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a b s t r a c t

Neotropical cichlid fishes comprise approximately 60 genera and at least 600 species, but despite this
diversity, their phylogeny is only partially understood, which limits taxonomic, ecological and evolution-
ary research. We report the largest molecular phylogeny of Neotropical cichlids produced to date, com-
bining data from three mitochondrial and two nuclear markers for 57 named genera and 154 species
from South and Central America. Neotropical cichlids (subfamily Cichlinae) were strongly monophyletic
and were grouped into two main clades in which the genera Retroculus (Tribe Retroculini) and Cichla
(Cichlini) were sister to a monophyletic group containing all other lineages. This group included the
tribes Chaetobranchini, Astronotini, Geophagini, Cichlasomatini and Heroini. Topological comparisons
with previously published hypotheses indicated that our results are congruent with recent analyses of
the tribe Cichlasomatini, but significantly more likely than published hypotheses for Geophagini, Heroini
and the entire Cichlinae. Improved resolution and support are attributed to increased taxon sampling and
to the addition of taxa never before included in phylogenetic analyses. Geophagini included two major
subclades congruent with our own previous findings but more strongly supported; we also found a
new and strongly supported sister-group relationship between Guianacara and Mazarunia. Cichlasomatini
relationships were similar to recently proposed topologies, but contrastingly, we found a monophyletic
Cichlasoma and support for a monophyletic grouping of the Aequidens diadema and A. tetramerus groups.
Three basal South American Heroini lineages were recovered: (Hypselecara + Hoplarchus), Pterophyllum,
and a grouping we refer to as mesonautines. Three other South American clades, caquetaines, Australoh-
eros and the ‘Cichlasoma’ festae group, were nested within Central American clades. Most Heroini diver-
sity was divided into two relatively well-supported large groups: the Southern Central American Clade,
including clades herein referred to as nandopsines, caquetaines and amphilophines, and the Northern
Central American Clade, including astatheroines, tomocichlines and herichthyines. Some of these groups
have been previously identified, but often with different taxonomic compositions. Further resolution of
Neotropical cichlid relationships, especially within the large amphilophine clade of Heroini, will require
additional phylogenetic analysis. Nevertheless, the topology from this study provides a robust phyloge-
netic framework for studying evolutionary diversification in Neotropical cichlids. Significantly-short
branches at the base of Geophagini and Heroini are compatible with early bursts of divergence that
are characteristic of adaptive radiations. This pattern suggests diversification of Neotropical cichlid gen-
era occurred rapidly, with subsequent convergent, adaptive ecomorphological diversification among and
within South and Central American clades.
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1. Introduction

The rivers of South and Central America harbor the most diverse
freshwater fish fauna on Earth, with some estimates exceeding
6000 species, perhaps representing about 20% of all fishe and
10% of all species of vertebrates (Reis et al., 2003). Nearly 600 of
these species are cichlids, making the family the third most diverse
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in the Neotropics after Characidae and Loricariidae (Reis et al.,
2003). Neotropical cichlids (Cichlinae) are a monophyletic clade
that is sister to a monophyletic African cichlid clade (Pseudocre-
nilabrinae, Stiassny, 1991; Farias et al., 2000; Sparks and Smith,
2004), and are found in nearly all rivers of South and Central Amer-
ica, with species extending from the edge of Patagonia to Texas.
The Neotropical clade includes approximately 60 genera with
many species still undescribed (Reis et al., 2003, HLF pers. obs.).
The great majority of Neotropical cichlid diversity has been classi-
fied into three major tribes (Kullander, 1998; Smith et al., 2008):
Geophagini, Cichlasomatini and Heroini, with a handful of addi-
tional species placed in the tribes Cichlini, Retroculini, Chaetobran-
chini and Astronotini. Geophagini is restricted to South America
and southern Panama and includes approximately 18 genera and
about 250 species (López-Fernández et al., 2005a,b). Cichlasoma-
tini includes 11 described genera and more than 70 species distrib-
uted in South America and Panama. Heroini includes
approximately 30 genera and about 150 spp. distributed in South
and Central America, with one genus in Cuba and Hispaniola.

Remarkably, little is known about the origin of Neotropical cich-
lid diversity, as most studies of cichlid evolutionary diversification
have focused on the unique adaptive radiations associated with the
East African lakes Victoria, Tanganyika and Malawi (e.g. Meyer,
1993; Kornfield and Smith, 2000; Streelman and Danley, 2003; Ko-
cher, 2004). In contrast to the Late Neogene-Quaternary origin of
African-lake cichlids (<7 Ma, e.g. Verheyen et al., 2003; Joyce
et al., 2005), Neotropical cichlids have a long history of diversifica-
tion that appears to go back to the Late Cretaceous (>90 Ma, e.g.
Chakrabarty, 2006; López-Fernández and Albert, in press; Lund-
berg et al., 2010). Consequently, Neotropical cichlid phylogenies
should be more tractable than those of the African-lake radiations
(e.g. Farias et al., 2000; López-Fernández et al., 2005a,b; Concheiro
Pérez et al., 2006; Rican et al., 2008; Musilová et al., 2009). Despite
increasing interest in their evolutionary history, a fairly large num-
ber of studies addressing aspects of their phylogeny, and a recent
claim to have solved their inter-generic relationships (Smith
et al., 2008), the Neotropical cichlid phylogeny remains only par-
tially understood. This inability to obtain a clear phylogenetic
hypothesis for Neotropical cichlids has multiple causes, including:
(1) widespread homoplasy associated with convergent ecomor-
phological diversification; (2) high taxon diversity with some crit-
ical taxa unavailable for examination until recently; (3) rapid
diversification at basal nodes (e.g. López-Fernández et al., 2005a);
(4) rampant rate heterogeneity of sequence divergence associated
with at least some of the major lineages (e.g. Farias et al., 1999;
López-Fernández et al., 2005a); and (5) inadequate sampling of
either taxa or taxonomic characters (both molecular and morpho-
logical) among studies performed to date. Several analyses of inter-
generic relationships have recently become available for the major
clades (Roe et al., 1997; Martin and Bermingham, 1998; Farias
et al., 1999, 2000, 2001; Sides and Lydeard, 2000; Hulsey et al.,
2004; López-Fernández et al., 2005a,b; Chakrabarty, 2006; Conche-
iro Pérez et al., 2006; Musilová et al., 2009; Rican et al., 2008) or
even for the entire Neotropical assemblage (Kullander, 1998;
Smith et al., 2008), but even in these studies, taxon sampling and
character sets are inadequate for revealing relationships within
the entire lineage. Although, in general, most of these studies have
contributed greatly to clarifying the relationships among American
cichlids, they have also revealed that this is a more difficult prob-
lem than many anticipated. A robust phylogeny is essential to
achieve a stable taxonomy of Neotropical cichlids, especially for
the Central American clade, which has been in a constant state of
flux (e.g. Concheiro Pérez et al., 2006; Smith et al., 2008). In addi-
tion, a phylogeny provides an indispensable framework for evolu-
tionary and ecological studies of Neotropical cichlids (e.g. López-
Fernández et al., 2005a; Rican et al., 2008). For example, based
on a multilocus phylogeny, López-Fernández et al. (2005a) pro-
posed that the remarkable morphological, ecological and behav-
ioral diversity of Geophagini genera was the outcome of an
adaptive radiation, older than but similar to that seen for African
lacustrine cichlids. Despite only partial success in resolving the
geophagine phylogeny, López-Fernández et al.’s (2005a) work
showed that detailed taxon sampling and multiple datasets are
important for both phylogenetic resolution and in-depth investiga-
tion of speciation within the highly diverse Neotropical cichlid
assemblage. Therefore, lack of a solid phylogeny limits taxonomic,
ecological and evolutionary research.

A relatively stable taxonomy of South American cichlids has re-
sulted largely from the work of Kullander, who over a period of
approximately three decades has revised nearly every South Amer-
ican group and proposed the first classification of the Cichlinae
(e.g. Kullander, 1980, 1983, 1986, 1988, 1989, 1990, 1996, 1998;
Kullander and Nijssen, 1989; Kullander and Silfvergrip, 1991). Kul-
lander’s (1983) revision of the genus Cichlasoma, which restricted
the genus to twelve South American species, ‘‘orphaned” many
species that were left without formal generic assignment. This
decision resulted in a series of studies describing a number of
new genera of South American Cichlasomatini and Heroini and
revisions within Geophagini (e.g. Kullander, 1986, 1988, 1990; Kul-
lander and Nijssen, 1989), producing a more stable and tractable
classification for South American cichlids. Unfortunately, the same
has not been the case for the Central American Heroini, the taxon-
omy of which has remained in a constant state of confusion and
flux.

