Boulenger, 1898, Labeo cyclorhynchus Boulenger, 1899, Labeo fulakariensis Tshibwabwa et al., 2006, Labeo greenii Boulenger, 1902, Labeo
lineatus Boulenger, 1898, Labeo longipinnis Boulenger,
1898, Labeo lukulae* Boulenger, 1902, Labeo maleboensis
Tshibwabwa, 1997 (from Pool Malebo and Nsele
River), Labeo nasus Boulenger, 1899, Labeo parvus
Boulenger, 1902, Labeo cf. quadribarbis* Poll and Gosse,
1963, Labeo simpsoni* Ricardo-Bertram, 1943, Labeo
sorex Nichols and Griscom, 1917, and Labeo weeksii
Boulenger, 1909. In addition, specimens conforming to
the description of Labeo lividus Roberts and Stewart,
1976 (considered a junior synonym of L. barbatus) and
individuals of two putative new species from LCR were
also incorporated in the study. Species from the Lulua
River, a large left bank tributary of the Kasai River
located in the Kasai Orientale Province, south Central
DRC, identified as Labeo chariensis Pellegrin, 1904,
Labeo cf. coubie Rüppell, 1832, L. cyclorhynchus,
L. greenii, L. lineatus, L. parvus, L. cf. parvus, Labeo cf.
rectipinnis Tshbwabwa, 1997, and L. simpsoni, and from
the upper Congo River from the vicinity of Kisangani
species identified as L. fulakariensis, L. greenii, and
L. parvus were also included. Additionally, due to tissue
availability, we include the Lower Guinean Labeo batesii
Boulenger, 1911, Labeo nunensis Pellegrin, 1929, and
Labeo sanagaensis Tshibwabwa, 1997 (species identification of the three lower guinean Labeo was by M.L.J.S.)
and the West African Labeo senegalensis Valenciennes,
1842. GenBank data were used for L. senegalensis
(EU711151, NC_008657, NC_008657), the Asian
Labeo calbasu Hamilton, 1822 (EU417758), Labeo
rohita Hamilton, 1822 (EU030668), Labeo gonius
Hamilton, 1822 (EU417801), the Labeonine Bangana
ariza Hamilton, 1807 (EU417809), and the danionines
Opsariichthys uncirostris Temminck and Schlegel,
1846 (EF452894, FJ197126, EU154953), and Zacco
platypus Temminck and Schlegel, 1846 (EF452896,
EF452848, AY095338).
DNA extraction
Two methods were used for DNA extraction. Manual
extractions employed a DNeasy Blood and Tissue kit
(Qiagen, Valencia, CA, USA) according to the
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manufacturer’s instructions, while the majority of
extractions were completed using an automated silicabased DNA extraction method. In brief, tissue was
digested overnight in vertebrate lysis buffer with
Proteinase K at 568C, and genomic DNA was
subsequently extracted using a membrane-based
approach on a Biomek NX liquid handling station
(Beckman Coulter, Brea, CA, USA) using
AcroPrep 96 1 ml filter plates (PALL, Port Washington, NY, USA) with 1.0 mm PALL glass fiber media
following Ivanova et al. (2006).
PCR and fragment analysis
PCR products were visualized on 2% agarose E-gel 96
plates (Invitrogen, Carlsbad, CA, USA) stained with
ethidium bromide. PCR samples with a single visible
band were processed further for sequencing. We
amplified three markers with individual sets of primers.
For the nuclear gene rag1, we used the following two
primer pairs (López et al. 2004) to produce two
overlapping fragments that allows the generation of a
single contig of approximately 1500 bp: RAG1F1 (50 CTGAGCTGCAGTCAGTACCATAAGATGT-30 )
with RAG1_JHL_Ri (50 -TTCATCGTGGCTGCGTGTGA-30 ), and RAG1R1 (50 -CTGAGTCCTTGTGAGCTTCCATRAAYTT-30 ) with RAG1_JHL_Fi
(5 0 -ATGCACGCTCTGCGACTCAA-3 0 ).
