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To determine the species diversity of cichlids in the Banc d’Arguin National Park (PNBA) and
their phylogenetic relationships with other species in West Africa, a morphometric and meristic and
molecular phylogenetic study was conducted. Both approaches not only confirm the presence of
Sarotherodon melanotheron in PNBA but also demonstrate the presence of a second species from the
genus Coptodon. While morphometric characteristics match the description of the Guinean tilapia
Coptodon guineensis, phylogenetic reconstructions based on three mitochondrial and one nuclear
DNA fragment demonstrate that C. guineensis is paraphyletic over its range. Because different
lineages of C. guineensis are allopatric, the distribution of C. guineensis should be restricted to
Ghana and Cote d’Ivoire. The many other lineages of this species should be considered as C. sp. aff.
guineensis.

© 2016 The Fisheries Society of the British Isles
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INTRODUCTION

Cichlidae is one of the most speciose families of vertebrates, found in South and Central
America, Madagascar, Africa, The Middle East, India and Sri Lanka (Kocher, 2004;
Salzburger & Meyer, 2004). As with many other families of fishes, cichlid taxonomy is
debated because systematics have been profoundly questioned and secondarily revised
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with information from molecular phylogenetics (Chakrabarty, 2010; Dunz, 2012).
Global cichlid diversity consists of major lineages with phylogenetic relationships
consistent with Gondwanan break-up (Zardoya et al., 1996; Streelman et al., 1998;
Sparks & Smith, 2004; McMahan et al., 2013). All African cichlid diversity belongs
to the subfamily Pseudocrenilabrinae Fowler 1934 and includes the haplotilapiine
formerly referred to as ‘Tilapia’ (Schwarzer et al., 2009; Dunz & Schliewen, 2013).
The most recent comprehensive molecular phylogenetic review demonstrated that the
haplotilapiine lineage is monophyletic and consists of 10 clades, with all East African
cichlid tribes being recovered in a single clade (Dunz & Schliewen, 2013). Considering
the molecular phylogeny and some diagnostic morphometric characteristics, Dunz
& Schliewen (2013) proposed a novel generic and supra-generic classification of
haplotilapiine. In this new classification, the tribes Oreochromini and Coptodonini
harbour most of the genus and species diversity of West African cichlids. The extent
of species diversity, however, remains to be evaluated because many new species are
still being described (Dunz & Schliewen, 2010a, b; Dunz, 2012). Similar to the East
African Great Lakes, Cameroon’s craters lakes in West Africa have been a focus of
much study because they host species flocks (Trewavas et al., 1972; Stiassny et al.,
1992; Schliewen et al., 1994; Schliewen & Klee, 2004; Neumann et al., 2011; Martin,
2012; Lamboj, 2014). In comparison, the African cichlid diversity outside of these
regions appears to be extremely poor (Teugels & Thys van den Audenaerde, 2003).
Only two species, the blackchin tilapia Sarotherodon melanotheron Riippell 1852 and
the Guinean tilapia Coptodon guineensis (Giinther 1862), have been described so far in
near-shore African marine environments, the latter being limited to Senegalese shores
according to Stiassny et al. (2008). Some authors, however, reported the presence of
C. guineensis in northern Moroccan localities: the Sebkhet Imlily, situated at c¢. 200 km
from the border with Mauritania (Qninba et al., 2009), and 700 km to the North in rock
pools (locally known as gueltas) along the Aabar wadi, tributary of Chbeyka wadi,
Tan Tan province (south-western Morocco; Qninba et al., 2012). Similarly, while only
one cichlid species is known in the Banc d’ Arguin National Park (PNBA) in the north
of Mauritania (Sevrin-Reyssac & Richer de Forges, 1985), Imraguen (the name given
to local PNBA fishermen) distinguish two cichlids based on body colouration: a black
phenotype named Toumvertel kahla and a yellow phenotype named Toumvertel safra.
Recent unpublished studies on cichlids targeted by fisheries at the PNBA also reported
the presence of different phenotypes among the cichlids landed. All these independent
observations call for further investigation to better describe the distribution range of
cichlids in the Saharan area. Furthermore, because the taxonomic status of cichlids
with widespread species has been controversial, such as for C. guineensis, the redbelly
tilapia Coptodon zillii (Gervais 1848) and the redbreast tilapia Coptodon rendalli
(Boulenger 1897) (for the list of synonymized species, see Eschmeyer, 2015), it is
worthwhile to investigate the genetic status of these species further. In the past, genetic
investigations of S. melanotheron demonstrated that this nominal species consisted
of at least two species (and three sub-species) over its distribution from Congo to
Mauritania (Falk et al., 1999, 2003).

In this context, the first objective of this study was to investigate the phenotypic and
genetic diversity of cichlids in the PNBA waters, by analysing their morphological and
genetic variability, in order to clarify their taxonomic status. Secondly, the diversity of
the tribe Coptodonini, and more specifically of some of their widespread species such
as C. guineensis, C. rendalli or C. zillii, was evaluated by analysing several samples
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of these species from remote locations over their distribution range. To recover the
species diversity of this tribe and their phylogenetic relationships, a meta-analysis was
performed including representative species of the different tribes and clades identified
in the African cichlid phylogeny of Schwarzer et al. (2009) and Dunz & Schliewen
(2013), and all cytochrome oxidase I (COI) and control region (CR) sequences labelled
as C. guineensis, C. rendalli or C. zillii on GenBank.

MATERIALS AND METHODS

SAMPLING

Samples were collected at two geographic scales: one local to investigate the genetic and
morphometric diversity of cichlids in the PNBA and one continental to highlight the phylo-
genetic relationships among the PNBA cichlid lineages and those of West African cichlids.
In the PNBA, fish sampling was carried out by Imraguen fishermen using fixed gillnets at
three locations: R’Gueiba (19° 25’ 27-1" N; 16° 27’ 56-2"" W), Teichott (19° 32" 38.2"
N; 16° 24’ 37-6” W) and Iwik (19° 53’ 08-5" N; 16° 17" 43-0” W). Each of the 393 fish
collected were measured, weighed and photographed. Soft dorsal fins were clipped and stored
individually in tubes of 70% ethanol. The large-scale sampling targeted some widespread
species belonging to Coptodonini (C. guineensis, C. rendalli and C. zillii) and Oreochromini
(S. melanotheron). Samples were collected in various countries (Algeria, Egypt, Niger, Kenya,
Malawi, Mauritania, Senegal, Sierra Leone, Cameroon, Cote d’Ivoire, Ghana and Gabon;
for details, see Table I). When possible, voucher specimens (Table I) have been used as
in-groups; in other cases, photographs of some specimens have been uploaded to the web site
https://cichlidaebancarguinmauritania.shutterfly.com/.

