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Evolutionary radiations, especially adaptive radiations, have been widely
studied but mainly for recent events such as in cichlid fish or Anolis lizards.
Here, we investigate the radiation of the subfamily Cyprininae, which
includes more than 1300 species and is estimated to have originated from
Southeast Asia around 55 Ma. In order to decipher a potential adaptive radi-
ation, within a solid phylogenetic framework, we investigated the trophic
apparatus, and especially the pharyngeal dentition, as teeth have proved
to be important markers of ecological specialization. We compared two
tribes within Cyprininae, Poropuntiini and Labeonini, displaying divergent
dental patterns, as well as other characters related to their trophic apparatus.
Our results suggest that the anatomy of the trophic apparatus and diet are
clearly correlated and this explains the difference in dental patterns observed
between these two tribes. Our results illustrate the diversity of mechanisms
that account for species diversity in this very diverse clade: diversification of
dental characters from an ancestral pattern on the one hand, conservation
of a basal synapomorphy leading to ecological specialization on the other
hand. By integrating morphological, ecological and phylogenetic analyses,
it becomes possible to investigate ancient radiation events that have
shaped the present diversity of species.

1. Introduction

One crucial question in evolution deals with patterns and processes underlying
evolutionary radiations involving rapid bursts of speciation [1-3]. Multiple
cases of radiation events have been linked to the rapid diversification of adap-
tive phenotypes [4,5]. Notable examples of recent adaptive radiations are
provided by cichlid fish in Eastern African lakes [6], Anolis lizards in the Carib-
bean Islands [7] and Darwin finches in the Galapagos Islands [8]. These
classical cases illustrate how radiations can be related to habitat and diet diver-
sification, and/or to cases of sexual selection, driving rapid speciation [9].
However, evolutionary radiations have not been confined to recent events.
Careful examination of phylogenetic trees reveal more ancient radiation
events for which factors contributing to species diversification remain more elu-
sive [10,11]. Thus, investigations of more ancient radiations will help to
understand cases of rapid diversification of clades recognized as suprageneric
taxonomic ranks.

In order to investigate the potential role played by ecological speciation
during radiations, whether an evolutionary radiation is adaptive or non-
adaptive, it is crucial to focus on characters that provide proxies for assessing
biological niches occupied by species. The question is whether or not the

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Summarized phylogeny of Cyprininae focusing on Poropuntiini and Labeonini. Phylogeny of Cyprininae, including Poropuntiini and Labeonini, based on
ML and Bayesian analyses (electronic supplementary material, figure S2), using mitochondrial (Cytb, COI) and nuclear (Rag1, Rho) markers. Bootstrap values from ML
analyses are provided above nodes. Molecular dating of clades is also provided and is based on the electronic supplementary material, figure S3. Geographical

extension is shown for the two tribes.

diversification of species is correlated to the adaptation to
different environments. In this framework, dentition con-
stitutes a major character for assessing adaptive radiation as
its shape and arrangement play a key role in food capture
and processing. The diversification of the dentition within
a diversified clade strongly suggests that this clade has
undergone divergent natural selection, leading to ecological
speciation. Particularly in mammals, it has been shown that
dentition pattern, individual tooth shape and dental inter-
locking are closely related to various food habits, and tooth
crown shape is frequently used as a marker of ecological
adaptation [12-14]. Dentition diversification can therefore
reliably reflect changes in the life history of species, thus
making this character a good indicator for developing and
testing hypotheses as to changes in ecological preferences
within the evolution of a clade [15].

Here, we aim to examine the factors that could explain the
ecomorphological diversification of the Cyprininae from
the Mekong Basin, one of the World’s most diverse riverine
ecosystems. Within the order Cypriniformes, which encom-
passes about 4000 species [16,17], the subfamily Cyprininae
includes about 1300 species [18] mainly distributed in South
and East Asia, a region hypothesized as the cradle for the
order [19]. All Cypriniformes are characterized by the absence
of oral teeth and the presence of two symmetrical sets of phar-
yngeal teeth located on the right and left parts of the fifth
ceratobranchial arch [20]. Right and left sets of pharyngeal
teeth do not interlock but together occlude against a kerati-
nized chewing pad (KCP) that covers the pharyngeal plate of
the basioccipital [21]. Across the order, there is great diversity
in the arrangement, number and shape of pharyngeal teeth
[22]. Some species have one row encompassing numerous
teeth while others have three rows with fewer teeth on each
row. In addition, the pharyngeal tooth crown varies from a
simple cone to a complex multicuspid pattern [22].