The
RAG1_JHL internal primers were designed for this
study using Primer3 (Rozen and Skaletsky 2000). The
thermal cycling program for this fragment was: 958C
for 2 min, then 35 cycles at 948C for 30 s, 568C for 30 s,
and 728C for 1 min, followed by a final step at 728C for
10 min. Part of the mitochondrial DNA control region
(about 800 bp) was amplified with the following set of
primers (Gilles et al. 2001): ESTFOR (50 -CATCGGTCTTGTAATCCGAAGAT-30 ) and NewCRev (50 GTTTCGGGGTTTGACAAGGATA-30 ). The thermal program for this fragment was: 958C for 2 min,
then five cycles of 948C for 15 s, 488C for 45 s, and
728C for 150 s, followed by 30 cycles at 948C for 15 s,
528C for 45 s, and 728C for 150 s, finished with an
elongation step of 728C for 7 min. The mitochondrial
COI gene was amplified with the fish primer cocktail
and protocol described by Ivanova et al. (2007).
DNA sequencing
We bi-directionally sequenced all marker genes using
BigDye Terminator v3.1 chemistry (Applied Biosystems, Inc. [ABI], Carlsbad, CA, USA). Each
sequencing reaction (forward or reverse) contained
1 ml of the following components: BigDye, 5 £
sequencing buffer, forward or reverse primer
(10 mM, see primer pairs above), and template DNA
(1.5 ml for nonabundant fragments). The PCR
fragments generated with the fish primer cocktail
(see above) are M13-tailed, and were sequenced bidirectionally with M13 (forward and reverse) primers
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to yield complete 2x coverage of the barcode fragment.
Water was added to a total volume of 14 ml per
reaction, and subjected to a thermal cycling program
in an Eppendorf Mastercycler model ep (Eppendorf,
Hauppauge, NY, USA), gradient S or Pro S: 968C for
2 min, then 30 cycles of 968C for 30 s, 558C for 15 s,
and 608C for 4 min. Electropherograms were generated with an ABI 3730xl sequencer, and imported in
the programs CodonCode Aligner v3.0.1 (CodonCode Corp., Dedham, MA, USA) and Geneious Pro
v4.9.3 (Biomatters, Auckland, New Zealand) for
sequence contig assembly and manual editing.
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Phylogenetic analysis
Labeo sequences were aligned using MAFFT v6
(Katoh and Toh 2008) and the alignments edited
using Geneious. Ambiguously aligned nucleotide
positions in the control region were removed prior to
analysis. Sequence files for three loci (COI, 652 bp;
rag1 1393 bp; control region, 788 bp) were concatenated (2833 bp) using Geneious and exported as
FASTA-formatted files, which were in turn converted
to a “relaxed” PHYLIP format (i.e. allowing taxon
labels to occupy up to 256 characters) using a Perl
script available on the webpage of A. Stamatakis
(http://wwwkramer.in.tum.de/exelixis/software.html).
Maximum likelihood phylogenetic analyses were
performed using RAxML v7.2.3 (Stamatakis 2006;
Stamatakis et al. 2008) implemented on the CIPRES
Portal v2.2 (http://www.phylo.org) at the San Diego
Supercomputer Center (Miller et al. 2009). Separate
analyses using the same specimens were conducted on
the COI and the concatenated three-locus (COI þ
rag1 þ control region) alignments. Outgroup taxa
included two nonlabeonine cyprinids, Z. platypus, and
O. uncirostris. Analyses included 200 inferences on the
original alignment and 10,000 bootstrap replicates,
using the general time-reversible substitution model
(Lanave et al. 1984) with among-site rate heterogeneity modeled by the G distribution and four discrete
rate categories (Yang 1994) for both bootstrapping
and final maximum-likelihood optimization and using
default parameter settings. Tree figures were prepared
using FigTree v1.3.1 (Rambaut 2010).