In the absence of clear generic definitions for the Central Amer-
ican cichlids previously included in Cichlasoma sensu lato, Central
American taxonomy requires major revision, but such revision
has proven slow and difficult and is far from complete. Kullander
(1983) and Stiassny (1991) suggested that, until a clear phyloge-
netic understanding and diagnostic characters for the genera were
available, most orphaned species of the former Cichlasoma should
be designated as ‘Cichlasoma’ until their taxonomy is fully revised.
Kullander (1983) also pointed out that some former Cichlasoma
could be treated as full genera (e.g. Thorichthys) because they were
well diagnosed in earlier work, especially by Regan (1905), as dis-
tinct ‘‘sections”. However, while some of Regan’s sections have
proven useful (e.g. Astatheros, Herichthys), others are clearly poly-
phyletic groupings as originally defined (e.g. Theraps), as are some
of his newly defined groupings (e.g. Parapetenia). Recent revision of
types and analysis of new taxa, particularly the genus Heroina,
have helped further clarify the identity of some Central American
taxa such as Parachromis, and have provided descriptions of char-
acters to diagnose the Heroini (Kullander, 1996; Kullander and
Hartel, 1997). Kullander (1998) proposed the first phylogeneti-
cally-based classification of Neotropical cichlids and formally rec-
ognized a monophyletic Heroini, but his classification did not
include the Central American taxa. Recently, several phylogenetic
studies with dense taxon sampling of Central American cichlids
have become available, and these have begun to clarify the generic
composition of the Heroini (e.g. Hulsey et al., 2004; Concheiro
Pérez et al., 2006; Rican et al., 2008). Collectively, these studies
have helped reveal two major problems associated with the cur-
rent classification of Central American cichlids. First, there is a lack
of consensus as to the description and definition of monophyletic
genera, especially as to which species actually belong to currently
recognized genera. Second, phylogenetic relationships among gen-
era are poorly resolved, making it difficult to both develop a stable
classification and to use phylogenetic information for comparative
evolutionary and ecological studies. Addressing these problems re-
quires a combination of dense taxon sampling at the species-level
and the inclusion of a large number of characters (see also Conche-
iro Pérez et al., 2006; Rican et al., 2008). Reduced taxon sampling
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that focuses on allegedly well-defined lineages almost certainly
fails to include members of lineages yet undetected (e.g. Smith
et al., 2008).

This paper reports a molecular phylogeny of Neotropical cich-
lids that includes a combination of data from five different molec-
ular markers and 57 named genera and 154 species. All known
major lineages of Neotropical cichlids are represented, including
a large number of undescribed taxa and the first molecular analysis
of the South American genus Mazarunia. Here we provide (1) the
most comprehensively sampled phylogeny of Neotropical cichlids
to date, including taxa never before available for molecular analy-
sis, and (2) a preliminary evaluation of the patterns of diversifica-
tion in Neotropical cichlids.
2. Materials and methods

2.1. Taxon sampling

Our ultimate goal was to produce a phylogenetic hypothesis for
all lineages of Neotropical cichlids. Taxon sampling was maximized
by both targeting taxa examined in previous studies and by com-
bining our new sequence data with previously published data.
With few exceptions, vouchers for all specimens examined were
deposited in ichthyology collections in a variety of museums (see
Supplement Table 1 for details). Outgroup taxa included the Indian
species Etroplus maculatus and the Malagasy Paretroplus polyactis
and Paratilapia polleni, which are recognized as sister to both Afri-
can and Neotropical cichlids in several recent analyses (e.g. Sti-
assny, 1991; Kullander, 1998; Farias et al., 2000; Sparks and
Smith, 2004). The riverine African cichlids Hemichromis fasciatus,
Chromidotilapia guntheri and Heterochromis multidens were in-
cluded to represent the sister-group to all Neotropical cichlids.
The ingroup included at least one species of every described genus
and representative taxa whose generic assignments remain uncer-
tain. We included eight species of the three putative basal Neotrop-
ical genera Cichla, Retroculus and Astronotus and one species each of
Chaetobranchus and Chaetobranchopsis [Kullander’s (1998) Chaeto-
branchinae]. The tribe Geophagini (López-Fernández et al.,
2005a,b) was represented by 48 species (14.8% of the estimated to-
tal) in all 18 putative genera. Following results from previous stud-
ies (e.g. Kullander, 1998; López-Fernández et al., 2005a,b), we
treated the clades ‘Geophagus’ brasiliensis and ‘Geophagus’ steind-
achneri as genera in need of description (contra Smith et al.,
2008). We also included, for the first time in any molecular phylo-
genetic analyses, specimens of the Guyanese genus Mazarunia, that
included M. mazarunii and two undescribed species. Cichlasoma-
tini (Kullander, 1998; Musilová et al., 2008, 2009) was represented
by 20 species (17.5% of the estimated total species) in all described
genera. Samples of Heroini included 83 species (51.2% of the esti-
mated total), representing all South American genera and at least
one representative of every described Central American genus. Un-
named Central American lineages are highlighted throughout the
paper as ‘Cichlasoma’ as proposed by Kullander (1983) and Stiassny
(1991) and as used in the standard Checklist of Freshwater Fishes
of South and Central America (CLOFFSCA, Reis et al., 2003). We at-
tempted to include at least one species of each putative Middle
American lineage still in need of description (e.g. ‘Cichlasoma’ wess-
eli, ‘C.’ urophthalmus). We also attempted to test the monophyly of
described putative genera by including, whenever possible, at least
two species of each. Overall, we maximized taxon sampling, with
the goal of increasing resolution at the genus and above-genus lev-
els of the phylogeny in accordance with a variety of studies show-
ing that increased taxon sampling is often more critical in
recovering accurate phylogenies than a greater amount of data
(e.g. Graybeal, 1998; Zwickl and Hillis, 2002; Hillis et al., 2003; Ri-
can et al., 2008, and see Section 4.1).

2.2. Data collection

DNA sequences of three mitochondrial genes (Cytochrome b,
NADH dehydrogenase subunit 4 [ND4], and ribosomal 16S), and
two nuclear genes (Recombination Activating Gene subunit 2
[RAG2], and ribosomal protein S7 intron 1) were obtained from
166 terminals. Total genomic DNA from muscle or fin-clip samples
preserved in either 95% ethanol or DMSO was isolated using the
DNeasy kit (Qiagen) or standard phenol–chloroform extractions
(Sambrook et al., 1989). Whenever possible, two specimens per
terminal were sequenced to confirm sequence identity. Primers
and annealing temperatures for all loci sequenced in this study
are listed in Table 1. The mitochondrial gene ND4 was amplified
and sequenced using conditions described in López-Fernández
et al. (2005a) and included an additional amplification primer de-
signed specifically for this study (Table 1). Cytochrome b and ribo-
somal 16S fragments followed amplification conditions described
in Farias et al. (2000, 2001). For some species, an additional primer
was used for both amplification and sequencing of a smaller frag-
ment of Cytochrome b following Willis (Pers. Comm, see Table 1).
Conditions for S7 are those described in Chow and Hazama (1998).
RAG2 fragments were generally amplified using primers developed
specifically for Neotropical cichlids (Table 1). Some taxa were
amplified and sequenced using primers from Lovejoy and Collette
(2001) under the same amplification conditions and gel-extraction
protocols described by López-Fernández et al. (2005a). Forward
and reverse automated sequencing of all specimens was performed
with either an ABI 3100 or 3130 (Applied Biosystems) genetic ana-
lyzer and followed protocols recommended by the manufacturer.
Sequence editing and consensus contigs of the forward and reverse
sequences for each specimen were built and exported for analysis
using Sequencher 4.8 (Genecodes).

Preliminary multiple sequence alignment was performed in
Clustal X (Thompson et al., 1994) for all fragments. Alignments of
coding sequences (ND4, Cytochrome b, RAG2) were visually evalu-
ated by aligning their amino acid sequences in McClade 4.0 (Madd-
ison and Maddison, 2000) to ensure that no stop codons were
present. Sequences of the mitochondrial ribosomal 16S were
aligned using the secondary structural model for Xaenopus leavis
(GenBank sequence M10217) proposed by the Guttell laboratory
at The University of Texas at Austin. Further alignment of 16S fol-
lowed the structural alignment employed by López-Fernández
et al. (2005a), in which 29 base pairs were removed because posi-
tional homology could not be unambiguously established. The
alignment for S7 from Clustal X was slightly modified by eye,
and 229 bp on the 30 end of the sequences for Etroplus, Paretroplus
and Paratilapia were removed from the final alignment because
positional homology with the rest of the dataset could not be
established. Aligned lengths for the sequences from each locus
are given in Table 1 and GenBank accession numbers, names and
voucher information of all sequences are given in Supplement
Table 1.

2.3. Phylogenetic analyses

Aligned sequences from all five markers were concatenated and
kept as five independent partitions for all analyses. Maximum Par-
simony (MP) tree searches were performed using 100 random
addition sequences and the Tree Bisection and Reconnection
(TBR) algorithm in PAUP* 4.0b10 (Swofford, 2002). The best score
from each search was used to instruct PAUP* to save only trees
of that length or shorter in further searches. Under this constraint
we performed additional 100 TBR search replicates until no shorter
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trees were found. A final search with 1000 TBR replicates was per-
formed under the constraint of not keeping any more than one tree
one-step longer than the shortest tree. From this last round, a final
tree was produced using a 50% majority rule consensus. This tree
was used to create a constraints file in MacClade 4.0 (Maddison
and Maddison, 2000) to calculate Bremer Support values in PAUP*

based on 100 replicates of random addition sequence and TBR for
each constrained node.

