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Abstract

The African family Alestidae (Ostariophysii: Characiformes) includes today 13 genera, among which seven are monospecific.
The size range observed in the family greatly varies with species ranging from 21 mm up to 130 cm for more than 50 kg.
Among the Alestidae, three tribes were previously identified: the Alestini, the Hydrocinini and the Petersiini, that include
all the miniaturised species. Previous phylogenetic studies mainly focussed on the relationships between tiAdegtewera
Brycinus BryconaethiopandHydrocynusand left the phylogenetic affinities of the genera from the tribe Petersiini unexplored.

We assessed the molecular phylogenetic relationships within the family using partial mitochondrial ribosomal DNA sequences
of the 12S and 16S genes and evaluated the congruence with available morphological characters by separate and combine
analyses. We especially focussed on the phylogenetic status of the tribe Petersiini and further investigated the early divergence
among the family. Our results lead to the identification of two major lineages and to the description of three new clades. The
relationships inferred allowed us to reject monophyly of the geBeyainus MicralestesandRhabdalesteand to suggest that

the genusBryconaethiopshould be removed from the tribe Alestini. We also have shown that miniaturization occurred more
than once, contrary to the predictions of the present classificaidte this article: N. Hubert et al., C. R. Biologies 328

(2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé
Cladogenese ancienne au sein des Alestidae (Teleostei, Ostariophyses, Characiformes) : données mitochondriales et
concor dance avec les données mor phologiques. La famille des Alestidae (Ostariophysii : Characiformes) comprend actuelle-
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ment 13 genres, parmi lesquels sept sont monospécifiques. Lintervalle de taille rencontré au sein de la famille varie de 21 mm
pour la plus petite espece a 130 cm et 50 kg pour la plus grande. Au sein des Alestidae, trois tribus sont actuellement reconnues
Alestini, Hydrocinini et Petersiini, qui incluent I'ensemble des espéces de petite taille de la famille. Les travaux récents sur la
phylogénie des Alestidae ont remis en question la validité de plusieurs genres et tribus, soulignant ainsi le manque de données
sur I'histoire ancienne du groupe. En effet, les analyses effectuées se sont particulierement intéressées aux relations entre le
genresAlestesBrycinus Bryconaethiopgt Hydrocynuslaissant ainsi planer de larges zones d’ombre sur les relations au sein
de la tribu des Petersiini et sur le statut phylogénétique des espéces de petite taille. Nous avons exploré les relations phylogéné
tiques au sein de la famille en utilisant des fragments des génes ribosomaux mitochondriaux 12S et 16S et nous avons estimé |;
concordance entre les données moléculaires et les données morphologiques présentes dans la littérature a I'aide d’analyses s
parées et combinées. Ces jeux de données ont été utilisés pour tester la monophylie de la tribu des Petersiini et explorer plus e
avant les premiéres divergences au sein du groupe. Les résultats conduisent a la reconnaissance de deux grandes lignées au s
de la famille ; trois nouveaux clades sont décrits. Les relations phylogénétiques reconstruites mettent en évidence la polyphylie
des genre8rycinus Micralestes Rhabdalestesainsi que de la tribu des Petersiini et montrent que le gBnyeonaethiops

doit étre retiré de la tribu des Alestini. Nous montrons aussi que la miniaturisation est apparue plus d’une fois dans la famille,
contrairement aux prédictions a partir de la classification actlRle. citer cet article: N. Hubert et al., C. R. Biologies 328