COI diagnostic key
A diagnostic key was constructed using Geneious to
visualize the alignment and conduct Population
Aggregation Analysis (Davis and Nixon 1992) by
eye, defining species using “characteristic attributes”
(CAs; Sarkar et al. 2002). Species “nucleotide
diagnostics” (e.g. Wong et al. 2009) were created
using “pure CAs”, which are nucleotide characters
unique to one species, and “compound CAs”, which
are combinations of nucleotides at multiple sites that
are diagnostic for that species.

Results
Species diversity
Table I provides a comprehensive list of species found
to date in the LCR main channel and/or its affluent
rivers (Figure 1c). The list was compiled after the
review of available taxonomic literature, examination
of collections housed in major US and European
museums (where possible including type specimens),
consultation with taxonomic authorities, and detailed
examination of many thousands of specimens collected over the past 4 years by ichthyologists from the
AMNH in collaboration with Congolese researchers
at the Universities of Kinshasa (DRC), and Marien
Ngouabi (RC). Remarkably, given that the LCR
comprises only 2% of the total area of the Congo basin
(Roberts and Stewart 1976), we record the presence
of 328 species of which 84 are currently recognized as
endemic to the system. We note, however, that
considerable taxonomic uncertainty persists for
many putative LCR species, and identification is
tentative for those indicated in Table I with a question
mark (?). This is a reflection of a lack of clear
morphological diagnostics, often combined with
poorly established geographic ranges for many species.
It is noteworthy that 160 LCR species are represented
by type specimens (wholly or in part) collected in, or
in close vicinity to, the LCR (Table I). Family-level
representation in LCR is also high, and includes all
but three of the families present in the entire Congo
basin (Phractolaemidae, Kneriidae, and Pantodontidae). Of this diversity, we have progressed in archiving
COI sequences for 110 species, 20 of which are
endemic to the LCR. These are noted in the publicly
accessible BOLD project (code: AMNHI) and the
type status of the material examined was noted
therein. Tissues from an additional 38 endemics and
112 nonendemics remain to be processed. Twentyfour endemics for which we lack tissues are recorded
from the system (Table I).
Phylogenetic analysis of Labeo
The topology of the COI tree (Figure 2) was in general
agreement with the three-gene tree (Figure 3),
although with considerably less bootstrap support
for most clades. The placement of L. batesii and
L. annectens in the COI tree is in disagreement with the
three-gene tree. When trees were constructed using
rag1 þ COI, as well as separate rag1 and control region
trees, all agreed with the multi-gene topology,
suggesting that the aberrant COI result was not a
case of introgression.
Our analysis supports a monophyletic Labeo and
provides provisional support for a monophyletic
African Labeo, although we note that our sampling
of Asian species is minimal and that none of the
southern African Labeo species were incorporated in
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Figure 2. COI Labeo gene tree. Maximum-likelihood phylogram showing branch bootstrap support above the 70% (log-likelihood score of
best tree: 24137.464790). Outgroup taxa omitted. Circle, Asian Labeo; “a” and “b”, the two main clades discussed in the text. Specimen
codes ending in “K” denote individuals caught in the vicinity of Kisangani (Upper Congo); “L” collected from the Lualua, a large southern
tributary of the Congo River; and “C” describes specimens collected from Cameroon. One species, L. senegalensis (GenBank accession
number NC008657), inhabits western Africa. The placement of L. batesii and L. annectens is in disagreement with the relationships recovered
using rag1 and the control region singularly (not shown) and in concert (Figure 3).