Model selection for Bayesian analysis was performed in Model-
Test (Posada and Crandall, 1998, see Table 1). Bayesian Inference
(BI) analysis of all unlinked partitions was run in MrBayes version
3.1.2 (Ronquist and Huelsenbeck, 2003) under a GTR + I + C model
allowing for independent parameters of molecular evolution to be
calculated for each partition. The combined dataset was analyzed
in four independent runs of MC3, each with two parallel searches
using six Markov chains. To facilitate tree-space sampling, five of
the chains were manipulated to more easily accept proposals to
change topological state by increasing the ‘‘heating” parameter of
MrBayes from 0.2 to 0.3 and keeping 1 cold chain to record sam-
pling of tree space. The search was stopped at 12 � 106 generations
after the split variance parameter, comparing the two parallel
searches in each run arrived at 60.01 (Ronquist and Huelsenbeck,
2003). Convergence of the independent searches was further ex-
plored by both evaluating likelihood vs. generation plots with the
use of the sump command in MrBayes and importing the parame-
ter output files of MrBayes into Tracer 1.4 (Drummond et al., 2006).
The latter procedure was used to confirm that both an unimodal
distribution of the estimated parameters and a minimum of 100
independent samples from the Markov chains had been attained
(ESS parameter in Tracer). With tree sampling set every 100 gener-
ations, a combined total of 180,000 trees per run were analyzed
after discarding a burn-in of 60,000 trees. Support for Bayesian
topologies was estimated using node posterior probabilities from
the posterior distribution of topologies as estimated by the sumt
command of MrBayes.

Maximum Likelihood (ML) analysis was performed with inde-
pendent GTR + I + C models for each partition in RAxML version
7.0.3 for Windows (Stamatakis, 2006). Bootstrap support estimates
were based on 1000 independent searches with random starting
trees and the rapid bootstrapping algorithm implemented in the
program (Stamatakis et al., unpublished).

2.4. Hypothesis testing

The resultant topology was used to test several hypotheses per-
taining to: (1) congruence among different data partitions, (2) pre-
viously proposed phylogenies, and (3) the evidence for rapid
radiations based on internal branch lengths. In a previous analysis
of the geophagine clade of Neotropical cichlids, López-Fernández
et al. (2005b) found evidence of significant topological incongru-
ence between Cytochrome b and other molecular and morpholog-
ical data. At that time, the reasons for this incongruence were
beyond the scope of the study and the authors opted for the re-
moval of the Cytochrome b dataset until further exploration of
the potential reasons for incongruence could be performed. In
the context of this paper, we used TreeRot version 2 (Sorenson,
1999), with 100 heuristic replicates per clade, to calculate Parti-
tioned Bremer Support (PBS, Baker et al., 1998, 2001) as a measure
of a posteriori congruence among partitions for both the MP and BI
trees. We did not perform this analysis on the ML topology because
it was virtually identical to the BI tree. PBS results were summa-
rized as the contribution of each partition to the combined topol-
ogy. We followed the method of Sota and Vogler (2001), which
uses Spearman correlations to perform node-to-node pairwise
comparisons among PBS values for each partition. Positive correla-
tions indicate congruent phylogenetic signal between partitions
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and negative correlations indicate conflict (Damgaard and Cognato,
2003; López-Fernández et al., 2005b).

Congruence between our topology and those obtained by previ-
ous authors was also evaluated. We performed topological com-
parisons using the Shimodaira–Hasegawa test as implemented in
PAUP* 4.0b10. In order to match previously published datasets,
we used Mesquite (Maddison and Maddison, 2009) to prepare
pruned versions of our dataset to match the taxon sampling in
the published topologies for Geophagini (Smith et al., 2008), Cic-
hlasomatini (Musilová et al., 2009; Smith et al., 2008), Heroini
(Concheiro Pérez et al., 2006; Rican et al., 2008; Smith et al.,
2008) and Cichlinae (Smith et al., 2008). An effort was made to
maximize the similarity between datasets, so species removed
from our analyses were, whenever possible, those that were not
present in the other studies. For example, in the comparison with
Smith et al.’s (2008) topology, we used Cichla temensis sequences
because that is the species they used in their study. Removal of
species from our dataset for comparisons also minimized missing
data. Comparisons were limited to Neotropical taxa and rooted
with one species from the same set of taxa used in the published
versions of previous topologies. Only one outgroup taxon was used
in order to focus the topological comparisons on the ingroup by
avoiding increasing similarity through the use of multiple out-
groups whose relationships were not questioned and may have
artificially increased topological similarity.

Finally, a bootstrap-based internal branch test (IBT, Dopazo,
1994; Sitnikova, 1996) was used to determine whether internal
branches in the topology were either significantly different from
zero or compatible with a polytomy (Nei and Kumar, 2000). IBTs
were implemented in MEGA 4 (Tamura et al., 2007, 2008) and eval-
uations were based on both Neighbor-Joining and Minimum Evolu-
tion distance-based topologies, derived with and without gamma-
corrections for among-site rate heterogeneity and estimated pro-
portion of invariant sites (and see López-Fernández et al., 2005a).

2.5. Taxonomic conventions and classification of the Cichlinae

Given the historical instability of Neotropical cichlid nomencla-
ture and the absence of a detailed phylogenetic hypothesis, espe-
cially for the Central American Heroini, it is not always clear
what to name a given clade. Whenever possible, we followed and
expanded the approach used by Rican et al. (2008) that used avail-
able generic names (sensu the International Code of Zoological
Nomenclature, ICZN 1999) for clades containing the type species
to which a generic name was first assigned. The decision of which
generic name to apply to monophyletic clades found in this paper
was strictly driven by the conventions of priority and common
usage, in which the oldest name available is the one that should
be utilized unless a different name dominates common usage in
which case the latter may be preferred. Thus, for example, we have
applied the names Paraneetroplus Regan (1905) and Theraps Gün-
ther (1862) instead of Vieja Fernández-Yépez (1969) for clades that
include the type species Paraneetroplus bulleri and Theraps irregu-
laris, respectively. Although our generic assignments often coincide
with those of Rican et al. (2008), differences in the topology and
the strict use of taxonomic priority in this study resulted in some
changes. Decisions on available names were based on the original
literature, largely guided by the detailed historical analysis of
nomenclature performed by Kullander (1983, 1996) and Kullander
and Hartel (1997). References to type species for genera follow Kul-
lander (2003) and Eschmeyer and Fricke (2009). For suprageneric
nomenclature we follow Smith et al. (2008) at the tribe- level,
and Concheiro Pérez et al. (2006) and Rican et al. (2008) in the
use of informal names for categories below tribe. When possible,
both diagnostic and total molecular apomorphies as well as nucle-
otide and amino acid transformations per locus for both supragen-
eric clades and genera are given in Supplement Tables 2 to 5.
Diagnostic molecular characters were listed for each clade by par-
simony mapping of nucleotide and amino acid substitutions (in the
case of coding sequences) on the topology in Fig. 1 and counting
the number of unambiguous changes (Consistency Index = 1) at
each node using PAUP* 4.0b10 (Swofford, 2002) and Mesquite ver-
sion 2.6 (Maddison and Maddison, 2009). Additionally, uniquely
shared gaps in the alignments of non-coding genes were tallied
and given as diagnostic for certain clades when available (Supple-
ment Tables 2 and 3, and see Musilová et al., 2009).
3. Results

3.1. Patterns of divergence in different partitions

Chi-square tests implemented in PAUP* 4.0b10 (Swofford, 2002)
failed to reject the hypothesis of homogeneity of nucleotide compo-
sition (Table 1) for all positions combined in any of the genes. How-
ever, third positions in ND4 and Cytochrome b had a significant anti-
guanine bias (G = 6.3%, X2 = 695.80, df = 495, p < 0.01; G = 3.5%,
X2 = 986.48, df = 495, p < 0.01, respectively). Mean values of base
composition in ND4 presented an additional deficiency of guanine
in first (16%) and second (12%) positions, but these were not enough
to reject homogeneity. Cytochrome b had a reduced proportion of
guanine in second positions (12.9%), but again not enough to reject
homogeneity. Results for Cytochrome b are similar to those obtained
by Farias et al. (2001) who found 4% guanine in third positions and an
overall mean of 14% in an analysis of 78 cichlid sequences. The
aligned length of the combined dataset was 3868 base pairs; aligned
lengths for each of the five loci are given in Table 1. Both the 16S and
S7 alignments showed some variation in length due to numerous
insertions and deletions. Among the coding genes, only ND4 was
found to have 1-codon deletions at position 130 for Retroculus and
Heterochromis multidens and at position 136 for Cichla and Biotodoma
cupido. Saturation plots (not shown) revealed saturation in third co-
don positions for ND4 and Cytochrome b above approximately 20%
uncorrected divergence, but no saturation was detected in RAG2 at
any position. These results coincide with previous analyses of all
three genes (Farias et al., 2001 for Cytochrome b, López-Fernández
et al., 2005a for ND4 and RAG2). The minimum amount of uncor-
rected genetic divergence in any fragment was observed in RAG2 be-
tween some species of the genera Geophagus, Guianacara, Heros,
Amphilophus, Cryptoheros, Herichthys, and Paraneetroplus, all of
which had identical sequences within each genus. The minimum
non-zero divergence in RAG2 was 0.1% between Herichthys cyano-
guttatus and H. carpintis and H. tamasopoensis, and the maximum
was 7.5% between Apistogramma pucallpaensis and the African Hete-
rochromis multidens. The maximum divergence observed in the data-
set was 42% in ND4 between Andinoacara coeruleopunctatus and
Crenicichla sp. ‘Orinoco wallacii’; the minimum divergence in ND4
was 0% between Amphilophus citrinellus and A. labiatus. Divergence
in 16S varied between 0.19% in the pairs Cichla intermedia � C. orino-
cense and Guianacara stergiosi � G. sp. ‘Takutu’ and 16.3% in Dicrossus
sp. � Heterochromis multidens. Divergence in Cytochrome b varied
between 1.8% in Paretroplus polyactys � Paratilapia polleni and
28.9% in Nannacara taenia � Taeniacara candidi. Distances in S7 ran-
ged between 0.2% in Paraneetroplus maculicauda � P. bifasciatus and
P. melanurus and 25.8% between Gymnogeophagus rhabdotus � Etro-
plus maculatus.
3.2. Phylogenetic analyses