MORPHOLOGICAL DATA AND ANALYSES

The colour of each cichlid collected in the PNBA was examined immediately after landing,
considering the presence of: (1) tilapian spot on the dorsal fin, (2) black stripes on flanks, (3)
colour and spot pattern on the caudal fin and (4) colour of the lips and the body. Fishes stored on
ice were then brought to the laboratory for morphometric analysis. A total of 21 morphometric
measurements and six meristic counts were recorded from cichlids sampled in the PNBA. Mor-
phometric measurements were taken, following Teugels & Thys van den Audenaerde (2003):
standard length (L), head length (HL), snout length (SnL), eye diameter (ED), interorbital width
(IoW), preorbital bone length (PoL), width of the fifth ceratobranchial toothplate (WTPh), pha-
ryngeal bone length (PhL), body depth (BD), caudal peduncle depth (CPD), caudal peduncle
length (CPL), horizontal distance from front tip of snout to the articulation of first dorsal-fin
ray (PdL), horizontal distance from front tip of snout to the articulation of first pectoral-fin ray
(PpL), horizontal distance from front tip of snout to the articulation of first pelvic (ventral)-fin ray
(PvL), pre-anal length (PaL), length of dorsal-fin base (LDFB), length of the longest dorsal-fin
spine (LDFS), pectoral-fin length (PFL), pelvic (ventral)-fin length (VFL), length of the anal-fin
base (AFL) and length of the third spine in the anal fin (L3SAF). Meristic counts are number
of: dorsal-fin rays (NDR), dorsal-fin spines (NDS), anal-fin rays (NAR), anal-fin spines (NAS),
scales along the lower lateral line (NSLL) and gill rakers on the first ceratobranchial (lower) gill
arch (NGR). All measurements were recorded using a calliper and a ruler was used for Lg.

Because two phenotypes (A and B) were clearly identified from the colour pattern, morpho-
metric and meristic differences between them were investigated through a principal component
analysis (PCA) of In-transformed morphometric data (21 measurements) using the statistical
programme PAST 2.17c¢ (Hammer et al., 2001). This PCA contains 119 specimens of type A
and 274 specimens of type B. In this PCA, the first principal component (PC I) integrates the
most size-related variation, whereas PC II, PC III and following components are theoretically
size independent. A separate PCA was performed for the meristic dataset (six counts) alone;

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899


https://www.researchgate.net/publication/259640226_PAST_Paleontological_Statistics_Software_Package_for_Education_and_Data_Analysis?el=1_x_8&enrichId=rgreq-d58c085602dec5ea836a63164739ed90-XXX&enrichSource=Y292ZXJQYWdlOzI5MjY3ODQyODtBUzozMzIyMTc1NzUzMjk3OTdAMTQ1NjIxODI1MDg4NA==
https://www.researchgate.net/publication/236093323_Molecular_phylogeny_and_revised_classification_of_the_haplotilapiine_cichlid_fishes_formerly_referred_to_as_Tilapia?el=1_x_8&enrichId=rgreq-d58c085602dec5ea836a63164739ed90-XXX&enrichSource=Y292ZXJQYWdlOzI5MjY3ODQyODtBUzozMzIyMTc1NzUzMjk3OTdAMTQ1NjIxODI1MDg4NA==
https://www.researchgate.net/publication/236093323_Molecular_phylogeny_and_revised_classification_of_the_haplotilapiine_cichlid_fishes_formerly_referred_to_as_Tilapia?el=1_x_8&enrichId=rgreq-d58c085602dec5ea836a63164739ed90-XXX&enrichSource=Y292ZXJQYWdlOzI5MjY3ODQyODtBUzozMzIyMTc1NzUzMjk3OTdAMTQ1NjIxODI1MDg4NA==
https://www.researchgate.net/publication/26718553_The_root_of_the_East_African_cichlid_radiations?el=1_x_8&enrichId=rgreq-d58c085602dec5ea836a63164739ed90-XXX&enrichSource=Y292ZXJQYWdlOzI5MjY3ODQyODtBUzozMzIyMTc1NzUzMjk3OTdAMTQ1NjIxODI1MDg4NA==

€818€61 8TISE6 9P DN PIURILNRIN ‘VENJ g 2d4&y sepryor) 111
621I8E6 9P DN BEILNEN ‘VINd g 2d4&3 sepryor) 01-1
BIRLIOD) ¥
LPISE6LT  6808€60 " pue oIpWIR) D BIUBILNBIN VN v od&ysepryord  £69¢ L
LOTSE6L  STISTOL 9P DN BEILNEN VAN v ad&yoepyor)  QIE-III
9078E6M  PIISTOL 9Pl ‘DN BlUBILNB]N ‘VINd v odfysepryord  9I¢-III
S0ZSE6M  €TISTOMN 9P DN PURILNRIN ‘VENd v od&ysepryord  ZIEIIT
POT8E6M  TIISTOLN 9P DN BEILNEN ‘VINd v odfysepryory QT¢I
€0T8E6L  TIIST6L  THISE6 9Pl ‘DN RlUBILNB]N ‘VINd v odfysepryor)  60C-TII
20Z8E60  OTIST6L  ObISE6 9P DN PHURILNRIN ‘VENd v od&ysepryord  LOCIIT
T10Z8E60  LOISTO6L  6€ISE6L  ¥808E6 9P DN BEILNEN VAN v odfysepryory €I
©00T8E6LT  60ISTOL  SEISE6L  £808€60M 9Pl ‘DN BlUBILNB]N ‘VINd v odfysepryory L7
I 66ISE6L  80ISTOLY  LEISS6L  7808E6[M 9P DN PHURILNRIA ‘VENd v 2d4y sepryor) TT1-T10
S S6ISE6L  VOISTOLM  9€I8E6L  TS08E6LM 9P DN BEILNEN ‘VINd v 2d4) sepryor) €911
o C6ISE6L  €0ISTOL  SEISE6L  0808€60M 9P ‘DN eluBILNB]N ‘VINd v 2d4&1 sepryor) 09-11
e 901SZ6M 9P DN BEILNEN VN v 2d4y seprjyor) 911
“ L6I8E6r P DN erueiLneN ‘VENd v adK sepryor) €11
©  9618£6M P DN BHRILNEN ‘VEINd v 2d4&1 sepryor) i
z  S6I8E6MM 9P DN BURILNEN VN v 2d4y sepryor) 9L1-11
P6ISE6L  SOISTOL  PEISE6L  6L0SE6MM P ‘DN BluBILNRN ‘VINd v 2d4) sepryor) SLI-II
€618€61 P DN BHRILNEN ‘VEINd v 2d4&1 sepryor) L1-11
1618E6Y  T0ISTO6L  €€ISE6LY  8LOSE6 9P DN PHRILNRIN ‘VENd v 2d4) sepryor) LST
J[qe[reAe yuodnp
9LLL910D  0608910D vIep A)1[eo0] ON SIUOLYOOIYD) o1
O—QNZNZN
18LL910D  $608910D vep AN[ROO[ ON  woywIw DIdD]Od]Y 80[
100 bY/0) CHAN LS 10399[[0D Ayreoo] soroadg 9poD

IOqUINU UOISSIIOL YUBGUID)

‘Apnys sty ut paonpoid asoy) a1e pjoq ur soouanbag
< ToqUINU UOISSOI0E YUBGUID) PUB WEU JOJO[[0 ‘UONEIO] ‘sa10ads ‘opoo ojdwes Surpnoul ‘sasATeue dnouagoAyd ur pasn sojdures piyor) ‘[ 414v],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



A NEW COPTODON SPECIES IN WEST AFRICA?

o3uo) Jue3uesry],
6T8L910D  €718910D AQ ‘ueSuesry] 1712 “Jye uopoido) L
3@&:@\/& ASOEwmu Gv\xQN