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Figure 3. Phylogenetic tree of the concatenated sequence dataset (control region, COI, and rag1) of African Labeo taxa. Maximumlikelihood phylogram showing branch bootstrap support above the 70% (final GAMMA-based score of best tree: 214613.154605). Two
primary clades were recovered (A and B). The symbols denote Labeo that belong to the groupings proposed by Reid (1985). Square, niloticus
group; circle, macrostomus group; triangle, coubie group; diamond, forskallii group. Nine individuals represented on the COI phylogenetic tree
(Figure 2) were omitted due to failure to amplify all genes.

our study. Nonetheless, it is noteworthy that some of
the Asian species included have previously been
suggested as being closely related to certain of
the African taxa; for example, L. gonius was allied
with the Labeo niloticus species group, and Labeo ariza
( ¼ Bangana ariza) with the Labeo macrostomus species
group by Reid (1985). Surprisingly, only the
“papillate group” is shown here to be monophyletic
for the three genes examined in this work. Relationships of the “papillate clade” lay with a subset of the
“plicate group”, thus rendering the “plicate group”, as
broadly conceived, paraphyletic. Our analyses, while
preliminary, retrieve two main clades within the

African Labeo sampled (Figures 2 and 3; Clades A
and B). In Clade A, the sole specimen of L. maleboensis
shares an identical haplotype with L. lineatus. This
is noteworthy as Tshibwabwa (1997) lists a series
of seemingly stable morphometric and meristic
features that readily differentiate L. maleboensis from
L. lineatus. Our study clearly indicates that further
investigation of this putative species pair with greater
sampling is in order. Regardless of specific status, this
group is in turn resolved as sister to a L. senegalensis þ
L. weeksii grouping. Sister to this “papillate clade” are
a morphologically highly diversified subgroup of
“plicate-lipped” species. Among these, L. greenii is
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similar in overall morphology to L. fulakariensis, the
latter having been identified as L. greenii in museum
collections prior to recognition as a distinct species
(Tshibwabwa et al. 2006). Despite the close morphological resemblance of L. greenii and L. fulakariensis,
there is strong molecular support for the alignment of
the latter with the phenetically divergent L. barbatus þ
L. lividus clade.
Labeo lividus was described from the LRC (Roberts
and Stewart 1976), but is considered by both Reid
(1985) and Tshibwabwa (1997) as a junior synonym
of L. barbatus. In this case, a re-examination of
specimens from LCR confirms that the differentiating
diagnostics proposed by Roberts and Stewart (1976)
for L. lividus—such as shorter, paler barbels and
larger, more heavily keratinized lip papillae—do
differentiate between specimens that resolve into two
clades within L. barbatus sensu lato in this analysis.
Our sampling of L. cyclorhynchus is rendered
paraphyletic by one Lulua individual that is allied to
specimens identified as L. rectipinnis and L. cf. coubie,
suggesting that this group, which is sister to a welldiagnosed L. longipinnis, is also in need of further
taxonomic scrutiny. L. batesii, a Lower Guinean
species, is resolved as sister to the above-mentioned
taxa (but is anomalously placed as sister to the
L. fulakariensis, L. lividus, L. barbatus, and L. greenii
subclade in the COI tree).
Clade B (Figures 2 and 3) consists of the remaining
plicate-lipped Congolese species sampled and the
Lower Guinean L. sanagaensis and L. nunensis that are
resolved as sister to them. A putative novel species
L. “longfin”, collected in LCR, shared the same
haplotype with 10 individuals from LCR identified as
L. simpsoni and as such is probably best considered as a
morphologically aberrant member of that species.
While the LCR L. simpsoni (including the “longfin”
form) formed a clade, species identified as L. simpsoni
from the Lulua River were not phylogenetically
resolved with the LCR individuals, nor did they
group together in any of our trees. Two individuals
from LCR identified as L. quadribarbis—a species
synonomized with L. parvus by Reid (1985) but
shown to be morphologically distinct and considered
valid by Tshibwabwa (1997)—are resolved as sister to
a morphologically heterogeneous clade consisting of
specimens identified as L. chariensis (n ¼ 4), L. cf.
parvus (n ¼ 6), L. parvus (n ¼ 1), and L. simpsoni
(n ¼ 1)—all individuals were from the Lulua and all
share an identical haplotype. Despite some differences
in dorsal fin shape, scale counts, and lateral line
coloration used to morphologically differentiate
L. chariensis, L. parvus, L. cf. parvus, and L. simpsoni,
our genetic results suggest that these characters may
exhibit considerable variability, and as such do not
provide an adequate basis for species delimitation.