(2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Version francaise abr égée especes de petite taille de la tribu des Petersiini. De
plus, aucune étude de la concordance entre les données
La famille des Alestidae est un groupe de poissons moléculaires et les données morphologiques n'a été
d’eau douce présent exclusivement dans les rivieres etentreprise jusqu’alors. Nous avons donc séquence les
lacs d'Afrique[1]. Avec prés de 100 espedes3], ce génes mitochondriaux ribosomaux 12S et 16S pour 12
groupe de poissons pélagiques présente une grande diespéces d’Alestidae, représentant les trois tribus précé-
versité de taille (de 21 mm pour la plus petite espéce demment indiquées. A ces 12 espéces ont été ajoutées
[4,5] @ 130 cm pour la plus grand#,6]) et de régime les séquences de trois espéces précédemment séquen-
alimentaire[7]. Au sein des 13 genres actuellement céeg21] et les données mitochondriales ont été com-
reconnus, trois tribus ont été identifiees a partir de parées puis combinées aux caracteres morphologiques
données morphologique3gbleau ). Les Alestidae décrits dans la littérature, auxquelles a été ajouté un
ont été initialement inclus dans la famille des Characi- caractére morphologique nouveau, décrit dans cette
dae[2,8], constituant ainsi 'une des rares familles de étude Appendices B et L
poissons d’eau douce présente en Afrique et Amérique  Des alignements multiples ont été réalisés grace
du Sud. Plus tard, plusieurs caractéres propres ont étéau programme CLUSTAL W28]. Suivant Gatesy et
identifiés pour le groupgl] et la premiere analyse al.[29], trois schémas de pondérations d’ouverture et
cladistique de I'ordre a confirmé la présence de plu- d’allongement des insertions—délétions ont été appli-
sieurs caracteres dérivés partaff§sLes Characidae  qués afin d’identifier les sites ambigus a I'alignement,
étant polyphylétiques lorsque les Alestidae sont intro- qui ont ensuite été retirés lors des analyses phylogé-
duits, nous suivons donc la proposition de considérer nétiques. Deux méthodes de construction d’arbres ont
les Alestidae comme une famille a part entife été utilisées : parcimonie non pondérée (MP) et maxi-
Les relations phylogénétiques au sein de la famille mum de vraisemblance (ML), cette derniére utilisant
ont été récemment explorées a l'aide de caracteresun modele d'évolution de type GTRI + I" [35], dont
morphologiqueg10,11], mais les travaux réalisés se les paramétres ont été estimés a I'aide du programme
sont essentiellement cantonnés aux relations entre leSMODELTEST([36]. Les données moléculaires ont été
genresAlestesBrycinus Bryconaethiopet Hydrocy- analysées séparément en prétant une attention particu-
nus laissant ainsi non résolues les relations entre les liere au niveau de saturation des donri@@s38]ainsi
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gu’'ala vitesse de différentiation des clades. La topolo- cipalement des topologies obtenues par ailleurs sur les
gie obtenue pour les génes 12S et 16S a été comparéelonnées moléculaires par la position du cl&atgci-
aux relations supposées selon la classification actuelle-nus 1, ici groupe frére du cladBrycinus2, ainsi que
ment en vigueur a I'aide d’'un test de topologie obtenue par la paraphylie du nov. clade &i@. 4).
par parcimonig39]. Aprés avoir présenté et comparé Le test de concordance des différences de longueur
les arbres obtenus a partir des données moléculairesd’arbres pour les jeux de données moléculaire et mor-
et morphologiques, la concordance entre les différents phologique ne rejette pas I'hypothése d’homogénéité
jeux de données a ensuite été évaluée a I'aide du testdes jeux de donnéep{value= 1 dans PAUP). Aprés
de concordance des différences de longueur des arbregxclusion des sites ambigus a l'alignement pour les
produits pour chacun des jeux de donng@3. L'ana- genes 12S et 16S, I'analyse combinée produit deux
lyse combinée a ensuite été réalisée a I'aide d’une ana-arbres équiparcimonieux, dont un seul est retenu en
lyse de parcimonie non pondérée puis de pondération parcimonie pondérée. Les relations sont trés similaires
successive afin d'évaluer I'impact de I'optimisation aux relations obtenues par les analyses séparées et
des caractéres selon leurs niveaux d’homopl@sig different principalement par la position du claBgy-
L'analyse préliminaire du support statistique du cinus 1, pour le jeu de données moléculaires, et la
jeu de données moléculaires indiqgue un manque demonophylie du clade nov. clade A, pour le jeu de don-
soutien pour les divergences basalegy(1). L'ex- nées morphologiqud&1]. Trois nouveaux clades sont
clusion des sites ambigus de l'alignement ne permet ainsi mis en évidence : nov. clade A supportés par
pas d'obtenir des relations de parenté plus soutenuesune synapomorphie morphologique (S33, décrit ici),
(Fig. 2. Néanmoins, les deux méthodes de construc- correspondant & un assemblage des tribus Petersiini et
tion d’arbre employées donnent des résultats trés simi- Alestini, due a I'inclusion des genr&ryconaethiops
laires. Le group@rycinusl est en position basale. Le et Brycinuspour partie, nov. clade B et C décrits pré-
groupeBrycinus?2 est le groupe frére du nov. clade C cédemment pour partj@0,11] qui différent principa-
et le nov. clade A est le groupe frére de I'ensemble. lement par l'inclusion ddlicralestes acutidens
L'analyse de saturation révéle un taux d’homoplasie = Du point de vue évolutif, une diversification ra-
du jeu de données moléculaires beaucoup plus faible apide des différentes lignées d’Alestidae semblent étre
I'intérieur des Alestidae qu’au sein de l'ordreiq. 2), responsable du manque de soutien statistique observé
indiquant ainsi que I’homoplasie seule n’est pas res- pour les divergences précoces et pourrait ainsi expli-
ponsable du manque de soutien des nceuds basauxguer le manque de caractéres morphologiques infor-
Lestimation des longueurs de branches par maxi- matifs entre les différents genrg$l] ainsi que le
mum de vraisemblance révéle un fort contraste entre manque de données sur les relations & large échelle
les distances estimées entre clade et celles estiméesu sein de la famille. Ce présent travail souligne aussi
a l'intérieur des cladesF{g. 3). Les distances entre I'apparition multiple de la miniaturisation puisque,
clades sont nettement plus faibles, indiquant plusieurs parmi les espéces échantillonnées, deux lignées pré-
rythmes de divergences au sein de la famille. Les ré- sentent de maniére convergente une réduction de taille
sultats indiquent que I'absence de support statistique (nov. clade A eMicralestes acutidens
ne peut étre totalement imputé a la saturation et qu'une
diversification rapide des grandes lignées d'Alestidae
peut étre en partie responsable de ce phénomeéne. Led. Introduction
relations obtenues sont en contradiction avec la clas-
sification actuellement en vigueur, puisque les genres  The family Alestidae[l], often called African
Brycinus Micralesteset Rhabdalestesainsi que la Characids[2], belongs to the order Characiformes.
tribu des Petersiini sont polyphylétiques. Contraindre This widespread fish family inhabits the tropical
la monophylie de ces différents genres ainsi que la rivers and lakes of Africa. With about 100 recognized
tribu Alestini produit des arbres nettement moins par- specieg2,3], this group of pelagic fishes exhibits a
cimonieux et moins vraisemblabl@gbleau 2. Le remarkable range of size. The smallest spediep;
consensus majoritaire obtenu a partir de I'analyse sé-idarchus Adonisdoes not exceed 21 m,5], and
parée du jeu de données morphologiques différe prin- the largestHydrocynus goliathreaches 130 cm and
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Table 1 the small sampling of the tribe Petersiini in the prece-

Classification of the Alestida,6,40] dent analyses did not allow the assessment of the

Tribe Hydrocynini phylogenetic affinities of the miniaturised species and
HydrocynusCuvier, 1817 (5 species) early divergences in the family.