To carry out this study, it was essential to build a solid
phylogenetic framework for the subfamily Cyprininae, encom-
passing several well-supported monophyletic groups. Among

these lineages, we studied two monophyletic tribes that are
particularly diverse: Labeonini (400 species) and Poropuntiini
(100 species) [18,23]. The Poropuntiini include species
mainly restricted to Southeast Asia (Burma, Thailand, Laos,
Cambodia, Vietnam, Malaysia and Indonesia), whereas the
Labeonini includes species living from East Asia to Africa
[24]. We chose to investigate these two tribes because of the
influence of geographical extension in species diversification
and their ecological diversity in a same geographical region.
Our first goal was to evaluate whether the difference in species
number between Labeonini and Poropuntiini is a consequence
of the difference in geographic distribution between the two
tribes. Our second goal was to test whether the radiation in a
common geographical area (here, Southeast Asia) is adaptive
or not, through adaptation to various food habits, which can
be recorded by scrutinizing changes in dental morphology.

2. Results

(a) Phylogeny of the Cyprininae

We built a phylogeny of 103 species of Cyprinidae using
five mitochondrial genes (electronic supplementary material,
table S1 and figure S2). Nuclear markers were not included in
this phylogenetic analysis as polyploidy occurs in several cypri-
nine lineages, thus rendering nuclear markers unreliable [25].
Cyprinidae are divided into nine subfamilies, among which
Cyprininae is the most diverse with more than 1300 species
[18]. Within the Cyprininae, we identified seven well-supported
monophyletic tribes, including Poropuntiini and Labeonini
(electronic supplementary material, figure S2). As there are no
polyploid species in Poropuntiini and Labeonini, two mito-
chondrial (Cytb, COI) and two nuclear (Ragl, Rho) markers
were used to build a more comprehensive tree for 17 species
from 10 genera of Labeonini and 22 species from 16 genera of
Poropuntiini (figure 1; electronic supplementary material,
figure S3 and table S1). The tribe Poropuntiini splits up into
three robust and early diverging monophyletic subtribes that
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Figure 2. Comparison of pharyngeal dentition between Labeonini and Poropuntiini. Pharyngeal bones bearing pharyngeal teeth are shown in three different views:
postero-ventral, dorsal and detailed view of teeth. In the dorsal view, the dental formula is indicated, as well as the position of the first tooth on the main row
(indicated by arrows), which can be small or absent in Poropuntiini (see text). Scale bar is T mm.

we named Cosmochilina, Poropuntiina and Barbonymina
(figure 1). The tribe Labeonini divides up into four early diver-
ging subtribes previously described as Garraina, Labeonina,
Osteochilina and Semilabeoina [23].

Molecular dating analyses for the phylogeny of Cyprininae
were performed using mitochondrial data (see the electronic
supplementary material, text S10 and figure S4). They were
calibrated using four different fossil taxa: Labeo (17.0 Ma),
Cyprinus (33.9 Ma), Puntius (28.4-37.2Ma) and the oldest
cyprinid fossil (Parabarbus, 48.6 Ma). Divergence time esti-
mation, conducted using Bayesian analyses (see Material and
methods), clearly supported that the subfamily Cyprininae
diverged at 55 Ma (95% CI: 47—-66 Ma). The tribe Labeonini
diverged at 40 Ma (95% CI: 33-49 Ma), whereas the tribe
Poropuntiini diverged more recently at 33 Ma (95% CI: 26—
40 Ma; see figure 1 and the electronic supplementary material,
figure S4).