GT8LITOD  6£18910D ejep A11[e00] ON ‘e uopoydo) L9f

J[qe[leAe
7T8L910D  9€18910D e1ep A11[BO0] ON vynoj uopoido) ¥or

ozwzﬁ\/m
0€T8E6M  690ST6LM  SPISE6LM  0608€6] zun( 'y vep AI[BOO[ ON Yol »1dp|110]20) 11-INSZ

oﬁbm:.&\zm
€08L910D  LII8910D vlep A[BOO[ ON  vyol vidp|110]20) €er

J[qe[reAe
S68016XLI  608016XI  1€LOVINSZ eep A1ROO[ ON  pyof midpj1ioja0) of1yr1
PITSE6L  TTISTOL  prISE6rd 9P DN eluBlLne ‘VEINd g 2dAy sepryor) 8G-Al
€IT8E60  ITIST6M 9P ‘DN eIURILNEIN ‘VINJ g 2d41 sepryor) 61€-Al
TIT8E6L  0TIST6M opI 'O N BIUBILNEIA ‘VINd g adAyoepyor)  L+0€-Al
T1Z8E60  611ST6 9P DN euBlLne ‘VEINd g adAyaepuyor)  ¥-H0€-Al
01T8E6  STIST6M 9P ‘DN IURILNEI ‘VINJ g 2d41 sepryor) 987-Al
60Z8E6M  LIIST6L  €PISE6LM  9808€6 OPI 'O N BIUBILNEIA ‘VINJ g 9dAy sepryor) S8T-Al
80TSE6LY  9TIST6L  THISE6LM  SS08E6 9P DN eluBlLNe ‘VEINd g 2dK aepryor) €TT-AL
06I8E60Y  TOIST6LM  CEISE6LM  LLOSEG6 9P ‘DN elURILNE ‘VINJ g 2d41 sepryor) 09Z-1
6818€6] opPI 'O N BIUBILNEIA ‘VINd g 9dAy sepryyor) 6ST1
8SISE6LI 9P DN rruBLNeN VAN g 2d£ aepryor) 6vC1
LSISE6LY  00IST6L  TEISE6LM  9L0SE6M 9P ‘DN IURILINE ‘VINJ g 9dA1 sepryor) 8¥T-1
981861 OPI 'O N BIuBILNEIA ‘VINd g 9dAy sepryor) 61-1
SSISE6LI 9P DN rruBLNEN VAN g 2d£ sepryor) €11
PSISE6L  660ST6LM  OSISE6LM  SLOSE6I 9P ‘DN eIURILINE ‘VINJ g 9dA1 sepryor) 0€1-1
10D /0] CHAN LS Joyonop 10199[[0D) Aeoo] soradg 9poD

JIoqUINU UOISSAIOL JUBGUID)

penunuo) ‘[ AT14V],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



N. G. KIDE ET AL.

S1SU22UINS
S90STOLI  €018E6L  LSOSE6M 9SQUSY J-[  QIOALp 90D AqV uopoydo)  [ty[-8D
s1sU22UINS
SETSE6LI T0I8E6LT  9S08€6LT 9SUSY J-[  QIOALp 0D ‘AqV uopoido)  9¥[-3D
si1su2umns
PETSE6 LI T0TISE6L  SSO0SE6LI 9SUSY [  QIOALp 0D AqQy uopoido)  SyyL-8D
S1SU22UINS
€ET8E6LY  P90STOL  0018E6L  $S08E6L 9SQUIY J-[  QIOALp 0D AqV uopoydo)  ti[-8D
J[qe[reAr
1082910D  SI18910D ejep AJI[EO0[ ON  £L0]00sIp uopoido) el
uooruwe)
€88016XI  STIS0T6XT THIIL ‘weySelg oye ] wiayoap uopoydo)y LTI
J[qe[reAe
1TT8E6  TLOST6L  1T8L910D  SE189109 zun 'Y ejep £)1[ed0] ON 1128vp uopoido)  ¢O-INSZ
J[qe[reAr
178L910D  S€18910D ejep A31[e00] ON 1128pp uopoido) €or
J[qe[reAe S1ISUDUNLIUDD
PTI8E6L  0LOSTOL  0STSE6L  T608E6L zun( 'y ejep A31[e00] ON uopoidoy  GO-INSZ
:OO,EENU ,ﬁh:mtxstﬁub
LLSOT6XL  86LOT6XL  €100VINSZ EINEIN | “I9ATY URIPN uopoydo)y  wed]86
uoorouwre)) saipqoyifq
988016XI  CISOI6X( LITIL foqueT "y ‘uruIeg oxe| uopoido)  AQLLIT
uooruwe)
8880T6XI  TI80T6X( SITIL foquieT "y LULSEIS ) g | wnuaq uopoydoy QL9
:OOHOENU SExQthQ«BQ
G88016XI  LOSOI6XT Z011L loqure 'y ‘uruLg Aer| uopoydo)y  eqIrll
10D ¥ CHAN LS I9YONoA 10399[[0D Ayreoo] soroadg 9poD

IoqUINU UOISSAIOL JUBGUID)

penunuo) ‘[ 4T14V],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



A NEW COPTODON SPECIES IN WEST AFRICA?

rURYD ‘BIOJY JO S1ISU22UING
PSISE6LI 9608€6L>  0S08E6 98UV J-'[ 1som ‘oyer eltop uopoydo)y  ¢186-3D
ruRyD ‘BIOJY JO S1ISU2UING
€SISE6LI S608€6L  6V08E6M 98UV J-'[ 1som ‘oyer eltop uopoydo)y  1/86-3D
J[qe[reAe SISU2UING
L€8/910D  1SI8910D ejep K)1[edo0] ON uopoydo) ¥8r
uoqen
‘NOYOYRIN S1SU22UINS
SISO L60STOLT  LTISE6LT  HLOSE6LT d[[estied 'V “IOATY OpPUIA] uopoydo) €60
uoqen
‘NOYOYRIN SISUUING
ISTISE6L  960ST6LI  9TISE6LI  €LOSE6L [[estied 'V “IOATY OPUIA] uopoydo) 069
uoqen
‘NOYOYRIN SISUIUING
0SISE6LY  S60STGLY  STISE6L  TLOSEGLI J[[ested 'Y “IOARY OPUIAT uopoido) 09D
uoqen
‘NOMOYRIN S1SU22UING
6LISEGL  $60STGLYT  HTISE6L  TLOSE6LT J[[ested 'Y “IOATY OPUIA] uopoydo) 65D
[edouog S1SU22UINS
890ST6LY  SOISEGLY  0908€60I [[ested 'y ‘aexe(q ‘Aeg uuey uopojdo) $-d38D
[e3ouss S1SU22UINS
690560 690ST60I [[esLed 'V ‘aee( ‘Aeg uuey uopoydo) €-d3D
[e3ouag S1SU22UINS
6SISE6L  L90ST6LT  9018€6M [[esLed 'V ‘aee( ‘Aeg uuey uopoydo) 7-asd
[e3ouag S1SU22UINS
SSISEGLY  990STGLY  SOISE6LT  6S08E6LT o[[esLed 'y ‘aee( ‘Aeg uuey uopoydo) 1-d3D
S1SU22UINS
9€78€6I POISEGLY  8S0SE6M 9SQUIY J-[  IOALP 930D Aqy uopoydo)  §y/-3D
10D b'%0) CHAN LS Ioyonop 103937100 Ayreoo] saradg 9poD