Tribe Alestini , In order to resolve basal relationships among the
iggfe gﬁﬁ'&??ﬁggﬁﬁgﬁ? ZE‘;Z?S) Alestidae, mitochondrial sequences were added to the
BrycinusValenciennes, 1849 (31 species) morphological characters previously descrifet] as

Tribe Petersiini well as a new character that we describe here. Be-
MicralestesBoulenger, 1899 (34 species) cause Mitochondrial ribosomal DNA sequences of the
Rhabdalestesioedeman, 1959 (15 species) 16S and 12S genes appeared to be useful for resolving
f;g?;g:gﬁfgesé1(?25?31(31(;;2)6068) phylogenetic relationships among various groups of
LepidarchusRoberts, 1968 (1 species) teleostean fishg43—-20] we used partial sequences of
Tricuspidaleste®oll, 1967 (1 species) 12S and 16S genes for 12 species of Alestidae repre-
Duboisialestesoll, 1967 (1 species) senting the three tribes of the fam[B]. As suggested
PetersiusHilgendorf, 1894 (1 species) by a previous molecular study among Characiform

ClupeocharaPellegrin, 1926 (1 species) fishes, the limit of resolution is rapidly reached be-

yond the familial level of divergence for the 12S and

weighs more than 50 kl,6]. These fishes may be 16S genef21]. Therefore, the analyses presented here
considered as more or less specialised entomophagougspecially focus on the phylogenetic content of the
or ichtyophagous predatofg]. The 13 genera of the  mitochondrial 12S and 16S genes among the Alesti-
family (Table 1 are actually divided into three tribes:  dae by the mean of a saturation analyi@§ and we
the piscivorous Hydrocinini; the invertivorous to de- assessed congruence between morphological and mi-
tritivorous Alestini and the invertivorous miniaturized tochondrial dataset first by an empirical comparison of
Petersiini. topologies inferred by separate analyses, then by us-

The Alestidae were initially included in the fam- ing the Incongruence Length Difference t€3] and
ily Characida€?2,8], forming one of the few families  a successive weighted parsimony approael.
present in both Africa and South America. On the ba-
sis of exclusiv_e char,acters, not formerly addressed as, \1aterials and methods
synapomorphies, Géf¢] and Buckugd9] elevated the

group to the family level. According to the cladistic 2.1. Fish specimens and DNA extraction,

analyses among the ord@, the characidae are poly-  gmplification and sequencing
phyletic when the Alestidae are included. Following

these results, we consider the group to be a separate In order to assess the relationships within the
family. family, 12 species of the family and one species of
The phylogenetic relationships among the Alesti- Characidae were sequenced for 12S and 16S frag-

dae were recently addressed using morphological dataments Alestes macrophthalmu8INHN: 2002-737;
focussing mostly on the relationships between the Brycinus affinisMNHN: 2002-803Brycinus opistho-
generaBrycinus BryconaethiopsAlestesandHydro- taenig MNHN: 2002-739;Brycinus macrolepidotys
cynus[10,11] These studies were the first attempts to MNHN: 2002-740; Brycinus schoutedeniMNHN:
analyse morphological characters in a cladistic frame- 2002-802;Brycinus longipinnis MNHN: 2002-738;
work within this family and the major results were to  Bryconaethiops macropsMNHN: 2002-743; Mi-
confirm the monophyly of the Alestidae, as previously cralestes interruptusMNHN: 2002-748;Micralestes
suggested9,12] and brought forward 11 synapomor- ansorgii MNHN: 2002-745; Micralestes acutidens
phies supporting it. Nevertheless, unresolved pattern MNHN: 2002-747; Rhabdalestes caudalisMNHN:

of relationships among genera have been proposed and®?002-746;Rhabdalestes hilgendorfMNHN: 2002-
the poor phylogenetic resolution observed was due to 744; Hemigrammus blehericorresponding to the
the lack of characters supporting basal relationships GenBank accession nhumber AY130830 to AY130842
rather than character incongruerjté]. Furthermore, and AY130843 to AY130855 for the 16S and 12S
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genes, respectively). We added these samples to 11differing among alternative cost function. We applied
previously published homologous mtDNA sequences the following schemes of alignment parameters: open-

of Characiform fishe$21] (Genbank accession nos:
Brycinus imberi U33829, U34030Hydrocynussp.:
U33960, U33997;Hoplias malabaricus U33976,
U34013; Apareiodon affinisU33982, U34019Ace-
strorhynchussp.: U33962, U33999Steindachner-
ina sp.: U33986, U34023Triportheus paranensis
U33588, U33623Chalceus macrolepidotud33587,
U33622;Gephyrocharaxsp.: U33970, U34007Dis-
tichodus sp U33827, U33994(Citharinus congicus
U33826, U33993).

ing gap cost 10 and extending gap cost5; opening
gap cost= 5 and extending gap cost4; opening gap
cost= 20 and extending gap cost8. Alignment am-
biguous sites were then discarded for the ana[28k
Two methods of phylogenetic reconstruction were
used to infer phylogenetic relationships among the
Alestidae: Maximum Parsimony (MP30] and Maxi-
mum Likelihood (ML)[31] as implemented in PAUP
[32]. Heuristic searches in MP were performed by
random addition of taxa and TBR branch swapping.