(b) Comparative anatomy of the pharyngeal
feeding apparatus

The anatomy of the pharyngeal dental system was investigated
using X-ray microtomography for each species of Poropuntiini

and Labeonini included in the electronic supplementary
material, figure S2 phylogenetic analysis. Microtomography
provides high-resolution three-dimensional reconstructions of
mineralized tissues [22,26], allowing the virtual segmentation
and investigation of both pharyngeal bones and teeth, but not
the KCP. Thus, it was possible to scrutinize the number and
arrangement of pharyngeal teeth, as well as individual shape
of tooth crowns. Two to four specimens were examined for
each species in order to avoid potential intraspecific polymorph-
isms although previous studies have shown that cyprinid
intraspecific polymorphism in tooth number is low [27].

(i) Tooth number

Pharyngeal teeth on both left and right pharyngeal bones are
organized in several rows, from one to three tooth rows in
Cyprininae [22,28]. Most species have three dental rows
[22], named internal, medial and external rows. The internal
row, or main row, always comprises the highest number of
teeth. In each row, the number of teeth is variable (see
figure 2). We recorded neither left versus right asymmetry
in tooth number contrary to what is reported in other cypri-
nid clades [22], nor intraspecific polymorphism. Thus, the
dental formula can be established from one set of pharyngeal

‘gggszoz 'L8T g 20§ ;H‘ 2014 610'Bu!qs!|qhd/(19‘1305|21(01"qd51 u



teeth and considered as symmetrical. Both number of tooth
rows and number of teeth per row are consistent at the gen-
eric level, but they may vary between various genera
(see figure 2).

All investigated Labeonini have the same number of
tooth rows and the same number of teeth per row, recapitulated
in the dental formula [5,4,2] (figure 2). On the contrary, the
dental formula was variable between Poropuntiini genera
(figure 2). The most common dental formula is [5,3,2] but
we observed genera with only one or two tooth rows (see
Scaphognathops in figure 2) as well as genera with only four
teeth on the internal row (see Puntioplites in figure 2). Although
half of studied genera display a [5,3,2] dental formula, the
other half show substantial variations leading to the following
dental formula for Poropuntiini: [4-5,0-3,0-2]. Thus, there is a
striking contrast between the stability of dental formula in
Labeonini as opposed in intergeneric diversity of this character
in Poropuntiini.

(ii) Tooth arrangement

In Labeonini, tooth crowns of each pharyngeal bone are very
close to one another (see Labeonini dentitions on the electronic
supplementary material, figure S5) so that they together form
two compact pavements which act like grinders by occluding
against the KCP [29]. The grinding function is demonstrated
by the abraded crown tips and by the occurrence of exposed
dentine on all flattened occluding surfaces, except those of
neoformed replacement teeth (see figure 2 and the electronic
supplementary material, figure S5). Exceptions to this pat-
tern can be seen in Garra and Mekongina, in which tooth
crowns are more spaced (see the electronic supplementary
material, figure S5). On the contrary, Poropuntiini display
well-separated rows of pharyngeal teeth whose crowns are
usually pointed and weakly abraded (figure 2 and the electro-
nic supplementary material, figure S5). An exception to this
pattern is Amblyrhynchichthys in which teeth are closer to one
another and crown tips slightly abraded, similar to Labeonini
(see the electronic supplementary material, figure S5). More-
over, in Poropuntiini, the first dental position of the main
row is always occupied by a tiny tooth, much smaller than
other teeth of the same row (see arrows in figure 2). This
tooth is even lacking in seven out of 16 poropuntiine genera,
so that the internal row only counts four teeth. This suggests
that the first internal tooth, which will never occlude against
the chewing pad given its size, could be lost by relaxed con-
straints applied on this position. On the contrary, the first
tooth of the internal row is always present in Labeonini, and
it fully participates in the grinding pavement.

(iii) Tooth crown shape

Each pharyngeal dental set of Cyprinidae is composed of teeth
that have neither exactly the same size nor the same shape. In
this regard, all Cyprinidae are clearly heterodont. Shape and
size of teeth can feebly vary from one position to another as
in Poropuntius (see the electronic supplementary material,
figure S5), but this variation can also be slightly more substan-
tial as in Discherodontus (electronic supplementary material,
figure S5). In order to circumvent this problem of individual
dental variation, we established the representative crown phe-
notype for each species based only on the shape of the two first
distal replacement teeth of the internal row, as replacement

teeth do not show any sign of wear (electronic supplementary
material, figure S5).