JoqUINU UOISSOOIB JUBGUILD)

penunuo) ‘[ AT14V],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



N. G. KIDE ET AL.

AUy

TLISEGLI STISE6LY 690863 9sU3Y J-'[ ‘O[eT BLOWIA  yjjppuat uopoido)  [099-2D)
eAUSY
TLISE6L  680ST6L  LTISE6L  8908€60I 9SUBY [ ‘e BLOWIA  jjvpuat uopoido)  9099-2)
eAuay]
OLISE6LY  880ST6LM  OTISEGL  L908E6LM 9sU3Y J-'[ OYeT BLOWIA  1jjvpuat uopoido) - §099-2D)
MBI
068016XI  ¥I8016X( I¥1LL reurdidg 'y ‘TMB[RIN @] 1jjppuai uopoido) AIL6TT
e[o3uy ‘sqre;J
6880T6XI  €080I6X[I  SHISSAVIVS 7eMS g BWA[E) MO[dg  1jjppuaid uopoido) ALHOT
IMEB[RIA
“I9ATY AIIYS
LTTSE6LI  SLOST6L  0680T6X[  #I80T6XTL I¥1IL zunq 'y~ Iesu IMB[RIN e 1jppuat uopoido)  80-INSZ
uo0IWER)) puvsuodu
97T8E6L  TLOSTO6L  ISISE6LYT  €608€60 zun 'y ‘1oAY elg uopoydo)y  [0-INSZ
uooIWe)) pup3uofu
LT8L910D  1¥18910D zunq 'y ‘aoAry el uopoydo) OL[
Jlqe[IeAe
TTISE6L  PLOSTOL  TT8L9TOD  9€18910D zun( 'y v1ep A)[eO0] ON vynoj uopoido)  ¢O-INSZ
ruRyD ‘BIOIY JO s1SU22UINS
LITSEGLY  980ST6L  €TISE6LT  S908€6LM 9sU3Y [ 1som ‘e eltop uopoydo)  $065-2D
eueRYD ‘BIOIY JO SISUIIUING
LSTSE6LY  €90ST6L  6608€6LY  €5S08€6 3sU3Y J-'[ 15om ‘e eltop uopoido)  6L86-3D
eURYD) ‘BIDIY JO S1SU22UING
95186 860863 TS08E6T 9suUSY J-'[ 15om ‘e eltop uopoido)  8/86-3D
rueyo ‘BIOIY JO S1SU2UINS
SSISE6L  T90ST6L  L60SE6LYT  TS08E6LM 98Uy [ 15om ‘e eltopy uopoydo)  [[86-8D
10D bj0) CHAN LS I9YONoA 10399[[0D Ayreoo] soroadg 9poD

JIOqUINU UOISSAIOR YUBRGUID)

penunuo) ‘[ 4T14V],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



A NEW COPTODON SPECIES IN WEST AFRICA?

SIIOAL.P
9LI8E6LM  060ST6LY  0TI8E6M osQUBY -'[ 0D ‘UBN upez uopoydo)y  €1¢L-2D
SIIOAL P
SLISE6L OSQUBY [ 90D ‘BN upiz uopoydo)y  L0OEL-ZD
1dA39q
‘RLIPUBXIY
JO 1Sam-1Inos
STT8E6IM  6L0STOL  0880T6X( 0280T6XI T6L8CINSZ zunq v ‘INOLIBIAl 9YB] urz uopoydo) — 90-INSZ
[weIyos 1dA37g
0880T6X[ 0280T6X[  T6LBEINSZ ' pue zun( vy ‘INOLIBIA] 9¥B'] upj12 uopoydo) 121621
02T8E6[M  9TISTOL  9IPI8E6LT  8808E6L3T O[[ested 'V eLRS[Y ‘e[3nQ upp1z uopoydo) ‘N
6TT8E6[M  STISTOL  SYISE6L  LS0SE6LT Q[[estred 'V eLIOS[Y ‘B[3mQ njj12 uopoydo) IN
J[qereae
8TT8E6IM  8LOSTOLM  TSTISE6L  +60SE6LT zunqg v e1ep A)I[eoo] ON tojjoyy uopoydo)  60-INSZ
Jqe[reAr
708L9TOD  8T118910D zunq v e1ep L1[edo] ON 1uojjoyy uopoydo) cer
Jqe[reAr .nowres, vynoj
€TT8E6L  9LOSTO6LM  STSLITIOD  6€18910D zunq v e1ep L11[eso] ON ‘ye ds uopordo)  0-INSZ
uoorwe))
‘QJuIRI SS01D),
T€T8E6LT  LLOSTOLT  +88016X( L18016XI[ 9rI1L zunq v Je JoATY SsOI) 'ds uopoydo)  ¢1-INSZ
uooruwe)) an1aplus
L88016XT[ 918016X[  TBLOVINSZ ‘urureg axe] uopoydo) USLICI
AUy
PLISE6 osqUaY J-'[ ‘ONeTRLOWIA  Ippudi uopoydo)  6099-2D
eAuay[
€LISE6L 6TT8E6L  0L0SE6 9SQUY [ ‘ONeT RLOWIA  Ippuai uopoydo)  8099-2D
100 40 CHAN LS 19YdNoA 101391100 Aeoor] soradg 9poD

JIOQUINU UOISSAIOR YURGUID)

penunuo) ‘[ AT14V],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



N. G. KIDE ET AL.

10

EOO.EE&U
QIR IDUULM]IY)D
€68016XI  T08016X[ SHr-VVvd plemnon °r J& 1oAY SS0I1D DIY2120190H  1RDTOT
J[qe[reae
LLLLOTOD  1608910D ejep £)1[esoo[ ON undu vy €or
uepng ‘nsoy| e
8L80T6XI  $08016X[  9YISCINSZ zun( 'y TOATY O[IN SIYM 1112 uopordo) 121501
rURYD) ‘BIODY JO
69I8E6  LSOSTGL  STISE6T 9SQUBY [ 1som ‘oxer eltop 1z uopordo)  906$-2D)
rURYD ‘LIOOY JO
8918E6I PIISE6L  9908€6 9sQUBY [ 1soMm ‘oyer eltop mpz uopordo) G062
rURYD) ‘BIOOY JO
99I8E6L  SS0STOL  TIISE6L  $908€60I 9SQUBY [ 1soMm ‘oyer eltop mpz uopordo) €062
188016X[  06LOL6XI  9€00YINSZ “[e 30 uBMIY N BLIAS ‘S)U0IQ mjp2 uopoido) 12188
SOISE6L  ¥80ST6L AsUBY [ 131N ‘eudurelpN iz uopordo)  89¥G-2)
PIISE6LY €80ST6L 9sQUBY [ IZIN ‘eudurelpN iz uopoido)y  G9¥G-zD
€IISE6LY  T80STO6L  TTISE6L  €908€60I 9SUSY J-'[ IBIN ‘euswelpN mpz uopodo)  $946-20
T9ISE6L  T80STOLY  OTISE6L  T908E6L 9sQUBY [ 131N ‘eusurelpN iz uopordo)  ¢9yG-z)
T9ISE6L  080ST6L 60186 T908€6L 98UV [ ITIN ‘euswelpN 1z uopordo)  79yS-z)
QIIOAL,p
€60ST6LI  €TISE6M 9SUSY J-'[ 910D ‘UBN mpz uopodo)  TTEL-ZD
QIIOAL,p
SLISE6LY  T60STO6L  TTISE6L 98UV J-'[ 910D ‘UB mpz uopodo)  61¢L-2D
QIIOAL,p
LLISE6L  T60ST6L  TTISE6L 98UV J-'[ 910D ‘UBN mpz uopodo)  91¢L-2D
10D 0] ZHAN LS IoyonoA 10309[[0D Ayreoo] soroadg 3poD

IoqUINU UOISSAIOR YUBRGUID)

ponunuo) T 414V,

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



11

A NEW COPTODON SPECIES IN WEST AFRICA?