Tissues samples were preserved in 70% ethanol andMP searches were replicated 100 times and consis-

stored at—20°C. Genomic DNA was extracted from
muscle tissue by ProteinaseK/CTAB dissolution, puri-
fied by chloroform-isoamyl alcohol extraction and iso-
propanol precipitation. Double-stranded amplification
was performed in 25-ul volume containing 1.25-pl of
DMSO (5%), 0.3-ul of Qbio Taq polymerase (2.5-U),
2.5-ul of Qbio Taq buffer (1), 6.6 mM of each
dNTP, 30 pM of each primers and 0.3 pug of genomic
DNA. Amplification of genomic DNA was conducted
for 30 cycles with denaturation at 9€ for 40 s, an-
nealing at 52-54C for 40 s, and extension at 7€

for 40 s. Amplification and sequencing primers are:
L1091 and H1478 for the 12R5]; and 16Sar-L and
16Sbr-H for the 16 26]. These primers amplify frag-

tency indices (consistency index [(JB3] and reten-
tion index [RI] [34]) were scored as a measure of ho-
moplasy. The ML analyses were computed with the
GTR + I + I' model [35] including a discrete ap-
proximation to thel"-distribution, the nucleotide fre-
quencies#), substitution rates®) and the fraction of
invariable site (). The shape parameter)(and other
parameters of the GTR I + I" model were estimated
using MODELTEST[36]. Bootstrap proportions (BP)
[37] were performed with 1000 pseudoreplications for
MP and 500 for ML to estimate the robustness of the
nodes.

Mutational saturation was assessed following the
method previously outlinef22,38] Pairwise numbers

ments corresponding to the positions 1091-1478 and of observed nucleotide differences (‘adjusted distance’

2510-3059 of the human mitochondrial genome for
the 12S and 16S genes, respectivily]. Double-
strand product purification was performed using of
the Qiagen MinElute PCR kit and followed by direct
sequencing from both directions with the CEQ Dye
Terminator Cycle Sequencing Kit (Beckman Coul-
ter). Morphological data were compiled from previ-
ous works about the phylogenetic relationships within
the family[10,11]and we added a new morphological
character (character 38ppendices B and C

2.2. DNA sequences alignment and phylogenetic
analyses

Multiple DNA sequence alignments were per-
formed using CLUSTAL W][28], with the default
settings. Following Gatesy et §.9], additional align-

in PAUP') were plotted against changes (‘patristic dis-
tance’ in PAUP) inferred in maximum parsimony for
each pair of taxa. The level of homoplasy was inferred
by means of a linear regression, since the slope of
the equation reflects the saturation of the data (a 1:1
slope means that one observed difference corresponds
to one reconstructed change, while a 1:2 slope im-
plies that one observed difference correspond to two
reconstructed changes). A Templeton Parsimony Test
was performed to assess the statistical significance of
differences observed between the relationships pre-
viously identified and the relationships hypothesized
therein [39]. After having analysed both molecular
and morphological datasets separately, the matrix of
33 morphological characters was added to the mito-
chondrial data. Congruence between morphological
and molecular data was assessed by the mean of the

ments were performed using different gap opening and Incongruence Length Difference teg&3] and com-
gap extension parameters to detect alignment ambigu-bined analyses were then performed using both non-
ous sites, defined as positions with gap assignmentsweighted and successive weighting MP analy2d%
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3. Results ranges fromp = 0.02 to p = 0.22 within the group.
Based on comparisons at different taxonomic levels,
3.1. Sequence description Orti and Meyer[21] showed that the 12S and 16S

fragments reach saturation at phylogenetic distances
On average we obtained fragments of 310 BP for averagingp = 0.22. Therefore, the divergence val-

the 12S sequences and 510 BP for the 16S sequenceges within the family remain below this limit and a
for 12 species of Alestidae and 1 species of Characi- low saturation level could be expected in the present
dae. Together with previously published mitochondr- dataset.

ial sequencef?1], we obtained a final alignment of

804 BP for 24 Characiform species. According to the 3.2. Phylogenetic analyses

alignment procedure previously described, four loop

portions, corresponding to 16 BP, were deleted for Parsimony analyses of the 12S and 16S data set
the 16S fragment. Among the 787 remaining non- including alignment-ambiguous sites (804 BP align-
ambiguous sites, 287 nucleotides were variable and ment), provided a pool of four most-parsimonious
195 were parsimony informative (75 for the 12S, 120 trees (length(L) = 885, Cl= 0.458, RI= 0.500)

for the 16S). Indels (insertion/deletion) represented when all characters were equally weighted, gap coded
between 1% and 2.7% of the aligned sequences andas missing data and trees rooted with the geésa
ranged from 1 BP to 7 BP. Sequence divergence as in-tichodus and Citharinus The bootstrap consensus
ferred by maximum likelihood (GTR- I + I" model), (Fig. 1) showed an important lack of support for the

— ALESTIDAE
M A [estes macrophtalmus
nov. clade C ~ — : ——
®

Hydrocynus sp.

;
Bryeinis 3oy
Brycinus opisthotaenia
ﬂ': Bryconaethiops macrops
100

nov. clade A
93

155 caudals
PN . 1ccrolepidos |
< cloucdeni

Hoplias malabaricus u ERYTHRINIDAE

78

Apareiodon affinis [] PARODONTIDAE
Acestrorhynchus  sp. I] ACESTRORHYNCHIDAE
Steindachnerina sp. [l CURIMATIDAE

Hemigrammus bleheri
Triportheus paranensis

CHARACIDAE

Chalceus macrolepidotus

Gephyrocharax sp.