In this regard, the L. parvus phenotype is particularly
problematical and individuals identified as this species
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are represented in four different clades in our analysis.
The two individuals sampled from Kisangani (Middle
Congo), despite morphological similarity, are widely
divergent genetically: one is most closely related to an
individual collected in LCR and identified as
L. lukulae, while the other is sister to an undescribed
species from the LCR (L. sp. nov. CO8-53).
In contrast, but expected based on morphological
similarity, the L. sorex þ L. nasus clade is well
supported by molecular data.
The character-based (COI) key successfully differentiates the following morphologically distinct
species: L. annectens, L. barbatus, L. batesii,
L. fulakariensis, L. greenii, L. longipinnis, L. quadribarbis, L. sanagaensis, L. sorex, and L. sp. nov. CO853 with pure CAs (Figure 4). Compound CAs
differentiated the remaining species: L. lividus,
L. lineatus, L. nasus, and L. weeksii. Labeo fulakariensis
was the only species with multiple individuals sampled
(n ¼ 5) that was polymorphic at one of the sites that
was diagnostic for other taxa.
Discussion
It is noteworthy that 160 LCR species are represented
by type specimens (wholly or in part) collected in, or
in close vicinity of, the LCR (Table I). The region is
valuable for DNA barcoding then, not only for its high
levels of endemism but also for its concentration of
type localities for the 37 nonendemics described from
the region. Verified barcodes of species collected
in close proximity to the type locality (as discussed in
the following section) are particularly valuable, as
their legitimacy is less likely to be confounded in
species where the range and species limits are obscure.
From this perspective, a region that is unremarkable in
terms of diversity could still be deserving of concerted
efforts aimed at amassing barcodes due to its value as a
locus of historically important collecting activity and
taxonomic descriptions. Determining whether the
species of uncertain taxonomic classification (denoted
in Table I with ‘?’) collected in LCR are novel localized
endemics or isolated populations of extralimital
species will require significant revisionary effort,
including access to sequences from type or, more
commonly, topotypical material (see discussion below
for selected Labeo species).
After years of civil unrest and conflict (Prunier 2009;
Reyntjens 2009), transportation infrastructure and
road access to the LCR has declined markedly,
particularly on the RC side of the main channel;
many type localities (if known with any precision) are
therefore no longer accessible. As a result of this
inaccessibility, among other factors, much of the LCR
remains unexplored ichthyologically. It is noteworthy
that, despite intensive collecting efforts, 38 of the
species (including 20 putative endemics) historically
recorded as present in the LCR have yet to be
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batesii--------greenii--------fulakariensis
lividus--------barbatus-----longipinnis--lineatus------weeksii-------quadribarbis
annectens---sorex---------nasus--------CO8-53------sanagaensisnunensis----Figure 4. COI character-based key for select species of Labeo. Top vertical numbers denote positions of the 652 bp fragment analyzed.
L. annectens, L. barbatus, L. batesii, L. fulakariensis, L. greenii, L. lineatus, L. longipinnis, L. nunensis, L. quadribarbis, L. sanagaensis, L. sorex, and
L. sp. nov. CO8-53, with pure CAs (nucleotides that are private to that species). Labeo lividus, L. nasus, and L. weeksii with compound CAs
(combinations of nucleotides).