IoqUINU UOISSAIOL JUBGUID)

stuurdiaSu

LSLLOTOD 1018910D aqe[reae eiep A)I[eo0] ON uopotayjoivg SIf

118L910D STI8910D a[qe[tee ejep AJ[ed0[ ON  10304U UOPOLIYIOIDS 6vf
uoorwe)) 1128.12q10]

0L80T6XI 8I80I6XI 6vI11L ‘OQIN lquioTeg e uopotayjoivg  O[SECI
snavps

698016X[ €6L0I6X[  TTLLEWSZ uuewnaN |q - 08u0D ¥ 1RARY 03u0D uopotayjoivs  [e3ST6
SpUISIDUIOPNDI

618L910D €€18910D a[qe[reae e1ep A)I[eso] oN UopoLayjoivg 191

9L80T6X[ 008016X[  C€IL6EINSZ o[qe[reae eiep AN[eOO] ON  aviivut pidvjopu]od eWL 0]

0JoN "( pue

vLSOT6XI  TO8016XI 18978AVIVS S| ¥ “Z1ems q L[OSUY TOATY B[[BON]  2n.Iqvd vidpjoipuiad  eILEQ]
aD21UDSUD]

T8LLOTOD 9608910D aqe[reae eiep A)Ieoo] ON SHuoLY202.10 o1r
snonoju

08LL9TOD 6089109 a[qe[reae eiep A)I[eoo] ON SnuoAY202.10 LOL
NUOSLIPUD

S08L91OD 61189109 a[qe[reae ejep A)I[eso] oN SH0LY202140) 8¢l

uooJouwe))

IL80T6XI 6180I6XI 0STIL ‘OqINl IquioTeq ] nnpAUIS12 DIUOY 1YL
SISUIZNULIOY

0€8L910D 189109 a[qe[reae eiep AI[eoo] ON bpyoroouniy VLI
Lafoyng

L6LLOTOD 11189109 a[qe[reAt eiep A)I[es0] ON vidp]1101219H Let
Lafoxying

6TT8E6L 860ST6L  1STLIEAV 11189109 zunq v SUOYT BLIALS ‘UMOII] vidpj1101219H  01-INSZ

100 4O CHAN LS 19(oNoA 10399[[0D) Areoo soroadg 9poD

penunuo) ‘[ AT14V],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



N. G. KIDE ET AL.

12

"KyIs10ATpOIg denby 10J 9ymnsuy

UBOLJY YINOS ‘gVIVS ‘Uayounjy Sunjuwessieelg soyosiSo[007 ‘NSZ Pue LI SYIed [euoneN umsiy p oueq ‘YN ‘401821 04102 YD) ] aSDPIXO auto1y201£3 ‘[0

IoqUINU UOISSAIOL JUBGUID)

€18L910D LTI89IOD S[qe[reAt elep AN[EIO[ ON  SIUOWIS DJ]UDAISLA], 151

008L9T0OD 1189100 o[qe[teAe vlep AN[EOO[ ON  HupuLLIpdS DIdD]], o¢r

9Z8016XI 908016Xl 09LOVINSZ UIMAINYIS "N o3uo) 1y nomn. vidojiL nILI[]

1mug Ingeq 'O
768016XI  ¥6LOT6XI ECI9EINSZ ‘uuewmaN BURYD) “JOATY WnUy vad p1AV]IL €TI9EINSZ
878L910D TFISIIOD s[qu[reAe ejep A)[ESO] ON  Snupuiaaiq vidvyif 1Ll
euRYD ‘OUOQY

TET8EGL €LOSTOGL 6FI8E6L  T608E6LY zun( 'y a3e[IA ‘TMINSOg e vuvwnsng vidoji,  C1-INSZ

96LL910D 0118910D s[qe[reae ejep AIEOO[ ON  2vwvut vidaipuio)s ser

918L910D 0£18910D a[qe[reAe ejep AJ[eO[ ON  £2qD]S SNUD.LI0IDAIS ssr

68LL9TOD €018910D o[qe[teAe vlep AN[EOO[ ON  M2Y2]q SHUDLIOIDIIS 8If
UOAYJOUD] U

8178€6M puemnd ‘- [e39uag ‘oyeT s1omon UOPOLIYIOIDS q-/n37
UOAYJOUD] U

LITSE6L HTISTOL puemnd "q-f [e3oudg ‘o] s1oImo UOPOLIYIOIDS H-yN3T
UOLYJOUD] U

STT8E6I €TISTO puemnd "q-'r [e30udg ‘o] s1oIo uopotay1o4vg  g-0In3T
UOAYJOUD] U

91786 puemd - [e3ouag ‘oyer] siomn UOPOLIYIOIDS J-1037
S1SUIDIVUDS

898016XI SO8016X[ SYS8CINSZ foque Ty uooseWR) IOARY eSeues UOPOLIYIOIDS esS80[

100 4D CHAN LS ToUYINOA 10399[[0D) Aresoy soradg apo)

penunuo) ‘[ AT14V],

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12899



A NEW COPTODON SPECIES IN WEST AFRICA? 13

meristics are size independent and thus PC I is the most informative component. Scores of both
PCAs were combined in a single bivariate plot for most informative visualization.

MOLECULAR DATA AND ANALYSES

Phylogenetic relationships among cichlids sampled in PNBA (Mauritania), Hann Bay (Dakar,
Senegal) and others belonging to Oreochromini and Coptodonini (Dunz & Schliewen, 2013)
(in-group) were estimated using sequence polymorphisms of a mitochondrial (ND2) and a
nuclear (S7 ribosomal protein first intron) gene. ND2 and S7 sequences published by Schwarzer
et al. (2009) and Dunz & Schliewen (2013) were downloaded from GenBank and used as
reference species because these contain sequences of voucher specimens stored in museums
used for a revision of cichlid systematics from Africa (Dunz & Schliewen, 2013).

To investigate the phylogeographic structure and provide insight into the intraspecific genetic
diversity of widespread species of Coptodon Gervais 1853 (C. guineensis, C. rendalli and C.
zillii) as well as S. melanotheron, the COI portion and the mitochondrial CR fragment were also
sequenced. These two additional mitochondrial sequences were chosen because: (1) the COI
sequence is the marker used for DNA barcoding in the BOLD programme, so data are available
on GenBank and can be used to increase the number of locations analysed for a species; (2) the
CR is known for its high level of polymorphism and was used by Falk ez al. (2003) to investi-
gate the phylogeographic structure of S. melanotheron and Sarotherodon nigripinnis (Guichenot
1861) and (3) COI and CR sequences available in GenBank of species of Coptodon and S. melan-
otheron were added to the dataset (Table SI, Supporting Information). Only COI sequences of
barcoding studies conducted in Africa were downloaded while most of CR sequences added to
the present analyses belong to the study of Falk et al. (2003).