Maximum parsimony analysis (MP) of the five-gene dataset
with equal weights produced 12 MP trees of 21647 steps
(CI = 0.18, RI = 0.57, RC = 0.10) that were very similar to the ML



Fig. 1. Phylogenetic relationships of Neotropical cichlid fishes proposed in this paper based on 3868 base pairs from five loci. The tree represents Bayesian relationships
recovered in a partitioned, unlinked analysis with 12 � 106 replications using three mitochondrial (16S, Cytochrome b, ND4) and two nuclear DNA fragments (S7 Intron 1,
RAG2). Node numbers correspond to those given in Table 2 providing support for the topology under Bayesian, Maximum Likelihood and Maximum Parsimony optimality
criteria. Red numbers and branches depict branches whose length is not statistically different from zero according to the Internal Branch Test (see Section 2). Taxa
accompanied by an asterisk have South American distribution but show phylogenetic affinity with the Central American Heroini. Colored boxes illustrate the composition of
each clade as per the nomenclature used throughout the paper. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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(�ln = �94480.1212) and BI topologies (Fig. 1, node support from
all three methods is given in Table 2). Topologies obtained with
BI and ML analyses were essentially identical. We performed an
additional MP analysis with third positions of ND4 and Cyto-
chrome b removed to explore the effects of observed saturation
and base composition biases. This search revealed an identical pat-



Fig. 1 (continued)
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tern of higher level divergence to that shown by the entire dataset,
but resolution was lower near the tips of the tree, i.e. within genera
and among genera inside major clades (not shown). These results
suggest that third positions contained important phylogenetic
information and that use of the entire dataset, even under parsi-
mony, provides better resolution than an analysis that excludes
third positions. Topological disagreement among trees obtained
with different methods was mainly observed among clades with
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significantly-short basal branches and low support in all analyses
(branches highlighted in red in Fig. 1, and see Table 2 and Sec-
tion 4). All searches strongly supported the monophyly of the Neo-
tropical Cichlidae. Relationships among outgroup taxa were
consistent with previous analyses of African and Indo-Malagasy
cichlids (subfamilies Pseudocrenilabrinae and (Ptychochromi-
nae + Etroplinae), respectively, see e.g. Stiassny, 1991; Farias
et al., 2000; Sparks and Smith, 2004). Neotropical cichlids (subfam-
ily Cichlinae) were grouped into two main clades in which the gen-
era Retroculus (Tribe Retroculini) and Cichla (Cichlini) are sister to a
monophyletic group containing all other lineages. This group is
subdivided into five clades: the tribes Chaetobranchini, Geopha-
gini, Astronotini, Cichlasomatini and Heroini (Fig. 1). Within this
major group, the Chaetobranchini (genera Chaetobranchus and
Chaetobranchopsis) and Geophagini and the Astronotini (genus
Astronotus) and (Cichlasomatini + Heroini) form respective sister
groups.

All analyses supported monophyly of the tribe Geophagini, con-
taining six groups in two major subclades (see Table 2). The first
major subclade of Geophagini (node 148) includes geophagines,
mikrogeophagines and crenicaratines. While well-supported,
branches at the base of the first two groups are significantly short
according to IBT tests, and relationships among the three clades re-
main poorly supported (Node 145, Fig. 1 and Table 2). Geophagines
include the genera Geophagus sensu stricto, ‘Geophagus’ steindach-
neri and Gymnogeophagus; mikrogeophagines include Mikrogeoph-
agus and the undescribed ‘Geophagus’ brasiliensis group; and
crenicaratines include Crenicara and Dicrossus, which are weakly
grouped with Biotodoma (node 144). The second large clade of Geo-
phagini (node 130) is also strongly supported and includes three
subclades: (1) a moderately supported crenicichlines that groups
Crenicichla and the putative genus Teleocichla with an also fairly
well-supported sister-group relationship between Acarichthys and
Biotoecus; (2) the previously undetected and strongly supported
guianacarines containing the genera Guianacara and Mazarunia,
both endemic to the Guiana Shield of northern South America
(and see Section 4); and (3) the strongly supported apistogram-
mines, grouping Apistogramma, Taeniacara and Satanoperca. A sis-
ter-group relationship between guianacarines and
apistogrammines is suggested but poorly supported by a signifi-
cantly-short branch (Fig. 1 and Table 2, node 118). Despite strongly
supported monophyly, basal relationships among the two major
clades and six groups of Geophagini remain poorly supported
and/or with significantly-short basal branches (Fig. 1, nodes 118,
128, 129, 144, 145 and 147).

The second large clade of Neotropical cichlids is the Tribe Cic-
hlasomatini, which contains three well-supported subclades
(Fig. 1, Table 2): cichlasomatines include Cichlasoma and Aequidens
sensu stricto as sister to Krobia, which in our study includes ‘Aequi-
dens’ potaroensis (see Section 4 and Musilová et al., 2008). Andino-
acarines contain the genera Bujurquina and Tahuantinsuyoa, which
are sister to the mostly north-western South American species in
the genus Andinoacara (and see Musilová et al., 2009); the genera
Acaronia and Laetacara are weakly supported as a clade sister to
andinoacarines (Fig. 1 and Table 2, node 90). Finally, andinoaca-
rines and the Acaronia + Laetacara clade are weakly united to nann-
acarines, which is a fairly well-supported grouping of Nannacara
and Cleithracara (Fig. 1, Table 2, node 92). Despite well-supported
relationships, some basal groupings among clades of Cichlasoma-
tini remain tentative, as evidenced by low support and basal
branches that are significantly short in at least two nodes at or near
the base of the clade (Fig. 1, Table 2, nodes 90 and 93).

The third large clade is the tribe Heroini, a well-supported sister
clade to Cichlasomatini in which the South American genera
Hoplarchus and Hypselecara are sister to each other and to a large
clade in which Pterophyllum is sister to all other heroine cichlids
(Fig. 1). Within this larger clade, mesonautines (Fig. 1, node 78)
are strongly supported and include the South American Mesonauta,
Uaru, Symphysodon and Heros, all of which are sister to a large clade
of mostly Central American affiliation representing the bulk of her-
oine diversity. This large heroine group is divided into two major
clades, which we informally refer to as the Southern and Northern
Central American Clades (SCAC and NCAC, respectively) on the ba-
sis of their roughly geographic composition of taxa (Fig. 1). Both of
these groups have good Bayesian support, but little or no bootstrap
and Bremer support (Fig. 1, Table 2, nodes 39 and 68). The SCAC in-
cludes the sister nandopsines and caquetaines (Fig. 1, node 67) as
sisters to amphilophines (Fig. 1, node 63, sensu this paper). Caque-
taines include the South American Heroina nested within Caquetaia
(but see Section 4) and nandopsines contain the Greater Antilles
genus Nandopsis. Amphilophines include a fairly well-supported
monophyletic group of Central American genera plus the South
American Australoheros weakly placed in a small clade with Ama-
titlania and 2 ‘Cryptoheros’ species. Monophyly for some amphilo-
phine genera (e.g. Parachromis) is strongly supported as are some
suprageneric groupings (e.g. Amphilophus + Archocentrus, ‘Cichlaso-
ma’ lyonsi clade, Fig. 1, nodes 41 and 42); however, the genus Cryp-
toheros and its subgenera (sensu Schmitter-Soto, 2007a) was
recovered as polyphyletic, and most basal relationships within
amphilophines remain unresolved or are weakly supported by ex-
tremely short branches (Fig. 1, Table 2, nodes 41, 50, 57, 58, 60 and
62). The NCAC clade includes three well-defined clades: the mod-
erately supported astatheroines and herichthyines and the
strongly supported tomocichlines. Astatheroines include a mono-
phyletic genus Astatheros that includes Rocio (see Schmitter-Soto,
2007a, and see below); tomocichlines include Tomocichla and Her-
otilapia (contra Schmitter-Soto, 2007a, who had synonymised Her-
otilapia with Archocentrus); and herichthyines include the South
American ‘Cichlasoma’ festae at its base and the Central American
Thorichthys, ‘Cichlasoma’ grammodes, Theraps (sensu this paper),
Paraneetroplus (sensu this paper) and Herichthys in a pectinate
genus-level arrangement. Generic monophyly among herichthy-
ines is strongly supported in all cases, but suprageneric relation-
ships are often moderately supported and/or based on
significantly-short branches (Fig. 1 and Table 2, nodes 13, 22, 29
and 30).