We hypothesized in a previous work [22] that the likely
basal condition of tooth crown in Cyprinidae is a hooked-
bicrested spoon (HBS) pattern, in which the crown is basically
made of a single conical curved cusp that bears an internal con-
cave surface laterally flanked by two crests running from the
tip of the cusp to the bottom of the concave surface. This
phenotype is well documented in Cyclocheilichthys (figure 2).

Our morphological investigations showed that crown shape
is highly diversified in Poropuntiini. Their crown shape likely
radiated from the HBS pattern, which is the most common
phenotype across the tribe (see figure 2 and the electronic supple-
mentary material, figure S5). Balantiocheilos, Cyclocheilichthys,
Poropuntius and Hypsibarbus have a crown phenotype very
close to the typical HBS shape. ‘Barbonymus’ gonionotus and
Puntioplites show a trend of the HBS pattern toward a strong
reinforcement of the crests as well as of the curvature of the
crown tip, resulting in a ‘Phrygian hat” pattern. Barbonymus
altus, Cyclocheilos and Mystacoleucus display a HBS pattern
with the addition of a second lesser developed cusp, which is
located at the base of the concave surface. Scaphognathops
shows a great enlargement of the concave surface to the detri-
ment of both cusp tip and lateral crests. The crown phenotype
results in a shovel pattern perfectly documented in this genus.
Cosmochilus and Albulichthys display shovel crowns with the
addition of cingular cusps at the basis of the concave surface,
whereas Discherodontus and Sabwa display a shovel pattern
with conservation of a tiny pointed cusp at the crown tip.
Two genera, Sikukia and Amblyrhynchichthys, display more
derived tooth shapes that are difficult to interpret in terms of
evolutionary trends. Sikukia displays teeth with much reinforced
crests along with a central groove and very abraded crowns.
Amblyrhynchichthys displays teeth that have kept a small tip
cusp but the general shape and arrangement makes it conver-
gent with the dentition in Labeonini. Most Labeonini display
flat tooth crowns. Neoformed replacement teeth show that
unworn crown morphologies derive from the HBS pattern,
from which the concave surface substantially expanded trans-
versally. Occlusal surfaces are rapidly worn out so that the
whole set constitutes a unique pavement parallel to the KCP
(see figure 3). Exceptions to this general pattern are Garra and
Mekongina that likely conserved the basal characteristics for the
tribe, in which crowns are moderately expanded and less
abraded, so that they do not constitute a compact pavement.
Finally, crown shape evolution of Labeonini shows a trend in
the reinforcement of the lateral crests, which results in the bilo-
phid crown pattern of Cirrhinus, Henicorhynchus, Labiobarbus
and Osteochilus. To sum up, although crown shape of Poro-
puntiini and Labeonini are likely to both derive from the HBS
pattern, Poropuntiini display a radiative diversity including mul-
tiple cases of convergence while Labeonini mainly evolved
towards one direction, which seems highly constrained by the
pavement arrangement of the dentition.

(iv) Morphology of the fifth ceratobranchials

Pharyngeal teeth of all Cypriniformes are attached to the
right and left fifth ceratobranchial bones (FCB). Each FCB is
composed of a dorsal branch, stretching perpendicularly to
the mesio-distal axis, and a ventral branch, pointing toward
mesial direction. Teeth are located at the angle of these two
branches. As in most clades of Cyprinidae, Poropuntiini
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Figure 3. Model of evolution of pharyngeal dentition in correlation with the trophic apparatus and diet. Labeonini and Poropuntiini differ in their mouth position,
as well as the height of the pharyngeal cavity. For the position of the mouth, Labeonini is illustrated with Mekongina erythropsila, and Poropuntiini with Poropuntius
carinatus. The arrows indicate the position of the mouth opening. These observations are congruent with data available on the diet of these species: in Labeonini,
eight species are recognized as microphagous and one species as omnivorous, whereas in Poropuntiini, most species are omnivorous or zoophagous. All these factors
can be correlated with the difference in dental patterns (both tooth number and tooth shape) between the two groups. All categories of tooth shapes are described

in the text and detailed in the electronic supplementary material, figure S5.

display falciform FCB, with a curved dorsal branch. However,
in Labeonini, FCB display a different shape, the ventral and
dorsal branches being rather straight and perpendicular (see
figure 2).