I [] DISTICHODONTIDAE
[ CITHARINIDAE

Fig. 1. Bootstrap consensus based upon the combined 12S and 16S rDNA data set using all sites (804 BP). Consensus obtained with 100C
pseudoreplications and heuristic search with random addition of taxa. The length of the four corresponding trees is 885=st4538CI
RI = 0.500. African taxa are indicated by black boxes.
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basal nodes despite a high BP value supporting the and three lineages were identified. The cl&dgcinus
monophyly of the family. Among the species sampled, 2 was the sister group of the nov. clade C but this rela-
four clades were supported by BP value > 50: (1) the tionship was poorly supported. The nov. clade A was
cladeBrycinus1 (highly supported, BP value 80), the sister group of the previous clade @ycinusl

(2) the cladeBrycinus2 (weakly supported, BE 54), was the sister group of all. The saturation analyses
(3) nov. clade C (moderately supported, BB9) and (Fig. 2, window) showed that saturation was signifi-
(4) nov. clade A (moderately supported, BF3). cantly lower within the family than within the order

The most conservative strategy for obtaining re- and homoplasy could not be identified as the only rea-
liable phylogenetic information would be to discard son accounting for the lack of statistical support.
alignment ambiguous sites, mostly localised inthe fast ML analyses were performed with the global data-
evolving regions of the loops, and containing the high- set including the alignment ambiguous sites (804 BP
est amount of homoplasy. When alignment ambigu- data set) using the GTR I + I" model. A single tree
ous sites are discarded, the analyses of the 787 re-was obtainedKig. 3, In likelihood= —5154737) with
maining sites (180 parsimony-informative characters) a topology very similar to that obtained in MP and
led to a single treeHig. 2, L = 783, Cl=0.4572, only differing in the position oBrycinus opisthotae-
Rl = 0.5028). Basal divergences were unsupported nia placed as the sister group of nov. clade C. The

[ — ALESTIDAE

80

Alestes macrophtalmus
Hydrocynus sp.
Micralestes acutidens

98 Brycinus imberi
Brycinus 2 . —
Iyclus G0 Brycinus affinis

Brycinus opisthotaenia

5844 % +7,6176 o nov. clade C
0,8263

[[R=3

40

Distances observed

y=0,4072x + 16,37
R2 =0,7196

100 Micralestes interruptus
o [
Micralestes ansorgii
Rhabdalestes hilgendorfi

mmmem— R/1aDdalestes caudalis

40 80
Distances inferred

Ho-

nov. clade A

Brycinus longipinnis

Brycinus 1
Acestrorhynchus sp. [I ACESTRORHYNCHIDAE
Triportheus paranensis
Hemigrammus bleheri | |CHARACIDAE
Gephyrocharax sp.
Hoplias malabaricus [] ERYTHRINIDAE

Apareiodon affinis [] PARODONTIDAE
Steindachnerina sp. [] CURIMATIDAE
Chalceus macrolepidotus I]CH ARACIDAE

——————— [N [] DISTICHODONTIDAE
[T [] CITHARINIDAE

10 changes

Fig. 2. Best MP tree obtained by heuristic search with gaps coded as missing data and alignment ambiguous sites excluded (787 BP). The
length of the tree is 783 steps; €10.458; RI= 0.543. Numbers above branches are bootstrap values (only BP > 50% are shown). Window:
Mutational saturation analyses. Linear regression and equations are provided for divergence within Alestidae (white) and beyond the family
(grey).
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—ALESTIDAE

GTR AT Brycinis
6 D m—
60 Micralestes acutidens

Hydrocynus sp

Alestes macrophtalmus

Brycinus opisthotaenia

| 100
0 @% 3 96 Rhabdalestes hilgendorfi
S o
% 97 Bryconaethiops macrops
I Micralestes interruptus
96 .
( ) @ v R'abdalestes caudalis
nov. clade A —

| IE—— Brycinus longipinnis
rycinus schoutedeni
Brycinus macrolepidotus

Brycinus 1

Acestrorhynchus sp [ ACESTRORHYNCHIDAE
Apareiodon affinis [] PARODONTIDAE

Hoplias malabaricus [] ERY THRINIDAE
Steindachnerina sp.[] CURIMATIDAE

Chalceus macrolepidotus [ CHARACIDAE

Hemigrammus bleheri

Gephyrocharax sp. CHARACIDAE
Triportheus paranensis

a—— Distichodls Sp. |:| DISTICHODONTIDAE
[T CrrHARNIDAE

0.05 substitutions/site

Fig. 3. ML tree obtained with the GTRR  + I model (In likelihood= —5154737). Window: Distribution of genetic distances within Alestidae
(frequencies are plotted against distance intervals estimated using the-GHR™ model).

same pattern of bootstrap values was observed duestraints and the shortest tré@ble 7). The monophyly
to the lack of statistical support for the basal rela- of the generd8rycinus RhabdalestedMicralestesand
tionships. Differences in genetic distances among and the monophyly of the group Alestini Hydrocynini
between major clades showed a bi-modal distribution were rejected with @-value= 0.05.
(Fig. 3 window). Distances were on average higher MP analyses of the 33 morphological charac-
within clades (0.1282 substitutions per sites) than be- ters matrix Appendices B and X[11] including 18
tween clades (0.0397 substitutions per sites), showing species, provided a pool of 377 most-parsimonious
that the lack of statistical support observed was mostly trees (length(L) = 39, Cl = 0.846, Rl = 0.906),
due to the paucity of phylogenetic signal for basal when all characters were equally weighted and trees
nodes. rooted with the gener®istichodusand Citharinus

The topological test using parsimof88] was per- The majority rule consensus is providedHiy. 4. The
formed using constrained trees to test whether the treeaddition of character 33 modified the relationships hy-
length of the constrained topologies obtained were sig- pothesized when compared with previous reslig
nificantly different from the best tree. Tests were per- since Bryconaethiopsavas out of the cladeAlestes
formed on a data set including the 14 species of Alesti- HydrocynusBrycinusl, Brycinus2). Compared with
dae withAcestrorhynchusas the out-group. The TPT the molecular data set, the clad&scinusl and nov.
performed with PAUP detected significant differ-  clade C were also supported by morphological data but
ences between all the trees obtained in MP with con- both Brycinus2 and nov. clade A were unsupported.
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—ALESTIDAE

Brycinus s. str.