3.3. Phylogenetic congruence and branch length tests

Pearson’s pairwise correlation analysis of PBS values among
partitions for each node of the Bayesian and Parsimony trees re-
vealed that support from Cytochrome b for the combined topology
was generally negative and at odds with Bremer support from
other partitions. Because these results suggested strong incongru-
ence of Cytochrome b with the rest of the data, we repeated the
phylogenetic analyses described above after removing the Cyto-
chrome b partition (see also López-Fernández et al., 2005b). How-
ever, topologies obtained from this reduced dataset (not shown)
only differed from the ones including Cytochrome b in the relative
position of certain clades with extremely short basal branches (as
revealed by the IBTs, see Section 2.4 and Fig. 1). Additionally, pos-
terior probabilities and bootstrap support for most nodes were
higher in the dataset including Cytochrome b.

Pseudogenes of mitochondrial loci are not uncommonly found
in fishes and other organisms (e.g. Dubey et al., 2009; Mabuchi
et al., 2004; Triant and DeWoody, 2007, 2008). We explored the
possibility that topological incongruence may be caused by paralo-
gous sequences of Cytochrome b introgressed into the nuclear gen-
ome of some taxa. Because selective constraints are relaxed on
non-functional copies of coding genes, a larger ratio of non-synon-
ymous (dN) to synonymous (dS) nucleotide substitutions is ex-
pected in the pseudogene of a functional sequence. Likewise, the



Table 2
Statistical support for nodes in the tree presented in Fig. 1 according to Bayesian posterior probabilities (BPP), Boostrap values for the RAxML Maximum Likelihood topology
(MLBS), and Decay Index values for the Maximum Parsimony tree (MPDI). See Section 2 for details on the calculation of support for each clade and Section 3 for explanations on
the taxonomic composition of each suprageneric grouping.

Node Clade BPP MLBS MPDI Node Clade BPP MLBS MPDI Node Clade BPP MLBS MPDI

1 0.54 55 9 55 1.00 52 – 109 1.00 100 12
2 1.00 100 16 56 Hypsophrys 1.00 100 24 110 Satanoperca 1.00 100 21
3 0.54 54 9 57 0.78 <50 – 111 Apistogrammines 1.00 100 5
4 1.00 100 10 58 0.86 62 – 112 0.98 70 –
5 1.00 100 36 59 1.00 100 22 113 0.98 85 2
6 Herichthys 1.00 100 10 60 0.57 – – 114 Guianacara 1.00 100 7
7 0.55 100 10 61 1.00 100 22 115 1.00 95 2
8 1.00 100 12 62 0.81 – – 116 Mazarunia 1.00 100 16
9 1.00 100 19 63 Amphilophines 1.00 84 9 117 Guianacarines 1.00 100 13
10 0.55 – 2 64 0.69 62 5 118 0.64 <50 –
11 1.00 100 10 65 Caquetaines 1.00 97 8 119 0.99 69 –
12 Paraneetroplus 1.00 100 6 66 nandopsines 1.00 99 6 120 1.00 100 24
13 0.55 51 2 67 0.97 <50 – 121 0.93 71 3
14 1.00 100 7 68 SCAC 1.00 <50 1 122 0.57 52 2
15 0.98 88 5 69 SCAC + NCAC 1.00 100 17 123 0.83 – –
16 0.81 66 2 70 1.00 100 66 124 0.99 64 6
17 0.88 <50 1 71 1.00 100 36 125 1.00 100 59
18 0.99 92 5 72 Heros 1.00 100 11 126 Crenicichlaa 1.00 100 39
19 0.99 69 – 73 Symphysodon 1.00 100 90 127 Acarichthys 1.00 100 61
20 Theraps 1.00 94 5 74 1.00 91 4 128 0.96 76 –
21 1.00 100 15 75 Uaru 1.00 100 40 129 Crenicichlines 0.99 80 –
22 1.00 95 3 76 0.81 – 2 130 1.00 99 6
23 0.87 55 1 77 Mesonauta 1.00 100 81 131 1.00 100 38
24 1.00 100 19 78 Mesonautines 1.00 100 7 132 1.00 100 11
25 1.00 100 29 79 1.00 100 7 133 1.00 100 14
26 1.00 100 25 80 1.00 81 – 134 1.00 100 16
27 1.00 95 14 81 1.00 100 – 135 1.00 100 16
28 Thorichthys 1.00 100 35 82 Heroini 0.99 100 18 136 0.95 70 1
29 0.99 69 0 83 1.00 100 58 137 Geophagus 1.00 100 32
30 Herichthyines 0.99 86 0 84 Andinoacara 1.00 100 29 138 1.00 98 4
31 Tomocichla 1.00 100 20 85 Bujurquina 1.00 100 76 139 1.00 95 13
32 Tomocichlines 1.00 94 0 86 1.00 100 17 140 Gymnogeophagus 1.00 100 42
33 0.99 66 0 87 Andinoacarines 1.00 100 19 141 Geophagines 1.00 100 4
34 1.00 100 17 88 Laetacara 1.00 100 36 142 Biotodoma 1.00 100 60
35 1.00 100 20 89 Acaronia 1.00 100 56 143 Crenicaratines 1.00 100 26
36 1.00 100 31 90 0.77 68 – 144 0.72 50 6
37 0.75 54 4 91 1.00 95 4 145 0.60 <50 4
38 Astatheroines 1.00 79 5 92 Nannacarines 1.00 81 11 146 Mikrogeophagus 1.00 100 21
39 NCAC 0.97 62 0 93 0.56 – 3 147 Mikrogeophagines 0.96 76 4
40 Amphilophus 0.93 100 38 94 1.00 100 37 148 1.00 100 6
41 1.00 98 11 95 Aequidens 1.00 83 15 149 Geophagini 1.00 100 6
42 ‘Heros’ lyonsi 1.00 100 15 96 1.00 100 51 150 Chaetobranchini 1.00 100 6
43 1.00 97 7 97 Cichlasoma 1.00 100 46 151 1.00 97 3
44 0.89 <50 – 98 1.00 100 32 152 0.96 72 5
45 1.00 100 9 99 Krobia 1.00 100 26 153 0.66 – 4
46 1.00 100 21 100 Cichlasomatines 1.00 88 – 154 Cichlini 1.00 100 77
47 Parachromis 1.00 85 – 101 Cichlasomatini 1.00 100 15 155 1.00 97 2
48 1.00 100 22 102 1.00 100 15 156 0.96 80 3
49 0.76 <50 – 103 0.96 <50 8 157 Cichlinae 1.00 100 23
50 0.99 62 – 104 0.99 83 1 158 1.00 99 –
51 0.69 <50 – 105 1.00 100 7 159 1.00 96 –
52 0.93 <50 2 106 Apistogramma 1.00 100 12 160 1.00 96 –
53 1.00 100 43 107 1.00 100 17 161 1.00 96 –
54 1.00 60 11 108 1.00 80 –

a Including Teleocichla (and see Section 4).
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overall number of amino acid substitutions in a functioning coding
gene should be smaller than in a non-functional copy of the same
gene. We compared patterns of dN to dS nucleotide substitutions
and overall amino acid substitutions between Cytochrome b and
ND4 because they are both coding mitochondrial genes, but ND4
was congruent with the combined topology. We used MEGA 4
(Tamura et al., 2007) to calculate dN, dS, genetic distance and ami-
no acid differences for all clades in the phylogeny. ANCOVA analy-
sis of the mean number of amino acid differences against the
amount of nucleotide divergence in different clades of the phylog-
eny revealed non-significant interactions between genetic diver-
gence and loci (p > 0.05), suggesting that Cytochrome b and ND4
have similar rates of amino acid change. Likewise, ANCOVA re-
vealed non-significant interactions between dN/dS and loci
(p > 0.05), indicating that the ratios of non-synonymous to synon-
ymous amino acid substitutions in both genes are also similar.
Based on these results we decided to include Cytochrome b in all
further analyses for three reasons. First, topological differences
are restricted to short branches. Second, support is higher when
Cytochrome b is included. Finally, Cytochrome b showed no indica-
tors of changes expected for a pseudogene.

Topological comparisons of the phylogeny presented in this pa-
per (Fig. 1) along with those previously published indicate that
although congruent with some published analyses (Musilová
et al., 2009, Shimodaira–Hasegawa test p > 0.05 for the tribe Cic-
hlasomatini), our tree in general is significantly more likely than
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those previously proposed. In particular, the recent analysis of
American cichlids by Smith et al. (2008) is qualitatively the most
incongruent of all previous topologies, and is quantitatively incon-
gruent when either the entire Cichlinae (S–H test, p < 0.01 �ln L
Smith et al’s tree = 68519.58, �ln L this study = 67745.39) or each
major subclade is compared with our results (S–H test, �ln L Smith
et al’s Geophagini = 30318.34, �ln L this study = 29675.98,
p < 0.001; �ln L Smith et al.’s Cichlasomatini = 18283.01, �ln L this
study = 18244.30, p < 0.05; �ln L Smith et al’s Heroini = 26188.60,
�ln L this study = 26088.04, p < 0.05). Although congruent in sev-
eral qualitative aspects, our topology for the Heroini is also signif-
icantly more likely than those proposed by Concheiro Pérez et al.
(2006) (S–H test, �ln L Concheiro Pérez et al. = 55153.71, �ln L this
study 54832.94, p < 0.01) and Rican et al. (2008) (S–H test, �ln L
Rican et al. 33566.51, �ln L this study 33313.15, p < 0.01).