Genomic DNA was extracted from fin clips using DNeasy Blood & Tissue kit (QIAGEN;
www.qiagen.com) following the standard protocol provided by the manufacturer. Amplifica-
tions were performed in 25 pl volumes containing 1 pl of genomic DNA, 3 mM of forward and
reverse primers, 12-5 pl of FastStart PCR Master mix (Roche; https:/lifesciences.roche.com/),
0-5 pl of 2% bovine serum albumin (Euromedex; www.euromedex.com) and water. Amplifica-
tion of all fragments were carried out in 30—35 cycles according to the following temperature
profile: 3 min at 92° C (initial denaturation), 45s at 92° C, 45s at 52° C (for ND2 and COI)
or 56° C (for CR), 60s at 72° C and finally 5 min at 72° C. Specifically for the §7 sequence
amplification, a touch down PCR was adapted from the previous PCR conditions and where
annealing temperature decreases 0-5° C each cycle from 62 to 58° C, totaling 35 cycles. Primers
used to amplify the different gene portion were ND2Met/ND2Trp (Kocher et al., 1995) for ND2,
S7RPEXI1F50/S7RPEX2R50 for S7 (Chow & Hazama, 1998), FishF1 + FishF2/FishR1 for COI
(Ward et al., 2005) and L-Smel/H-Smel for CR (Falk et al., 2003).

Portions of the nuclear intronic (S7) and mitochondrial CR sequences were aligned using
Muscle (Edgar, 2004) as implemented in MEGA 5.2.2 (Tamura et al., 2011) while COI
and ND2 gene sequences were aligned visually using the alignment editor provided by
MEGA 5.2.2. Phylogenetic analyses were conducted applying the maximum likelihood
(ML) approach implemented in MEGA 5.2.2. Best-fit models of sequence evolution for each
dataset were estimated using the option «Best DNA model» implemented in MEGA 5.2.2
(www.megasoftware.net).

A first phylogenetic analysis was performed on ND2 and S7 sequences to highlight phyloge-
netic relationships of the samples with those analysed by Schwarzer et al. (2009) and Dunz &
Schliewen (2013). To evaluate phylogenetic information recovered by each gene, single gene
trees were built. A second phylogenetic analysis was performed on COI and CR sequences to
investigate the genetic diversity of C. guineensis, C. rendalli, C. zillii and S. melanotheron.
The Hasegawa Kishino Yano (HKY) model, considering non-uniformity of evolutionary rates
among sites modelled using a discrete gamma distribution (+G), was used for ND2 + S7 and CR
datasets [Bayesian information criterion (BIC) = 19594-73 and 7965-32, respectively]; Kimura
two-parameter (K2P) model, +G for COI (BIC =8014-0) and invariant mutation rates among
sites (+I) for S7 (BIC =5427-706). Node support was tested using the bootstrap procedure
(Felsenstein, 1985), based on 200 pseudo-replicates. All phylogenetic trees were rooted using
the out-groups Heterochromis multidens (Pellegrin 1900) and Etia nguti Schliewen & Stiassny
2003 following Dunz & Schliewen (2013).
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FiG. 1. Cichlidae collected in the Banc d’ Arguin National Park, Mauritania: (a, b) phenotype A with colour vari-
ation and (c, d) phenotype B with its colour variation. Scale bar (white 4 grey) represents 2 cm.

RESULTS

PHENOTYPES, MORPHOMETRY AND MERISTICS

Different phenotypes were observed in the cichlids sampled in PNBA, based upon
the general colour of body and fins. Although there was wide morphological varia-
tion, all individuals could be classified into two main phenotypes. Cichlids classified
as phenotype A were characterized by: presence of a tilapian spot on dorsal fin, caudal
fin spotted, greyish on its upper parts and yellowish in lower parts; the belly can present
pinkish to yellowish colour while the back is brownish; large vertical bars present on
sides [Fig. 1(a)]. Cichlids classified as phenotype B were characterized by: presence of
a white lip (lower) and absence of spots (including the tilapian spot) on dorsal and cau-
dal fins [Fig. 1(c)]. Large colour variation was observed within the two phenotypes,
but the colour of phenotype A was usually lighter and side bands were less marked
[Fig. 1(b)], while specimens of phenotype B were usually totally black [Fig. 1(d)].
Additional photographs of some specimens used in this study are available at the web-
site: https://cichlidaebancarguinmauritania.shutterfly.com/.

A PCA confirms the differences observed between specimens classified as phenotype
A or B (Fig. 2). Differences between the two phenotypes are mainly noticeable on the
PCA T meristic axis that accounts for 81-43% of the total variance while the PCA II
morphometric axis accounts for 10-75% (Fig. 2). When compared with B, specimens
classified as phenotype A have shorter PFL, HL., PpL and PhL. Additionally, the NDR
is higher in phenotype A v. B, while NGR is lower in phenotype A v. B (Table II).

PHYLOGENETIC RELATIONSHIPS

All sequences obtained in this study have been deposited on GenBank (Table I).
Fragment size ranges between 355 and 371 for the CR, 469 and 492 bp for S7, 632
and 648 bp for COI and 972 bp for ND2. In all reconstructed phylogenetic trees, cich-
lids collected in PNBA belong to two divergent clades. These two clusters are com-
posed of the same individuals presenting the same phenotype, independent of the gene
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FiG. 2. Bivariate plot of principal component II (PC II; morphometrics) and PC I (meristics); 95% c.1. visualized
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sequences used for the phylogenetic reconstruction, with one exception: individual I-57
that appears in clade B in the nuclear S7 tree [Fig. 3(a)] and in the clade A in mito-
chondrial trees [Figs 3(b) and 4].

The S7 phylogenetic tree [Fig. 3(a)] presents a lower resolution than the ND2 mito-
chondrial tree [Fig. 3(b)] or the multi-gene phylogenetic tree published by Dunz &
Schliewen (2013), but the phylogenetic relationships highlighted by the S7 tree are
largely concordant, and even more highly supported than the ND2 tree for deep diver-
gences. Thus, in the S7 tree [Fig. 3(a)] the Etini tribe is the most divergent haplotilapi-
ine followed by the Oreochromini tribe, as recovered in the multi-gene tree (Dunz &
Schliewen, 2013). The Oreochromini and Coptodonini tribes are also monophyletic in
the S7 tree, whereas the node basal to all species of the Coptodonini tribe is not sup-
ported in the ND?2 tree due to the placement of the two specimens of Coptodon tholloni
(Sauvage 1884) [CIII; Fig. 3(b)]. For recent divergences, the two Oreochromini clades
SI and SII are not supported in the S7 tree, unlike on the ND2 tree [Fig. 3(a), (b)];
but the three Coptodonini clades (CI, CII and CIII) are well supported in the two single
gene trees. Species composition of these last three clades is identical in both trees, with
one exception. While morphotype A is grouped with C. guineensis sampled in Senegal
and belongs to the CI clade in the S7 tree, this group of sequences belongs to the CII
clade in the ND2 tree [Fig. 3(a), (b)]. Lastly, in both trees, C. guineensis is polyphyletic
or paraphyletic.