Outline morphometric analyses of FCB (electronic sup-
plementary material, figure S6) show that Poropuntiini share
a same morpho-space together with other species of Cyprini-
nae, Cultrinae and Danioninae, whereas Labeonini occupy a
separated morpho-space. Labeonini are discriminated from
other clades by the first axis of variation, which represents
66.9% of the total variation. This latter axis opposes the slender
and falciform FCB of Poropuntiini and other Cyprinidae to the
robust and perpendicular FCB of Labeonini. Exceptions to this
discrimination are the FCB of Garra and Mekongina, which
plot among Poropuntiini. This would suggest that Garra and
Mekongina likely conserved some basal characteristics.

(v) Height of the pharyngeal cavity

A significant difference was detected in the relative size of
the pharyngeal cavity between Labeonini and Poropuntiini
(figure 3 and the electronic supplementary material, figure S7).
The height of the pharyngeal cavity of Labeonini is low, meaning
that tooth tips are close to the KCP. This would suggest that
Labeonini feed on small particles, for example planktonic

elements. On the contrary, the pharyngeal cavity of Poropuntiini
is high, allowing them to feed on larger prey items. These ana-
tomical observations were confirmed by significant biometrical
data: the pch/(pch + pdh) ratio calculated between pharyngeal
cavity height (pch) and pharyngeal dentition height (pdh) was
equal to 0.30 for Poropuntiini and to 0.17 for Labeonini (1 = 20
for Poropuntiini, n =15 for Labeonini, p-value < 0.001; see
the electronic supplementary material, figure S7). Sikukia is the
exception for Poropuntiini by having a low cavity (ratio equal
to the mean ratio for Labeonini), and Garra and Mekongina
have a higher pharyngeal cavity than other Labeonini (ratio
equal to 0.25 for both genera).

(c) Mouth position

The mouth of Labeonini is located on the ventral part of the
head and opens inferiorly, whereas Poropuntiini have a term-
inal mouth, located at the rostral end of the fish and opening
towards the mesial direction (see figure 3). The position of the
mouth is an important character, which is directly linked to
diet and trophic position within the food web. A mouth located
ventrally suggests that Labeonini are either demersal or benthic
bottom-feeders, mainly taking nutrients from the substratum
[30]. On the contrary, a terminal mouth indicates that
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Poropuntiini are benthopelagic swimmers, feeding throughout
the water column as well as on the bottom. Mouth position thus
involves that Labeonini mostly feed on epibenthic organisms
and organic remains while Poropuntiini have access to more
diverse food resources, including nektonic and planktonic
organisms.

With respect to these observations, it was interesting to note
that two genera of Poropuntiini, namely Amblyrhynchichthys
and Sikukia, have a ventral mouth, as well as similarities of
the feeding apparatus with Labeonini (as mentioned pre-
viously, the dental arrangement for Amblyrhynchichthys and
the narrow pharyngeal cavity for Sikukia). This implies that
changes in mouth positioning are associated with changes in
pharyngeal pattern. Given the phylogenetic position of these
two genera within Poropuntiini (cf. electronic supplementary
material, figure S3), those changes have occurred twice inde-
pendently. It appears therefore that the position of the mouth
and the pharyngeal dentition display correlated evolution.