Tests of internal branch lengths revealed a number of signifi-
cantly-short branches at the base of all three major clades of Cichli-
nae (Fig. 1, branches highlighted in red). These short branches
generally coincide with poorly supported nodes reinforcing the no-
tion that some nodes may not be distinguishable from polytomies
(e.g. nodes 60, 145). However, some nodes with short branches had
high statistical support (e.g. nodes 22, 41, 128, 155, Fig. 1 and Ta-
ble 2), suggesting that short basal branches do not necessarily
translate into weak phylogenetic resolution.
4. Discussion

4.1. Taxon sampling and diagnosis of genera of Neotropical cichlids

The first attempt to classify the Neotropical Cichlidae within a
modern, explicit phylogenetic context was that of Kullander
(1998), who used a matrix of 91 morphological characters to build
a phylogeny of most South American cichlid genera. Since then, a
number of studies have addressed the phylogeny of either specific
clades (e.g. Geophagini, López-Fernández et al., 2005a,b; Cichlaso-
matini, Musilová et al., 2008, 2009; Heroini, Concheiro Pérez et al.,
2006; Rican et al., 2008) or the entire subfamily (Smith et al.,
2008). The majority of these studies found large incongruences
with Kullander’s early phylogeny (e.g. see López-Fernández et al.,
2005a,b), and much of his original classification has been chal-
lenged in light of newly proposed topologies. The most recent clas-
sification of the Cichlinae was proposed by Smith et al. (2008) on
the basis of parsimony analysis of a super matrix of seven loci com-
bined with Kullander’s (1998) morphological dataset. Unfortu-
nately, Smith et al.’s (2008) topology has proven to be
remarkably incongruent both quantitatively and qualitatively
(see Section 3.3) with all other studies, and we consider the classi-
fication derived from their analysis inadequate in light of recent
studies based on much larger taxon sampling and more widely ac-
cepted methods of phylogenetic analysis. A number of observa-
tions seem appropriate regarding Smith et al.’s newly proposed
classification.

Considering that all of the morphological characters (or modifi-
cations of them) and DNA loci used by Smith et al. (2008) were
analyzed in previous studies (Kullander, 1998; Farias et al., 1999,
2000, 2001; Hulsey et al., 2004; Sparks and Smith, 2004; López-
Fernández et al., 2005a,b; Chakrabarty, 2006b; Concheiro Pérez
et al., 2006; Rican and Kullander, 2006; Rican et al., 2008; Musilová
et al., 2008, 2009) and that in the case of Geophagini their study
and ours include the same genera, it is puzzling that their topology
is so strongly incongruent with other hypotheses (see Section 3.3).
The original morphological dataset they used was modified in
other studies to address geophagine relationships (López-Fernán-
dez et al., 2005b) and was found to be inadequate to resolve rela-
tionships among Central American cichlids (Rican et al., 2008).
Smith et al. (2008) used a method of simultaneous alignment
and topology search (direct optimization) for their phylogenetic
analysis that, although interesting in principle and the subject of
ongoing research (e.g. Liu et al., 2009), has been widely criticized
in its specific implementation both on methodological and episte-
mological grounds (e.g. Rieppel, 2007, and references therein). Be-
sides these criticisms, it seems clear that the major problem with
Smith et al.’s (2008) tree and derived classification stems from
insufficient taxon sampling. Despite their claim to have produced
the ‘‘first well-supported and resolved generic-level phylogeny
for Neotropical cichlids” (Smith et al. 2008, p. 625 in Abstract),
their study lacks many taxa essential to do that. Particularly, their
representation of the deeply problematic Central American taxa, a
group requiring dense sampling of lineages because generic assign-
ment is not clear or is weakly supported by previous hypotheses
(e.g. the former genus Archocentrus sensu lato, see Schmitter-Soto,
2007a), is severely limited. For example, their use of ‘Cichlasoma’
wesseli (within the complicated amphilophines and probably part
of an undescribed clade including ‘C.’ istlanus, among others,
Concheiro Pérez et al., 2006 and see Fig. 1, this paper) as a repre-
sentative of the genus Theraps, effectively excluded Theraps from
their analysis. Furthermore, their analysis lacks, at a minimum,
representatives of the problematic Cryptoheros sensu lato, ‘Cichla-
soma’ urophthalmus, ‘C.’ calobrensis, ‘C.’ salvini, ‘C.’ lyonsi, and ‘C.’
grammodes lineages. All of these taxa were recovered in ours and
in other studies as belonging to yet undescribed lineages of Central
American Heroini (see Fig. 1, and Hulsey et al., 2004; Concheiro
Pérez et al., 2006; Rican et al., 2008). Consequently, no test of
genus-level monophyly or clarification of the taxonomic status of
problematic lineages is possible with Smith et al.’s (2008) dataset.
Clearly, much broader taxon sampling is necessary to resolve Neo-
tropical cichlid generic relationships. In light of these shortcom-
ings, we limit our discussion of Smith et al.’s (2008) paper to
cases in which their findings are compatible with other analyses
or in which their interpretation of the results is judged to require
clarification.

The above situation illustrates a more general problem and pro-
vides further empirical evidence supporting the use of extensive
taxon sampling in phylogenetic analysis (e.g. Graybeal, 1998;
Zwickl and Hillis, 2002; Hillis et al., 2003; Rican et al., 2008). This
point is further strengthened by our finding of the previously un-
known Geophagini clade, referred to herein as guianacarines, con-
taining the South American genera Guianacara and Mazarunia
(Fig. 1). Until this study, a clade uniting Guianacara and Acarichthys
[Kullander (1998) tribe Acarichthyini] was generally recovered
based on morphological characters (Kullander, 1998, but see
López-Fernández et al., 2005b) and molecular data, albeit with
moderate support (e.g. Farias et al., 2000; López-Fernández et al.,
2005a,b). Our addition of all known species of the previously
unavailable genus Mazarunia has recovered the strongly supported
Guianacarines and a well-supported grouping of Acarichthys with
Biotoecus as part of the crenicichlines (Fig. 1, Table 2, node 128).
Therefore, incorporating additional taxa had the effect of revealing
an entirely new phylogenetic arrangement in which the position of
two previously problematic genera is more clearly resolved.

Finally, results from this study strongly suggest that further res-
olution of clades that remain poorly supported should benefit from
incorporating more taxa. More conclusive characterization of Cen-
tral American genera, particularly within amphilophines, will re-
quire more detailed phylogenetic analysis and morphological
descriptions beyond those used to date because they clearly are
insufficient to diagnose the majority of genera. In combination,
our results and those of Concheiro Pérez et al. (2006) and Rican
et al. (2008) indicate that traditional morphological characters
used to define either the Central American cichlid genera (e.g. Gün-
ther, 1862; Meek, 1904; Schmitter-Soto, 2007a) or sections of the
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former Cichlasoma (Regan, 1905) are generally subject to pervasive
homoplasy and are thus misleading when used as the sole informa-
tion to define evolutionary lineages. Characters such as tooth or
body shape seem to vary extensively within clades as starkly
exemplified by Theraps (sensu this study), in which extreme reo-
philic forms with elongate bodies (e.g. T. irregularis) are part of
the same clade as deep-bodied species such as T. intermedius. In an-
other case, the reophilic adaptations of Paraneetroplus bulleri
repeatedly led to treating this species as a monotypic genus (e.g.
Miller et al., 2005), while our molecular phylogenetic analysis
found it as part of a much larger clade with at least one unique
molecular diagnostic character and as much ecomorphological var-
iation as that encompassed by the Theraps clade.

Our phylogenetic results include a sufficiently large taxon sam-
pling to allow a first revision of the nomenclature of these genera
with the concomitant elimination of superfluous names (e.g. Vieja
Fernández-Yépez) in preference of available names with taxo-
nomic priority (e.g. Theraps, Paraneetroplus). Despite the advances
provided by the latest molecular phylogenetic studies, including
this one, resolution of Central American cichlid taxonomy requires
further research. Molecular diagnosis of genera and the emerging
image of their relationships leaves us in the unsatisfactory state
that many genera are not clearly diagnosable morphologically,
which will surely hinder the efforts of evolutionary biologists, ecol-
ogists, and conservationists. Thus, we acknowledge that further
morphological analysis is necessary, especially for the Central
American Heroini. Nevertheless, the tree provided in this study
provides the most complete phylogenetic framework available
for studying the tempo and processes of evolutionary diversifica-
tion within ecologically diverse assemblages of Neotropical
cichlids.