recollected. Many of these species were not collected
since they were originally described, and are known
only from type specimens (e.g. Amphilius lamani
Lönnberg and Rendahl 1920, Labeobarbus dartevellei
Poll 1945, or Tylochromis praecox Stiassny 1989). While
it may be the case that these species are indeed rare, it is
more likely that they are highly localized endemics
and/or habitat specialists, and as such have eluded
capture due to vague locality records and the logistical
difficulties of comprehensively surveying this dynamic
system. The recent progress that was made here, as well
as in select sites outside the LCR, suggest that the
recorded diversity of fishes from within the Congo
Basin can ultimately be expected to significantly
exceed 1000 species.
Labeo case study
The addition of COI sequence data confirmed
morphology-based species identifications for a
majority of the taxa sampled in our study, but flags a
number of others as being in need of further study.
The pitfalls of assessing species relationships based on
a COI (or any other single gene) tree are evident here,
illustrated by the anomalous placement of L. batesii
and L. annectens in the COI gene tree and the lack of
strong bootstrap support at many nodes. When trees
were built using rag1 þ control region, as well as
separate rag1 and control region trees, all agreed with
the multi-gene topology, suggesting that the aberrant
COI result was not a case of introgression. The utility
of COI barcodes for identifying taxa in need of further
taxonomic effort (e.g. collection, examination, or
circumscription) is also evident. For Labeo, the COI
tree topology was for the most part concordant with
the three-gene tree.
In this respect, perhaps the greatest utility that we
found working on this morphologically challenging

group was in using DNA barcoding to highlight
potential misidentifications. Throughout the course of
the present study, problematic individuals were reidentified up to four times. Prior to the participation
of the authority on African Labeo (SMT), a
preliminary analysis of the samples revealed many
apparently misplaced individuals. Having these specimens “flagged” optimized the limited time SMT
could devote to identifying and describing hundreds of
individuals, and demonstrates that barcoding can
help to accelerate the pace of taxonomic research.
Morphological and DNA identifications for several
putative species were in disagreement and require
additional sampling and study. This is true as well for
species represented by single vouchers, for which
character-based COI may be polymorphic. Despite
some differences in dorsal fin shape, scale counts, and
lateral line coloration used to morphologically
differentiate L. chariensis, L. parvus, L. cf. parvus,
and L. simpsoni, our genetic results suggest that these
characters may exhibit considerable variability, and as
such may not provide an adequate basis for species
delimitation. A putative novel species L. “longfin”,
collected in LCR, for instance, shared the same
haplotype with 10 individuals from LCR identified as
L. simpsoni, and as such is probably best considered as
a morphologically aberrant member of that species.
Examination of Labeo species is particularly instructive in demonstrating the potential for the FISH-BOL
database to become corrupted by accessions sampled
far from their species’ type locality. L. chariensis
epitomizes this danger, as the type of this species is
from the Shari River in the Chad Basin, some 1400 km
north of the sampled regions. It is not improbable,
therefore, that the L. chariensis assigned in this study
(Lulua River), and the L. cf. parvus individuals (Lulua
River), many of which share identical haplotypes,
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represent an altogether different species for which
useful morphological diagnostics remain to be discovered. Similar reservations pertain to the divergent
LCR and Lulua River specimens that, based on
morphology, are all identified as L. simpsoni, but for
which the type locality (the Chambezi River) is located
on the other side of the Congo basin from the
collection sites sampled for the present study.
Determining which of these (if any) correspond with
the Chambezi L. simpsoni must await further investigation, central to which will be molecular sampling of
topotypical Chambezi L. simpsoni.
Recourse to molecular sampling of topotypical
materials is needed for other taxa also. For example,
the identity of the two specimens identified as L. cf.
quadribarbis and collected from a single tributary of
the LCR (the Mpozo River) needs corroboration.
The types of L. quadribarbis are from the Yangambi
region of the upper Congo (near Kisangani) and only
two individuals of this species (MRAC 78078 – 78079)
from Dilolo, Katanga, have been previously collected
outside of this region. Again, reference to tissue
vouchers from the vicinity of the type locality would be
necessary to determine whether the LCR specimens
represent a major range extension for this species, or
whether they represent a morphologically similar, yet
localized LCR endemic.