Nov. Clade B

—|:
D
67 100 _|:

100)

S

Brycinus longipinnis

Micralestes interruptus
Rhabdalestes caudalis

Brycinus 1

Brycinus 2

Nov. Clade C

Molecular Data

Nov. Clade A

100

Fig. 4. Majority rule consensus derived from the 377 equiparsimonious MP trees inferred with the morphological-d&&; Cl=

— Acestrorhynchus sp.

Distichodus sp.

Citharinus congicus

[JACESTRORHYNCHIDAE
|—Hemigrammus bleheri [JCHARACIDAE

[ODISTICHODONTIDAE
[ CITHARINIDAE

0.846;

=0.906). The frequency of the nodes is given in the tree. The clades on the right refer to the results from the molecular data.

Additional successive weighting MP searches were
performed in order to check whether the lack of reso-

topologies: (1) (nov. clade A (nov. clade @ryci-
nuss. str.)) or (2) (nov. clade C (nov. clade Bry-

lution observed was due to conflict between characters cinus s. str.)). Constraining MP searches for molec-

and homoplasy or to a lack of information supporting ular data indicated that topology 1 was shortest than
the clade®Brycinus2 and nov. clade A. Weighted MP  topology 2 with five and three steps less for topology
searches led to the same pool of trees (377 trees) andlL when alignment ambiguous sites were included or
we obtained the same majority rule consensus showing not, respectively. In the same way, topology 1 showed
that the paucity of informative characters was respon- one morphological changes less than topology 2 but
sible for the lack of definition in the morphological TPT indicated that the differences observed were not
consensus. Although morphological data were partly significant for both the molecular and morphological

uninformative when compared with molecular data, data set.
unambiguous morphological characters actually sup-
port the cladeBrycinuss. str. and nov. clade C. The
latter was only partly observed in the molecular data
since the clad®rycinusl were outside of it in basal
position.

We performed combined analyses of the 33 mor-
phological characters and the 787 alignment unam-
biguous sites for the 18 species of the morpholog-
ical data set. The ILD test was performed with the
informative characters, only. The ILD test did not re-
ject the null hypothesis of homogeneity-falue= 1
in PAUP). The MP analyses of the combined data
set (205 parsimony-informative characters) led to two
equiparsimonious treed.(= 827, Cl=0.4728, RI=
0.5235) corresponding to the two following alternative

Analyses performed on the mitochondrial data
showed that the overall amount of valuable informa-
tion was quite low for basal nodes of the phylogeny
and saturation analyses indicated that homoplasy was
not the only cause for the lack of statistical support in
this part of the tree. Nevertheless, low values of both
Cl and RI revealed that homoplasy was also acting
and one could expect saturation to be stronger for the
earliest divergences. Despite the lower amount of ho-
moplasy among morphological data as revealed by ClI
and RI values, the phylogenetic content of the mor-
phological data set was quantitatively lower than the
one of the molecular data. As a consequence, char-
acters conflict could be expected due to a differential
accumulation of homoplasy. We applied a successive
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Distichodus

Citharinus
Hemigrammus
nov. clade A
S:33 Brycinus longipinnis
Rhabdalestes caudalis

_: Bryconaethiops macrops
Micralestes interruptus

_:
Rhabdalestes hilgendorfi

el Alestes  macrophtalmus

L nov. clade C —
S:1,21,26

Alestidae FYT— -

24,25,30,31,32 D Brycinus 1

S:23a Brycinus macrolepidotus
Brycinus schoutedeni

el Brycinus opisthotaenia
_: Brycinus imberi
Brycinus affinis

nov. clade B
S:7

Brycinus s.str.
S:22
Brycinus 2
S:23b

Fig. 5. Best Tree derived from the combined data set with 33 morphological and 787 mitochondrial characters (TophlegB27,
Cl =0.4728, RI= 0.5235). Morphological synapomorphies are mapped on the tree.

weighting approach for MP searches in order to de- 15 transitional ribs (S26) butlicralestes acutidens
termine which of topology 1 and topology 2 was the lacks the adipose eyelid (S1). The new clade B was
most consistent compared with homoplasy. Weighting supported by one synapomorphy ($¥1]) and the
characters with the Cl and RI gave us similar results presence of this derive featureBmyconaethiopsug-

and topology 1 was recovered in each case. Although gests an independent acquisition of this derived state
topology 2 corresponded to the less consistent tree,in the genus. The new clade A was placed as the sis-
topology 1 maximised the congruence between mor- ter group of the other Alestidae. The only character
phological and molecular data. This topology is given that was actually supporting the monophyly of the
in Fig. 5 (dashed lines identify the point of incongru- Nnew clade A (S33) was the presence of a strong sex-
ence between topology 1 and 2) and morphological ual dimorphism characterized by the prolongation of
synapomorphies are mapped on the cladogram. Thethe dorsal fin ray in the males of this groufsppen-
cladeBrycinuss. str., supported by one synapomor- dices A-Q.

phy (S22,[11]), was divided in two lineages which

correspond to the cladBrycinus 1 and Brycinus 2

previously identified11,39] Each one was supported 4. Discussion

by one synapomorphy (S23a, S28t),11). The new

clade C was supported by three synapomorphies (S1,4.1. Monophyly of the African Characids