4.2. Higher-level relationships of the American Cichlidae

In general, the higher-level relationships among Neotropical
cichlids found in this study are consistent with previous results
(Kullander, 1998; Farias et al., 2000; Sparks and Smith, 2004). Most
of the diversity of Cichlinae is concentrated in the three clades
Geophagini, Cichlasomatini and Heroini. We found the genus
Astronotus (Astronotini) as sister to the (Cichlasomatini + Heroini)
clade (and see Concheiro Pérez et al., 2006), whereas other studies
have found it closer to the clade of (Cichlini + Retroculini) (Farias
et al., 2000; López-Fernández et al., 2005b) or to Chaetobranchini
(Kullander, 1998). The moderate support for this position (node
103, Table 2) suggests that additional taxon sampling may still
determine further changes in the position of Astronotini. As in sev-
eral previous studies, the tribe Chaetobranchini (Chaetobran-
chus + Chaetobranchopsis) was confirmed as the sister group to
Geophagini (e.g. Farias et al., 2000), but with stronger support than
previously recovered (node 150, Table 2). A well-supported but sig-
nificantly-short branch united Cichlini and Retroculini (node 155,
Fig. 1, Table 2). Interestingly, this relationship was strongly recov-
ered by López-Fernández et al. (2005b), using their combined
molecular and morphological data, but has not been recovered in
either other molecular (Farias et al., 2000; Sparks and Smith,
2004) or combined analyses that included Kullander’s (1998) mor-
phological dataset (Farias et al., 2000, 2001). In combination with
recently published studies (e.g. López-Fernández et al., 2005b;
Concheiro Pérez et al., 2006; Rican et al., 2008; Musilová et al.,
2009), our results further clarify the increasingly resolved higher-
level framework of seven tribes and confirm some recently pro-
posed intra-clade relationships (e.g. Musilová et al., 2009). More
significantly, our study’s expanded taxon sampling of Geophagini
and Heroini, together with the inclusion of a larger amount of
molecular data provides evidence for several previously unknown
groupings. These additions clearly improve our understanding of
the taxonomy, phylogenetic history, and evolutionary processes
underlying the diversification of Neotropical cichlids. Below we
discuss the most relevant relationships in light of previous find-
ings, and examine some general implications of the phylogeny
for the evolutionary origin of Cichlinae.

4.3. Relationships among Geophagini

This study expands López-Fernández et al.’s (2005a,b) taxon
sampling of Geophagini by both adding the genera Teleocichla (1
species) and Mazarunia (3 spp.) and increasing the number of spe-
cies in several genera (e.g. Guianacara, Crenicichla). When com-
pared with previous analyses, resolution and support of
Geophagini did increase for many of the relationships within the
major clades (see Table 2 versus López-Fernández et al., 2005a,b).
For instance, our study provides strong support for a clade group-
ing geophagines, crenicaratines, mikrogeophagines and the genus
Biotodoma, and this grouping is identical to the ‘‘B” clade identified
by López-Fernández et al. (2005b) (see node 148, Table 2, this
study) in their combined molecular and morphological analysis.
Additionally, increased taxon sampling in our study and the inclu-
sion of formerly missing molecular data (see López-Fernández
et al., 2005a) provide stronger support for clades such as geopha-
gines and mikrogeophagines (nodes 141 and 147, respectively, Ta-
ble 2). Despite these improvements, however, short basal branches
still prevent us from clarifying the basal relationships between
geophagines, mikrogeophagines, crenicaratines, and Biotodoma.
Although both this study and the previous analyses suggest that
Biotodoma is sister to crenicaratines, support for that grouping re-
mains low (node 144, and see López-Fernández et al., 2005b), and
further study will be necessary to confirm that relationship.

The rest of Geophagini grouped into a second strongly sup-
ported clade that includes three groupings (node 130, Table 2).
Apistogrammines are identical to the ‘‘Satanoperca clade” of
López-Fernández et al. (2005a,b), and our data provide increased
support for this grouping (node 111, Table 2). Apistogramma puc-
allpaensis, previously placed in the monotypic genus Apistogram-
moides Meinken 1965, is nested within a clade containing other
species of Apistogramma (Fig. 1, node 106). Therefore, to keep
Apistogramma as a monophyletic genus, we consider Apistogram-
moides Meinken 1965 a junior synonym of Apistogramma Regan
1913. The clade crenicichlines provides further confirmation that
the genus Teleocichla is related to Crenicichla (e.g. Stiassny, 1987;
Kullander, 1988; Farias et al., 2000; Smith et al., 2008), but its dee-
ply nested placement within a clade containing species of Cre-
nicichla challenges the recognition of Teleocichla as a distinct
genus (see also Farias et al., 2000). Nevertheless, we hesitate to rec-
ommend synonymy of Teleocichla with Crenicichla until more data
are available, because in comparison to other Neotropical cichlids,
crenicichlines reveal some of the most rapid and heterogeneous
rates of molecular evolution (Farias et al., 1999; López-Fernández
et al., 2005a), and we only present data for one species of Teleo-
cichla. Also within crenicichlines, Acarichthys groups with Biotoe-
cus, to the exclusion of Guianacara, a result conflicting with most
previously published analyses (see above, Section 4.1). Since our
present analysis strongly places Guianacara as sister to the poorly
known genus Mazarunia, we have referred to both genera as guian-
acarines (node 117, Table 2). Originally thought by Kullander
(1990), on the basis of some morphological evidence, to be part
of a clade with Dicrossus and Crenicara (Kullander, 1998), Mazaru-
nia has not been well studied because neither specimens nor tissue
samples were available until very recently. With the finding of gui-
anacarines, this paper provides the first evidence for a geophagine
clade with a history of isolated evolution and specialization for life
in clear and often fast waters on the slopes and foothills of the Gui-
ana Shield of northern South America (Kullander, 1990; Kullander
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and Nijssen, 1989; López-Fernández et al., 2006). Whereas the
addition of Mazarunia revealed that the moderately supported
grouping of Guianacara and Acarichthys was an artifactual result
of incomplete taxon sampling (and see Section 4.1), addition of
taxa and improvement of support still does not allow resolving
the basal relationships among guianacarines, crenicichlines, and
apistogrammines. These results are congruent with those of
López-Fernández et al. (2005a,b) in that basal relationships within
Geophagini are difficult to resolve with certainty due to short basal
branches, even though some of them are strongly supported (e.g.
nodes 130, 148, Table 2).

4.4. Relationships among Cichlasomatini

In terms of taxon sampling, the most detailed studies of the Cic-
hlasomatini are those of Musilová et al. (2008, 2009). Although our
study includes a smaller number of cichlasomatine taxa, the over-
all amount of sequence data is larger. Both our study and those of
Musilová et al. (2008, 2009) share three loci (16S, Cytochrome b, S7
intron 1) in common, yet differ in that they included RAG1 while
we present data from ND4 and RAG2.

A Shimodaira–Hasegawa test (see Section 3: Hypotheses test-
ing), comparing relationships among the Cichlasomatini for our
topology and that proposed by Musilová et al. (2009) showed that
the two topologies do not differ significantly. Nonetheless, differ-
ences among the studies remain, particularly in regards to the
composition of Cichlasoma and Aequidens.

Musilová et al. (2009, Fig. 2) indentified a clade in which the
Aequidens tetramerus group and Cichlasoma are sister taxa, and in
turn are sister to a group that includes A. diadema, rendering Aequi-
dens paraphyletic. On the other hand, we recovered a putatively
monophyletic and well-supported Aequidens sensu stricto (i.e. A.
tetramerus + A. diadema groups, node 95, Table 2), which is in turn
sister to Cichlasoma (node 98, Table 2). Musilová et al. (2009) fur-
ther questioned the monophyly of Aequidens, as they found A.
patricki grouping with Cichlasoma rather than with other species
of Aequidens, a relationship we could not test because A. patricki
was not included in our study. As pointed out by Musilová et al.
(2009), further phylogenetic analysis of Aequidens sensu lato is re-
quired to unequivocally diagnose Aequidens and to determine
which taxa currently included in that genus may belong to differ-
ent lineages. Based on our results, however, we disagree with
Musilová et al.’s (2009, p. 13) proposal that Aequidens should be
synonymized with Cichlasoma. Although some species like A.
patricki may belong in Cichlasoma, species within the clade we ten-
tatively call Aequidens sensu stricto are recovered as a well-sup-
ported sister-group to Cichlasoma.

Both our study and those of Musilová et al. (2008, 2009) found
strong support for a monophyletic Andinoacara as sister to Bujurqu-
ina and Tahuantinsuyoa, a grouping we informally refer to as andi-
noacarines (BTA clade of Musilová et al., 2008, 2009). Our results
differ, however, in that they find andinoacarines to be sister to
Acaronia and both as sister to Laetacara (e.g. Musilová et al. 2009,
Fig. 2). In contrast, we found Laetacara and Acaronia united by a
poorly supported node and a significantly-short branch (node 90,
Fig. 1, Table 2) as sister to andinoacarines. Regardless of these rel-
atively minor differences, it is interesting that both topologies im-
ply a close relationship between the mostly trans-Andean genera
Andinoacara, Bujurquina, and Tahuantinsuyoa and the widespread
cis-Andean lowland forms Laetacara and Acaronia (Kullander,
1986, 1991; Casciotta, 1998; Staeck and Schindler, 2007).