The phylogenetic tree built from the concatenation of both ND2 and S7 sequences
(I-57 has been removed) highlights a close relationship of individuals classified as phe-
notype A with C. guineensis collected in Senegal, and belong to a subclade including
Coptodon sp. aff. louka and Coptodon camerunensis (Lonnberg 1903), within the clade
CII of the Coptodonini tribe [Fig. 3(c)]. Individuals classified as phenotype B present a
close relationship with Sarotherodon nigripinnis (Guichenot 1861), all included in the
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TaBLE II. Morphometric variability and meristic counts (in italics) recorded on Mauritanian
cichlids presenting the phenotypes A (n=97) and B (n=296)

Phenotype A Phenotype B
Mean + s.D. Mean +S.D.
Morphometric %HL 23-6+4-0 28-4+2-8
variability %SnL 11-6 +2-5 12.5+1-5
%ED 4.8+0-6 52+0-6
%ToW 86+12 9-5+1-0
9%PoL. 7-1+1-1 8:6+1-2
% WTPh 6-2+0-8 6-1+0-8
%PhL 77+1-0 10:2+1-2
%BD 314432 33.3+2.8
%CPD 14-1+1-7 14-5+1-3
%CPL 96+1.3 10-1+14
%PdL 23-0+3-1 24-8+3-2
%PpL 22-9+2-6 26:9+2:6
9%PvL 287432 31:5+3-5
YoPal. 55-9+5.7 58:8+6-0
%1.DFB 45-3+4-7 47-1+3.7
%1LDFS 9-3+2-1 88+13
%PFL 25-1+3-6 34.7+4-0
% VFL 23-4+3.7 20-9+29
% AFL 13-1+1:6 13-7+1-3
%1.3SAF 7-6+1-2 84+1-0
Most Minimum— Most Minimum-—
frequent maximum frequent maximum
Meristic counts NDR 14 12-15 12 11-14
NDS 15 14-16 16 15-17
NAR 10 9-11 10 8-11
NAS 3 3 3 3
NSLL 29 27-32 29 27-32
NGR 18 16-20 24 20-26

%, Measure corrected by the standard length (Lg). HL, head length; SnL, snout length; ED, eye diameter;
IoW, interorbital width; PoL, preorbital bone length; WTPh, width of the fifth ceratobranchial toothplate;
PhL, pharyngeal bone length; BD, body depth; CPD, caudal peduncle depth; CPL, caudal peduncle length;
PdL, horizontal distance from front tip of snout to the articulation of first dorsal-fin ray; PpL, horizontal
distance from front tip of snout to the articulation of first pectoral-fin ray; PvL, horizontal distance from
front tip of snout to the articulation of first pelvic (ventral)-fin ray; Pal, pre-anal length; LDFB, length
of dorsal-fin base; LDFS, length of the longest dorsal-fin spine; PFL, pectoral-fin length; VFL, pelvic
(ventral)-fin length; AFL, length of the anal-fin base; L3SAF, length of the third spine in the anal fin; NDR,
dorsal-fin rays; NDS, dorsal-fin spines; NAR, anal-fin rays; NAS, anal-fin spines; NSLL, scales along the
lower lateral line; NGR, gill rakers on the first ceratobranchial (lower) gill arch.

clade Sl inside the Oreochromini tribe. Samples of C. zillii analysed in this study are all
grouped with other C. zillii analysed by Dunz & Schliewen (2013), just as the current
samples of C. rendalli are also grouped with C. rendalli analysed by Schwarzer et al.
(2009) and Dunz & Schliewen (2013). In contrast, the current samples of C. guineensis,
identified in the field by morphological characteristics, are included in three different
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subclades within two clades of the Coptodonini tribe. The samples of C. guineensis
from Ghana are closely related to C. guineensis analysed by Dunz & Schliewen (2013),
Coptodon discolor (Glinther 1903) and Coptodon dageti (Thys van den Audenaerde
1971), all included in the clade CII [Fig. 3(c)]. Coptodon guineensis sampled in
Senegal also belongs to this clade, but to a different subclade. Coptodon guineensis
sampled in Gabon belongs to the clade CI in a subclade that includes C. rendalli,
C. zillii, C. sp. aff. zillii ‘Kisangani’, Coptodon nyongana (Thys van den Aude-
naerde 1971), Coptodon sp. ‘Cross’, Coptodon deckerti (Thys van den Audenaerde
1967), Coptodon bemini (Thys van den Audenaerde 1972), Coptodon bythobates
(Stiassny, Schliewen & Dominey 1992), Coptodon snyderae (Stiassny, Schliewen &
Dominey 1992) and Coptodon bakossiorum (Stiassny, Schliewen & Dominey 1992)
[Fig. 3(c)].

Phylogenetic relationships inferred from the COI sequence polymorphisms confirm
the presence of two species in the Mauritanian cichlid samples, and that they belong
to two different genera and tribes [Fig. 4(a)]. This COI tree confirms the monophyly
of C. zillii that consists of two subclades: one group including all individuals sampled
exclusively in Cote d’Ivoire [subclade Cz-11in Figs 4(a) and 5(b)] and the second group
including all other C. zillii sampled over a large geographic range: from north Africa
and the Levant in the north, to Niger, Ghana and Nigeria to the south [subclade Cz-1in
Figs 4(a) and 5(b)]. The polyphyly of C. guineensis is confirmed and consists of four
lineages in this COI tree, as sequences of C. guineensis from Nigeria uploaded from
GenBank were grouped with Coprodon sp. ‘Cross’ [subclade Cg-III in Figs 4(a) and
5(a)].

Lastly, the phylogenetic relationships inferred from CR also support previous obser-
vations; fine intraspecific relationships are highlighted, especially in S. melanotheron
where two subclades are retrieved. One grouped all individuals sampled in Ghana and
Cote d’Ivoire [subclade Sm-II in Figs 4(b) and 5(d)] and the other one consisted of
individuals sampled in Liberia, Sierra Leone, Senegal and Mauritania [subclade Sm-I
in Figs 4(b) and 5(d)].

DISCUSSION

SPECIES DIVERSITY AND POLYCHROMATISM
OF PNBA CICHLIDS

Both morphometric and genetic analyses clearly demonstrate the presence of two
cichlid species in PNBA, Mauritania. To date, only S. melanotheron was recorded in

FiG. 3. Phylogenetic relationships among Mauritanian cichlids (types A and B) and other haplotilapiine species
belonging to clade and tribes (with the exception of East African cichlids radiation) depicted in Dunz &
Schliewen (2013). Maximum likelihood (ML) analyses are based on polymorphisms of (a) S7 sequences,
(b) ND2 and (c) the concatenation of S7 and ND2 sequences. Branch length is proportional to the number
of substitutions under (a) Kimura two-parameter (K2P) + I, (b) Hasegawa Kishino Yano (HKY) + G + I and
(c) HKY + G model. Numbers on the branches are ML bootstrap values (in %, from 200 replicates), with
those below 70% not shown. Scale bar: 0-1 inferred nucleotide substitution/site under (HKY + G) model.
~«—, point to an individual that presents different placement in phylogenetic reconstructions.
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FiG. 4. Phylogenetic relationships among Mauritanian cichlids (types A and B) and other species belonging
to Coptodonini, Oreochromini, Heterotilapiini and Coelotilapini tribes as depicted in Dunz & Schliewen
(2013). Maximum likelihood (ML) analyses are based on polymorphisms of (a) cytochrome oxidase I por-
tion (COI) and (b) control region (CR). Branch length is proportional to the number of substitutions under
(a) Kimura two-parameter (K2P) + G and (b) Hasegawa Kishino Yano (HKY)+ G models. Numbers on
the branches are ML bootstrap values (in %, from 200 replicates), with those below 70% not shown. Scale
bar: 0-1 inferred nucleotide substitution/site under (K2P + G or HKY + G +I) model. (a) In the COI tree,
Coptodon guineensis and Coptodon zillii subclades are highlighted (I). (b) In the CR tree, Sarotherodon
melanotheron subclades are highlighted ().
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FiG. 5. Distribution of clades of (a) Coptodon guineensis, (b) Coptodon zillii, (c) Coptodon rendalli and (d)
Sarotherodon melanotheron sensu lato highlighted in phylogenetic analyses based on cytochrome oxidase I
(COI) and control region (CR) [Fig. 4(a), (b)]. %, Cg-11; %, Cg-I; %, Cg-1II; %, Cg-1V; 0, Cz-1; ®, Cz-II; 0,
C. rendalli; A, Sm-1; A, Sm-1I; 0, Sarotherodon nigripinnis. Shaded border areas correspond to distribution
range of these species or species complex.