(d) Diet
Diet is well known to be intimately linked to dental mor-
phology. However, the diet of Cyprininae in Southeast Asia
is poorly known. Poropuntiini are mostly recognized as omni-
vorous, with some species preferentially feeding on plant
matter, for example Puntioplites, and others on animal matter
(insects, crustaceans or even fish), for example Cyclocheilichthys
[31,32]. Labeonini are mostly reported as phytophagous and
microphagous, mostly feeding on algae, periphyton, phyto-
plankton and, in lesser proportion, zooplankton [30-32]. By
exploiting the whole benthopelagic zone, Poropuntiini thus
display a wider range of food habits than Labeonini. These
differences are likely linked to the position of the mouth and
the height of the pharyngeal cavity (figure 3). The low pharyn-
geal cavity of Labeonini is consistent with detritivory and
plankton microphagy, whereas the high pharyngeal cavity of
Poropuntiini gives the possibility to feed on larger preys. In
that perspective, it is interesting to note that Sikukia and
Amblyrhinchichthys, the two poropuntiine genera which show
some similarities with Labeonini regarding their pharyngeal
feeding apparatus, also display a diet similar to Labeonini
mainly composed of plankton and detritus [31].

3N and 8'C isotopic analyses were performed on
Poropuntiini and Labeonini that we sampled in Laos, in
order to decipher their position within the trophic web. The
range values for both tribes are similar (electronic supple-
mentary material, figure S8), indicating that Labeonini and
Poropuntiini both feed on plant and animal matters. This
is not inconsistent with previous observations, given that
Labeonini are planktivorous and detritivorous, which includes
both plant and animal matters. These results however do not
allow a deeper comparison without complementary detailed
studies on diet for each species.

3. Discussion

The stability versus diversity of the pharyngeal dentition in
Labeonini and Poroputiini, respectively, can be explained by
their ecological strategies. However, the species number in
these two tribes, 100 for Poropuntiini against 400 for Labeonini,
raises the question of the evolutionary success of these two clades
in relation to the diversity of their ecological specialization.

The tribe Poropuntiini encompasses 100 species, which [ 6 |

almost exclusively live in Southeast Asia, at the exception of
20 species present in the adjacent areas of China and India.
The tribe Labeonini is more diverse, with 400 species living
from Southeast Asia to Africa, including India and Middle
East [24,31]. The geographical range of Labeonini is thus
much wider than that of Poropuntiini (figure 1). The broad
geographical extension of Labeonini could be a primary
reason for their higher species diversity considering that
Labeonini have been exposed to a greater array of naturally
occurring isolation events that promote allopatric speciation.
Among the 400 species of Labeonini, 105 species are restricted
to Southeast Asia [24], as compared with the 75 species of
Poropuntiini present in the same geographical area (electronic
supplementary material, figure S9). From the divergence dates
obtained with molecular analyses, the Labeonini diverged
40 Ma, whereas the Poropuntiini diverged 33 Ma (cf. electronic
supplementary material, figure S4). Thus, the relative diver-
gence time estimations for these two clades are roughly
proportional to their differential species number in Southeast
Asia. Consequently, our results highlight a significant differ-
ence in the total number of species between Labeonini (400
species) and Poropuntiini (100 species) that is related to the
difference in geographical ranges.

The fact that Labeonini display a much larger geographi-
cal range than Poropuntiini could be explained by geological
events that occurred during their diversification. Indeed, the
collision between the Indian and Eurasian plates, which led
to the uplift of the Himalaya Mountains, had multiple conse-
quences in all adjacent areas. In Southeast Asia, there were
important movements of the Red River belt between 30 and
23 Ma [33,34]. Those geological movements may have dis-
rupted the freshwater connection from Southeast Asia to
India (and then to Africa) that Labeonini followed, which is
consistent with the dates of origin of the two groups, as
Labeonini appeared almost 10 Ma earlier and had time to
migrate through India to Africa before those geological
changes of hydrographic basins.

However, it is still necessary to explain the similar levels
of species diversity in Southeast Asia between Poropuntiini
and Labeonini, whereas only Poropuntiini display a diversity
of dental phenotypes that suggests an adaptive radiation.