S21, S26][11]) and these derived features, primarily

described for the cladé\({estest+ Hydrocynu$, were The present study, based on a representative sample
confirmed forMicralestes acutidenby the examina- of the major lineages of Alestidae, strongly supports
tion of a diaphanized specimen. The dilatator fossae the monophyly of the family and this result is in agree-
reach the dorsal part of the frontal (S21), there are mentwith previous osteological observati¢ad 1,40,
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Table 2

Tree lengths for MP trees and log likelihood for ML trees, obtained by constrained analyses, using the 14 taxa of Alestidae and rooting with
Acestrorhynchusp. Alignment ambiguous sites are excluded. Extra steps are counted with respect to the shortest tree in this tattlee
difference in log likelihood between the best tree and theitrBesults of the Templeton Parsimony Test are shown witlpthalues computed

using PAUP
Topology Parsimony Maximum likelihood TPT
Tree Extra Log AL; Trees p-value
lengths steps likelihood
1. No constraints 466 —328474
2. Brycinusmonophyleti€ 478 +12 —329968 —14.94 1.vs2. 0338
3. Micralestesmonophyletié 514 +48 —339524 —95.56 1.vs3. o001
4. Rhabdalestemonophyleti€ 484 +18 —331051 —25.77 1.vs4. 051
5. Alestini monophyletig 522 +56 —335982 —68.15 1.vs5. oor

@ Best tree obtained using MP or ML.
b Best tree obtained using MP or ML under given constraints.
* Tree significantly longer withp < 0.05.

41]. The monophyly of the group is actually supported
by 11 morphological synapomorphiesig. 5. Weak
statistical support observed for the basal nodes indi-
cates that poor phylogenetic signal was available for
deep divergence among the family. For example, only
two morphological characters were enough to nest the
cladeBrycinusl with the cladeBrycinus2. The satura-
tion analyses performed show that homoplasy cannot
fully explain the lack of statistical support for basal
divergence and the pattern of mitochondrial mutations
is in agreement with a fast diversification of the family
(Fig. 3 window). These observations based on mole-
cular data could explain the paucity of morphological
characters supporting the monophyly of the major lin-
eages of Alestidae.

4.2. Polyphyly and original clades

The phylogenetic pattern hypothesized héiig (5)
is in agreement with morphological data for most
points but also reveals some discrepancies and rele-
vant systematic findings:

(1) This molecular study rejects the monophyly of
the Alestini[1,2,6,39]including Alestes Bryci-
nus BryconaethiopgFig. 5 Tables 1 and 2Ap-
pendix A). The genusBrycinusis polyphyletic
and theBrycinus longipinniscomplex should be

maxillae seems to reflect the plesiomorphic con-
ditions within the family that could have been
retained only in the species actually belonging
to Brycinus The present study suggests that the
cladeAlestest Hydrocynuscould be paraphyletic
but the ambiguous relationships obtained between
the cladeAlestest+ Hydrocynus[10,11] and Mi-
cralestes acutidendo not allow to conclude since

it remains unclear which dllestesor Micralestes
acutidensis the most closely related talydro-
cynus Notwithstanding, the present work argues
that the genuBryconaethiopshould be removed
from the tribe Alestini as it belongs to the tribe
Petersiini.

The Petersiini5] are polyphyletic Fig. 5 Ta-
bles 1 and 2Appendix A) and two major lineages
were previously included in the group. The genus
Micralestes[6] is polyphyletic with Micralestes
acutidensgrouping with the genug\lestesand
Hydrocynuswhile Micralestes interruptugroups
with Brycinus longipinnisand Bryconaethiops
These results show that miniaturization occurred
at least two times in the history of the family. The
genusRhabdalestess polyphyletic sinceRhab-
dalestes caudaliandRhabdalestes hilgendodd

not constitute a monophyletic unit.

removed from the genus as previously outlined 5. Conclusions

[11] and the genus should be restricted to the
cladeBrycinussensu strictgl,39]. The presence

Although the present work allows us to draw some

of molariform teeth and a second row in the pre- taxonomic recommendations, the evolutionary history



488

of the family remains partially unexplored. Among the

13 extant genera actually described among the Alesti-
dae, seven monotypic genera are not included in the

present work and some of them constitutes strongly

derived miniaturized taxa. Nevertheless, we can make
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Character 6, premaxillary pedicle: state-@bsent;
state 1= present.

Character 7, hinge joint of premaxillae: state=0
absent or weak; state=1formed by ridges.

Character 8, ventral flange on maxilla: state-0

some predictions based on our results. The clade absent; state £ present.

Brycinuss. str. is the only group in which we failed
to identify miniaturization. HoweveArnoldichthysis
actually sharing some derived features from this clade

Character 9, maxillary teeth: state-Qpresent; state
1=absent.
Character 10, rhinosphenoid bone: state &bsent;

such as the absence of a cranial fontanelle at least instate 1= present.
adult (Characters 23) and the presence of large scales Character 11, ectopterygoid teeth: state @bsent;

typical of the cladeBrycinus1 but not formerly ad-
dressed here. In the same wByboisialesteseem to

state 1= present.
Character 12, angle formed by quadrate limbs: state

be closely related to species from the new clade A as 0= acute, state £ right angle.

it harbours the derived state of character 33 and the

Character 13, parasphenoid: state 8traight; state

large triangular humeral spot that seems to be frequent1 = ventrally depressed.

in this clade Appendix A).