this area, which exhibits the phenotype B, as classified by this study. All morphometric
variables, meristic counts and phylogenetic relationships of phenotype B cichlids are
in agreement with the description of S. melanotheron. This species is abundant in
estuarine environments over its distribution range from Cameroun to Mauritania
(Teugels & Thys van den Audenaerde, 2003). In contrast, the report of a second
species is unexpected. Meristic and morphometric parameters recorded on individuals
exhibiting phenotype A match with the description of a species belonging to Coptodon.
Its presence in a marine environment and its close phylogenetic relationships with C.
guineensis collected in Hann Bay (Dakar, Senegal), however, suggest that this species
is C. guineensis (but see below). This species is widely distributed in West Africa,
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from Angola to Senegal (Teugels & Thys van den Audenaerde, 2003). Its known
northern distribution limit corresponds to the Senegal River estuary, at the border
between Mauritania and Senegal. Populations attributed to this species, however, have
recently been reported at more northern localities: in the Sebkhet Imlily (Morocco),
situated at c¢. 200 km from the border with Mauritania in salt waters (Qninba et al.,
2009), and in rock pools (locally known as gueltas) along the Aabar wadi, tributary
of Chbeyka wadi, Tan Tan province (south-western Morocco; Qninba et al., 2012).
Therefore, the presence of C. guineensis in PNBA is not completely surprising,
even if previous records were absent and despite the many marked morphometric
and meristic differences between S. melanotheron and C. guineensis. Together, C.
guineensis might then be present in other isolated areas of the Atlantic Sahara (Fig. 5).
Further sampling is needed to describe the distribution range of this species, which
would have important implications both in terms of conservation and evolutionary
biology.

There is large polychromatism within S. melanotheron sampled in PNBA, which can
either present a silvery colour pattern or a totally black one, whereas the original species
description only mentioned some black spots in adults (Teugels & Thys van den Aude-
naerde, 2003). Polychromatism may have a different origin in these cichlids, such as
sexual dichromism or social communication (Maan & Sefc, 2013). In S. melanotheron,
colour pattern variations are probably related to sexual maturity as black spots are often
larger and darker in mature males and absent in juvenile ones (Teugels & Thys van den
Audenaerde, 2003).

COPTODON GUINEENSIS: A SPECIES COMPLEX

The systematics of Cichlidae has a long history, and many successive revisions
have been performed, but recent molecular phylogenies call for a new one (Nagl
et al., 2001; Klett & Meyer, 2002; Schwarzer et al., 2009; Dunz & Schliewen, 2013).
Among the most important results of these molecular phylogenetic reconstructions is
the demonstration that Tilapia sensu lato is not a monophyletic group, but consists
of several genera included in 10 lineages (Dunz & Schliewen, 2013). At the species
rank, that study provided limited insights into diversity. While Dunz & Schliewen
(2013) mentioned the presence in the Coptodonini tribe of 31 species distributed into
three clades, they only briefly mentioned the presence of cryptic species of C. zillii,
C. guineensis or Coptodon louka (Thys van den Audenaerde 1969), by naming some
taxa as C. sp. aff. zillii, C. sp. aff. guineensis or C. sp. aff. louka. In this study, all
phylogenetic reconstructions with all molecular markers (nuclear or mitochondrial)
reveal C. guineensis to be paraphyletic and to consist of three to four evolutionary
lineages embedded in two clades consisting of all species of Coptodon, with the
exception of C. tholloni and Coptodon congica (Poll & Thys van den Audenaerde
1960). Consequently, C. guineensis is a species complex and, considering the dis-
tribution range of these lineages [Fig. 5(a)], these putative species are parapatric.
Thus, the lineage representing the valid C. guineensis may correspond to the Cg-I
lineage (Fig. 4) as its distribution ranges includes the type locality of C. guineensis,
i.e. the Ghanaian Ashantee area (Bleeker in Giinther, 1862). Coptodon guineensis is a
euryhaline species with a clear affinity for marine or brackish water, as demonstrated
by the origin of the current samples, which were collected in the Aby Lagoon in Cote
d’Ivoire and Weija Lake in Ghana, which have salinities close to marine (Asante et al.,
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2008). Nevertheless, it is phylogenetically extremely close to the parapatric freshwater
species, C. dageti and C. discolor (Teugels & Thys van den Audenaerde, 2003).
This phylogeographic pattern suggests a recent origin of C. dageti and C. discolor,
which would have diverged from the ancestral C. guineensis when entering freshwater
environments.

Other lineages of C. guineensis highlighted in the phylogenetic trees correspond to
undescribed species or species that were invalidated after successive revisions. In Sene-
gal, two species were described (Tilapia affinis Duméril 1861 and Tilapia polycentra
Duméril 1861) that were later synonymized with C. guineensis (Eschmeyer, 2015). To
determine which species name should be resurrected, a more complete redescription of
each type species has to be performed, which is beyond the scope of this study. Among
all lineages of C. guineensis highlighted in this study, the Mauritanian/Senegalese one
(Cg-Il'in Fig. 4) is the closest to C. guineensis sensu stricto as it shares both the same
mitochondrial clade [CII in Fig. 3(b)] and ecological niche (coastal environments). This
species, however, has close phylogenetic relationships with freshwater species such as
C. camerunensis and C. sp. aff. louka ‘Samou’, justifying its taxonomic status as a
valid species.

The two other lineages from Nigeria and Gabon, identified morphologically as C.
guineensis, share the same clade with C. rendalli and C. zillii [CI within Fig. 3, see
also Fig. 4(a)] and are not closely related to C. guineensis. Coptodon rendalli and C.
zillii have the widest distributions among all species of Coptodon; whereas C. zillii
is known from Morocco (Qninba & Mataame, 2009) to the Democratic Republic of
Congo and the Middle East (Teugels & Thys van den Audenaerde, 2003). Coptodon
rendalli is not naturally distributed in West Africa although it is very common in
aquaculture and widely distributed due to anthropogenic activities (Lazard & Rognon,
1997). The CI clade also includes species with restricted distribution ranges includ-
ing species belonging to Cameroonian species flocks. With the exception of these
latter species, distribution ranges of C. zillii and C. rendalli appear to be allopatric
[Fig. 5(b), (c)], suggesting that vicariant events relating to landscape evolution of
African rivers certainly played an important role in the divergence and evolution
of Coptodon.

In conclusion, this study sheds new lights on C. guineensis, which occurs along
the West African shoreline as a complex of species, each with a narrow distribu-
tion range. More phylogenetic investigations are needed to describe the species
diversity inside the C. guineensis complex, and determine the evolutionary history
underlying the diversity of Coptodon. If ecological speciation occurred in Coptodon,
as suggested by phylogenetic investigations of Cameroonian crater lake cichlids,
vicariance is also an important evolutionary force that needs to be evaluated by further
studies.
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