When compared with other subfamilies of Cyprinidae
living in Southeast Asia, such as Danioninae and Oxygastrinae,
most Labeonini display several specific characters [22,31,35]
that are (L1) a ventrally located mouth; (L2) a low pharyngeal
cavity; (L3) pharyngeal teeth of each arch arranged in compact
pavements and (L4) robust and perpendicular FCB (electro-
nic supplementary material, figure S6). Labeonini all have
a ventral mouth, and this character is indisputably a basal
synapomorphy of the tribe. However, Garra and Mekongina,
which occupy relatively basal positions within the phylogeny
of Labeonini, have not acquired the specific pharyngeal
apparatus (L2-3-4). Either the acquisition of this pharyngeal
apparatus has occurred twice independently in the subtribes
Labeoina and Osteochilina, or the four characters are all syna-
pomorphic for the whole labeonine tribe and the pharyngeal
apparatus has been lost in Garraina and Semilabeoina. In
Labeoina and Osteochilina, the pharyngeal apparatus is thus
composed of specific correlated characters, pleading for
strong morphofunctional interrelationships, and its acquisition
has allowed labeonine fish to acquire a specialized feeding
behaviour (figure 3).
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Figure 4. Evolution of the pharyngeal feeding apparatus, mouth position and diet in Poropuntiini and Labeonini. From the phylogeny (electronic supplementary
material, figure S3), we plotted all the characters that we found specifically in Labeonini: (L1) ventrally located mouth; (L2) low pharyngeal cavity; (L3) pharyngeal
teeth of each arch arranged in compact pavements; (L4) robust and perpendicular FCB; as well as the diet mainly composed of plankton, periphyton, algae and
detritus. These characters are all present in two subtribes within Labeonini: Labeoina and Osteochilina. The only characters present in all Labeonini are the ventral
mouth and the diet. Moreover, two genera in Poropuntiini, Sikukia and Amblyrhinchichthys, have independently acquired labeonine-like characters.

On the contrary, Poropuntiini have rather conserved the
plesiomorphic conditions for the family such as: (P1) a terminal
mouth; (P2) a high pharyngeal cavity; (P3) tooth crowns regu-
larly interspaced and (P4) slender and falciform FCB. In spite of
this, Poropuntiini display a substantial diversity in tooth crown
shape when compared with other clades of Cyprinidae [22].
Conserving a terminal mouth has enabled Poropuntiini
to exploit various freshwater niches, and this variety in poten-
tial food resources is probably intimately linked to a high
diversity in their tooth number, arrangement and shape
(figure 3). Notably, this diversity includes the cases of Sikukia
and Amblyrhynchichthys, which have independently evolved
toward a labeonine-like feeding behaviour, and their pharyngeal
dentition show some convergences with those of Labeonini,
such as the pavement arrangement in Amblyrhynchichthys and
the low pharyngeal cavity in Sikukia (figure 4).

Overall, our results suggest that Labeonini and Poropuntiini
have undergone two different histories leading to adaptive
radiation. On the one hand, the acquisition in Labeonini of a
ventral mouth in relation to intake of specific benthic diet is
correlated to the acquisition of a secondary apomorphic
pharyngeal apparatus. However, the acquisition of such an
amount of structural modifications within the trophic appar-
atus makes each of its components difficult to be modified, at
the risk of no longer being functional. We thus assume that
Labeonini is a highly specialized groundfish tribe. The evol-
utionary success of Labeonini is based on a specialization
that has led to the colonization of a new niche. On the other
hand, Poroputiini basically possess a rather generalist trophic
apparatus and these fish have undergone a wide range of mor-
phological adaptations in relation to the exploitation of various
benthopelagic niches, which explains their high diversity in
tooth number, shape and arrangement. Thus, Poropuntiini

seem to have undergone an adaptive radiation as the high
number of species is directly correlated to the diversification
of pharyngeal dentition, suggesting ecological speciation.
Regarding Labeonini, it seems that the species diversification
is correlated to the appearance of a key innovation allowing
access to new niches, which would constitute an example of
radiation owing to ecological opportunity [4].

However, it is clear that this case study will benefit from
further investigation on the patterns of diversification [36].
Notably, a natural extension of this study would involve inves-
tigating the tempo of diversification within both tribes as well
as scrutinizing the phylogeny and the fossil record to check for
an early burst of divergence. The main problem with perform-
ing such studies is the scarcity of the cyprinid published fossil
record. Another aspect concerns the ecological factors at the
origin of this diversification: we have identified the potential
role of diet but it would be interesting to investigate other
factors such as habitat (which is linked to diet, as exemplified
by the case of Labeonini) and sexual selection. A last area
of study would be the genetic mechanisms underlying the
diversification of these groups.