Our study also served to clarify some contrasting
species divisions. Based on the concordance of distinct
morphological and molecular characters, we herein
recognize the validity of L. lividus and consider it to
be another LCR endemic. We note, however, that
this conclusion deserves additional scrutiny. For
L. maleboensis and L. rectipinnis, conversely, the lack
of unique molecular characters identified for those taxa
suggests that further investigation could be helpful.
The sole specimen of L. maleboensis shares an identical
haplotype with L. lineatus. This is noteworthy as
Tshibwabwa (1997) lists a series of seemingly stable
morphometric and meristic features that readily
differentiate L. maleboensis from L. lineatus. Conversely,
the validity of species currently recognized as synonyms
for wide-ranging species such as L. coubie, L. lukulae,
L. chariensis, and L. parvus need re-examination, as the
divisions are probably overly broad for wide-ranging
species and each probably represents a complex of
morphologically cryptic species in need of further
taxonomic resolution. Ward et al. (2009) noted that
more than five barcodes may need to be collected for
freshwater species due to their greater spatial genetic
heterogeneity (Ward et al. 1994), and this assertion is
underscored by the lack of clarity regarding species
limits with several taxa, once we include specimens
sampled from outside the LCR. Moreover, for species
where the current taxonomy is a “work in progress”, it
will be critical for the purposes of establishing an
authoritative FISH-BOL library that barcodes for
described species be taken from as close to type
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localities as possible; otherwise, in many instances they
are likely to create more confusion than they alleviate.
Indeed, we would suggest that any topotypical
sequences deposited in the BOLD library be annotated
as such (as demonstrated in the present study), as these
are of particular taxonomic importance.
Clearly, questions of Labeo species limits would
benefit from more intensive geographic sampling and
more detailed morphological investigation including
osteological features (which may prove less intraspecifically variable than the standard meristic and fin
form features that have traditionally been used in
species delimitation), as well as computational image
analysis and feature extraction (La Salle et al. 2009).
Other corroborative evidence on these putative
species’ natural history may be particularly helpful in
better resolving Labeo taxonomy. Paugy et al. (1990)
found monogenean host fidelity in West African
L. coubie and L. parvus, which they suggest can be
employed as a third line of evidence along with genetic
and morphometric data to validate species limits.
Comparative parasitology (e.g. Locke et al. 2010)
of Labeo would be an excellent application and case
study for DNA barcoding.
Ultimate species resolution of fishes in the Lower
Congo Basin will only be achieved by addressing the
taxonomic impediment in Africa (Stiassny 2002).
Taxonomy in the Congo region has withered due to
half a century of unremitting political instability
following independence (Reader 1999; Clark 2002).
Expertise, museum collections, libraries, and the
preponderance of opportunities in comparative
biology remain centered in Europe or the USA—not
in Central Africa, where these resources are most
needed (Klopper et al. 2002; Agosti 2006; Swartz et al.
2008).
Digital repositories of taxonomic names, images,
literature, and species attributes may help compensate
for deficient research facilities in many parts of Africa
and elsewhere (Miller 2007). Contributing specimen
provenance and barcode sequence data to an online
collaborative workbench for taxonomic research (e.g.
BOLD) conceptually unites a diversity of collections
and specimens under a common registry of genetic
sequence accessions (Hanner and Gregory 2007)
facilitating the use of these resources. The emergence
of increasingly sophisticated cyber-infrastructure—
coupled with more pluralistic approaches to integrative taxonomy (Padial et al. 2010)—augurs that a
more accessible taxonomy is indeed on the horizon.
Large-scale collaboration and data-sharing projects
like this one are helping to realize this potential and
can be an important element in the future development of more in situ taxonomic expertise.
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