Nevertheless, strongly derived taxa liReicusp-
idalestesor Clupeocharaxremain undiagnosed and
still challenge our knowledge about the evolution-
ary history of the family. Our results show that both
morphological and molecular characters are informa-
tive and can provide complementary information and
should therefore be included in future works on the
phylogeny of the Alestidae.

Appendix A

SeeFig. 6.

Appendix B. List and description of
mor phological character states[10,11]

Character 1, adipose eyelid: state=0absent or
poorly developed; state=t well developed.

Character 2, number of gill rakers: state-=®1 or
fewer; state =23 or more.

Character 3, posterior end of the premaxillae: state
0 = absent past teeth; state=Ipresent, tubular; state
2 = present, flattened.

Character 4, posterior end of the premaxillae and
tooth row diverging: state & absent; state £ pres-
ent.

Character 5, dorsal process of premaxillae: state

0= absent; state + present.

Character 14, shape of vomer: state=(hot ex-
panded laterally; state expanded laterally.

Character 15, mesethmoid lateral flange: state 0
absent; state % present.

Character 16, shape of mesethmoid: staterfor-
mal; state = bulges laterally.

Character 17, orbitosphenoid tube for olfactory
nerve: state 8- absent; state £ present.

Character 18, lateral ethmoid tube: state pres-
ent; state 1= absent.

Character 19, connection between orbitosphenoid
and lateral ethmoid: state-0 absent; state £ pres-
ent.

Character 20, ventral process of sphenotic: state
0 =thin; state 1= thickened.

Character 21, frontal ridge over dilatator fossa:
state 0= ridge runs completely across fossa; state 1
= ridge not complete anteriorly.

Character 22, frontal bone: state=Owith lateral
small “pocket”; state = without a pocket.

Character 23 (modified from Murray and Stewart,
2002), cranial fontanelle: statefpresent at all states;
states 1= present only in juveniles (S23a), absent
throughout life (S23b).

Character 24, third temporal fossa contained in epi-
occipital: state @= absent; state £ present.

Character 25, preopercle lower limb pores: state 0
=in raised tube; state under a projecting ridge.

Character 26, number of transitional ribs: state 0
six or fewer; state  seven or more.

Character 27, anal pterygiophores: state ®ormal;
state 1= shortened and curved anteriorly.
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Nov. Clade A

Brycinus s. str.

Nov. Clade C

Bryconaethiops macropblew Clade

Micralestes ansorgjiA4,

’

Brycinus macrolepidotysNew Clade C: C1Micralestes acutiden<?2,

Fig. 6. New Clade A: A1Brycinus longipinnisA2, Rhabdalestes caudajia3

Alestes macrophthalmp€3, Hydrocynus

riB2

B: B1, Brycinus imbe

vittatus

bony stays in caudal fin: state 0

Character 30

extends to haemal spine of third preural centrum. absent; state % present.

Character 29, shape of first anal pterygiophore:

Character 28, swim bladder: state-Ghormal; state
state 0= normal; state & expanded or hooked.

1=

Character 31, number of epurals: state-(@wo;

= three.

state 1:
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Table 3

Matrix of morphological characters (polymorphic state= (01), ? ambiguous or unknown state)

Distichodus

Citharinus
Acestrorhynchus
Hemigrammus
Hydrocynus sp

Alestes macrophtalmus
Micralestes ansorgii
Rhabdalestes hilgendorfi
Brycinus longipinnis
Bryconaethiops macrops
Brycinus affinis

Brycinus opisthotaenia
Brycinus macrolepidotus
Brycinus schoutedeni
Brycinus imberi
Micralestes acutidens

00000000* 000000000000000000000000
000000000000000000000000000000000
?00010001111001001100000000000000
000100001??1101001?00000000000000
102010110000110011111001110001110
111001110000110010011001111111110
0010010100001?70011100001100001111
001001010??01100?1??000?100001111
001001010??01100?11?000?100001111
0010011100?0110011?00001100001111
001001110000110011100101100001110
0010011100001100111?0101100001110
001001110000110111100111100001110
0010011107?0110111?00111100001110
001001110?0011001110?101100001110
0?1??1?1????11??1???10?111???1110

Micralestes interruptus
Rhabdalestes caudalis

Character 32, sexual dimorphism of caudal fin: eaux continentales africaines : Diversité, écologie, utilisation
state 0= absent; state Z present. par 'homme, IRD éditions, Paris, France, 1990, pp. 167-190.
Character 33, sexual dimorphism of dorsal fin: state 8] P-H. Greenwood, D.E. Rosen, S.H. Weitzman, G.S. Myers,

0= ab f | ti fd | fi . Phyletic studies of teleostean fishes with a provisional classi-
= apsence or prolongauon of dorsal Tin rays In fication of living forms, Bull. Am. Mus. Nat. Hist. 131 (1966)

males; state & presence of prolongation of dorsal fin 339-455.

rays in malesAppendix B). [9] P.A. Buckup, Relationships of the Characidiinae and Phy-
logeny of Characiform fishes (Teleostei, Ostariophysi), in:
L.R. Malabarba, R.E. Reis, R.P. Vari, Z.M.S. Lucena, C.A.S.
Lucena (Eds.), Phylogeny and Classification of Neotropical
Fishes, Edipucrs, Porto Alegre, Brazil, 1998, pp. 123-144.

[10] B. Brewster, A review of the genudydrocynusCuvier, 1819

SeeTable 3 (Teleostei: Characiformes), Bull. Brit. Mus. Nat. Hist., Zool. 5
(1986) 163-206.

[11] A.M. Murray, K.M. Stewart, Phylogenetic relationships of the
African genraAlestesandBrycinus(Teleostei, Characiformes,
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