In conclusion, our study demonstrates the clear feasibility
of investigating ancient radiation events, thanks to both
morphological and ecological studies, under a temporal phylo-
genetic framework. For that goal, teeth are of high interest as
they are known to be correlated with diet, which is an essential
aspect of ecological adaptation. Consequently, it is possible to
decipher potential adaptive radiation in most toothed ver-
tebrate clades, particularly in actinopterygians that have
been probably understudied in that perspective. Indeed, the
extant of dentition diversity is very high in this group and
little is known about the link between this diversity and poten-
tial radiations. We believe that the analyses we have performed
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in this paper could be applied to many other cases of ancient
radiations of teleost fish such as Cypriniformes (4000 species),
Characiformes (1600 species) or Perciformes (10000 species)
which all display a high diversity of dentition.

4. Material and methods
(a) Phylogenetic analyses

For the whole Cyprininae tree, a total of 103 species including
74 cyprinines and 29 outgroups were analysed. DNA sequences
for the following five mitochondrial genes were downloaded
from GenBank: cytochrome oxidase subunit I (COI), cytochrome
b (Cyt b), 16S ribosomal RNA (16S), NADH dehydrogenase
subunits 4 (ND4) and subunits 5 (ND5). Sequence alignment fol-
lows [18] and the final alignment is 5601 bp in length. Partitioned
maximum likelihood (ML) search was performed using RAXML
v. 7.0.4 [37]. Nucleotide data were partitioned into five (one for
each of the three codon positions of protein-coding genes and
the stem and loop regions of the 16 s rRNA). The GTR+I+G
model was chosen for each partition. A total of 1000 distinct
runs were performed based on 1000 random starting trees
using the default algorithm of the program. The tree with maxi-
mum ML score was chosen as the final tree. ML bootstrap
analysis (MLBS) was conducted using RAXML [38,39]. The
same partitioning strategy was used as in the initial ML search.
The number of non-parametric bootstrap replications was set at
1000, and other parameters were set as default. The resulting
trees were imported into PAUP* 4.0.b10 [40] to obtain the 50%
majority rule consensus tree. The same dataset was used for
molecular dating analyses except that only one outgroup
(Acheilognathus typus) was included. Three calibration priors
were used for molecular dating analyses: (i) the oldest African
Labeo-like fossil from Loperot, Kenya dated from the Early Mio-
cene (17.0Ma) [41]; (i) the oldest Cyprinus-like fossil dated
from the Eocene (33.9 Ma) [42]; (iii) the fossil of Puntius bussyi
from the Sangkarewang Formation in Central Sumatra [43],
dates from the Early Oligocene to Late Eocene (28.4-37.2 Ma)
[44]. Divergence time estimation was inferred in a Bayesian
framework using BEAST v. 1.7. [45] via the CIPRES Science Gate-
way v. 3.1 [46]. The BEAST input file was created using BEAUTI
v. 1.7.1 [45]. Further information is provided in the electronic
supplementary material, text S1. For the tree focusing on Poro-
puntiini and Labeonini, two mitochondrial genes and two
nuclear genes, including COI, Cyt b, Ragl (recombination acti-
vating gene 1, exon 3) and Rho (rhodopsin), were used in the
analyses. The final alignment is 3477 bp in length. The entire
dataset was partitioned into nine according to the codon pos-
itions of the mitochondrial dataset, Ragl and Rho. Partitioned
ML search and MLBS analyses were conducted using RAXML
v. 7.0.4. Partitioned Bayesian analyses were performed using
MRBAYEs v. 3.1.2 [47]. We used jMopDELTEsT v. 2.1.1 [48] and the
Bayesian information criterion to select best-fit model for each
gene partition. The number of substitution schemes was set as
three. Eight (one cold chain and seven heated chains) simul-
taneous Markov chains were run for 20000000 generations,
with trees being sampled every 200 generations for a total of
100001 trees in the initial sample. The log-likelihood scores
were plotted against generation time to determine when the
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