A striking result in both studies is the weak support for the
suprageneric relationships of nannacarines (NIC clade in Musilová
et al. 2008, 2009). Although all studies recovered a monophyletic
nannacarines, its relationship to the rest of the Cichlasomatini dif-
fers among all three studies. Musilová et al. (2008) found nannaca-
rines as sister to (andinoacarines + (Acaronia + Laetacara)), whereas
the ‘‘all molecular tree” of Musilová et al. (2009) (see their Fig. 2)
placed it as sister to Cichlasomatini. In contrast, the combined
analysis of both morphological and molecular data by Musilová
et al. (2009) placed nannacarines as sister to either andinoaca-
rines + Krobia (their Fig. 4A) or all Cichlasomatini minus Acaronia
(their Fig. 4B). Our BI and MP analyses grouped nannacarines with
(andinoacarines + Acaronia + Laetacara), but with extremely low
support and a significantly-short basal branch (node 93, Fig. 1, Ta-
ble 2). Although our results and Musilová et al.’s (2009) combined
morphological and molecular dataset suggest that nannacarines
are probably related to andinoacarines, it is remarkable that large
datasets with extensive taxon sampling do not clearly support this
relationship. Much like in Geophagini, short and poorly supported
branches at the base of Cichlasomatini prevent unequivocal resolu-
tion of some suprageneric relationships (nodes 90 and 93, Fig. 1,
Table 2).

4.5. Basal South American Heroini

South American genera of heroines do not form a monophyletic
assemblage within the tribe Heroini. Three basal South American
lineages are recovered including: (1) (Hypselecara + Hoplarchus),
(2) Pterophyllum, and (3) mesonautines (Fig. 1). In addition, three
groups with South American distributions are nested well within
the Central American clades: caquetaines, Australoheros and the
‘Cichlasoma’ festae group. The only published studies with compa-
rable taxon sampling of South American heroines are those of Hul-
sey et al. (2004) and Concheiro Pérez et al. (2006). Nevertheless,
both studies are based solely on Cytochrome b, and the relation-
ships they recovered are incongruent with our results. Most nota-
bly, both studies placed Pterophyllum as a basal taxon placed
between Geophagini and Cichlasomatini instead of being part of
Heroini. In contrast, our study (Fig. 1) places Pterophyllum as a
more basal lineage within Heroini and nested between a clade con-
taining Hypselecara + Hoplarchus and the rest of Heroini.

Most South American heroine diversity is included within mes-
onautines (see also Concheiro Pérez et al., 2006). The remaining
diversity of Heroini can be partitioned into two large groups, the
Southern (SCAC) and Northern Central American Clades (NCAC,
Fig. 1). Geographically, the Southern and Northern clades are
approximately located in areas south and north of the Motagua
fault, respectively (and see Concheiro Pérez et al., 2006). This
grouping of the Middle American, Caribbean and some north-wes-
tern South American Heroini is broadly compatible with clades
found in other studies, but not necessarily identical (Hulsey
et al., 2004; Concheiro Pérez et al., 2006; Rican et al., 2008). Both
clades include considerable morphological and ecological diversity
and neither has been extensively studied morphologically. To-
gether, the two clades form the so-called Circum-Amazonian
(CAM) Heroini as treated by Concheiro Pérez et al. (2006) and Rican
et al. (2008).

4.6. The Southern Central American Clade (SCAC)

Monophyly of the SCAC is moderately supported (node 68,
Fig. 1, Table 2), and contains the clades referred to as nandopsines,
caquetaines and amphilophines. Although most studies agree with
the general recognition of these three groups, their contents and
relationships to one another vary. For instance, our study provides
moderate support for the sister-group relationship between nan-
dopsines and caquetaines (Fig. 1), whereas the topologies of Rican
et al. (2008) varied depending on how the data were analyzed.
Their separate analyses of morphology and Cytochrome b se-
quences (their Fig. 5) were congruent with our topology (Fig. 1),
but their analysis with additional molecular data and morphology
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(their Fig. 6) placed Nandopsis between Australoheros and the rest
of the Middle American cichlids. In contrast to our study, the topol-
ogy by Rican et al. (2008) also placed caquetaines between
amphilophines and the Northern Central American Clade. The
topology of Concheiro Pérez et al. (2006) placed Nandopsis at the
base of their amphilophines, which included a basal Caquetaia
(their Figs. 1 and 2). Other studies have not found nandopsines
and caquetaines to be closely related (e.g. Hulsey et al., 2004;
Smith et al., 2008), probably due to reduced taxon sampling or a
small amount of data. Unlike Chakrabarty (2006), who recovered
nandopsines nested between the two main Middle American
clades and suggested a Central American origin for Nandopsis, our
topology suggests the ancestor of the Caribbean genus may have
originated in either continent. These results imply a biogeographic
history different from previously proposed hypotheses and war-
rants further study of the possible scenarios of cichlid movement
between South and Central America and the Caribbean (HLF, In
prep.). A curious result across several studies is the frequent nest-
ing of Heroina within Caquetaia [e.g. our Fig. 1, some of Rican et al.’s
(2008) analyses], but Rican et al.’s (2008) combined analysis of
molecular and morphological data recovers reciprocally monophy-
letic genera.

The most taxonomically problematic, species-rich and ecomor-
phologically diverse group of Central American cichlids is the hero-
ine clade we refer to as amphilophines (and see Concheiro Pérez
et al., 2006; Rican et al., 2008), which in our study is sister to the clade
containing nandopsines and caquetaines (node 63, Fig. 1, Table 5).
Few inter-generic relationships within amphilophines are well-sup-
ported, and at least one genus, Cryptoheros, clearly is not monophy-
letic. Some suprageneric relationships are congruent with those
found in other studies including the grouping of Amphilophus sensu
stricto (i.e. without Astatheros) with Archocentrus and both with the
‘Cichlasoma’ lyonsi group (see also Hulsey et al., 2004; Concheiro
Pérez et al., 2006; Rican and Kullander, 2006; Rican et al., 2008).
On the other hand, Schmitter-Soto’s (2007a) decision to place of Her-
otilapia in synonymy with Archocentrus has been unanimously re-
jected by all molecular evidence as the two genera have never
been found together (see references above) and we recovered a
strong relationship of Herotilapia with Tomocichla (Tomocichlines,
node 32, Table 2, see below, and see also Hulsey et al., 2004). Unfor-
tunately, the only species of Archocentrus (sensu Schmitter-Soto,
2007a) included in all molecular analyses is A. centrarchus, thus the
monophyly of that genus has not been formally tested with the other
putative species, A. spinosissimus.

No other putative genus in the Neotropical cichlid phylogeny is
nearly as problematic as Cryptoheros. Originally separated from
Archocentrus by Allgayer (2001), it was revised by Schmitter-Soto
(2007a,b) who divided it into the subgenera Cryptoheros, Panamius
and Bussingius. He further divided Archocentrus to distinguish the
genus Amatitlania, synonymyzed Herotilapia as a third species of
Archocentrus, and erected the genus Rocio for the group of species
in the ‘Cichlasoma’ octofasciatus group (Schmitter-Soto, 2007a,
and see discussion about Astatheros in next section). However, no
molecular dataset with sufficient taxon sampling has retrieved a
monophyletic assemblage for any of these groups (e.g. Concheiro
Pérez et al., 2006; Rican et al., 2008, this study). In our study, Cryp-
toheros (Cryptoheros) chetumalensis and C. (C.) cutteri form the only
strongly supported grouping of species in the putative genus (node
59, Table 2). As Schmitter-Soto (2007a) restricted the subgenus
Cryptoheros to include the type species (C. (C.) spilurus) along with
C. (C.) chetumalensis and C. (C.) cutteri, herein we have used Cryp-
toheros as the genus for the three species, although this assumes
that C. (C.) spilurus is part of a monophyletic clade consistent with
Schmitter-Soto’s (2007a) grouping; unfortunately we did not in-
clude C. (C.) spilurus in our analyses and the relationship remains
to be tested. All other species originally included in Cryptoheros
sensu lato are herein referred to as ‘Cryptoheros’ until further tax-
onomic and phylogenetic revision provides a clearer picture of
the group. We also consider the subgeneric classification of Sch-
mitter-Soto’s (2007a) in need of revision given the lack of mono-
phyly for, at least, the subgenus Bussingius. ‘Cryptoheros’
(Bussingius) myrnae groups with Amatitlania siquia with extremely
high support (node 48, Fig. 1, Table 2), whereas ‘Cryptoheros’ (Bus-
singius) sajica and ‘C.’ (B.) nanoluteus are dispersed in other parts of
the clade and not close to each other. ‘Cryptoheros’ (Panamius) pan-
amensis groups with Hypsophrys, but support is only moderate
(node 57, Table 2), suggesting that further analysis is needed to
place this southern species. Lack of monophyly for Cryptoheros sen-
su lato is not limited to our analysis, as at least three other studies
found extensive paraphyly among their samples of the former
genus Archocentrus (Hulsey et al., 2004; Concheiro Pérez et al.,
2006; Rican et al., 2008).

The grouping of Petenia splendida, ‘Cichlasoma’ urophthalmus and
‘C.’ calobrensis and the inclusion of Hypsophrys within amphilophines
is a result common to this and previous studies, but despite this con-
gruence, the relationship of these clades to other groups of amphilo-
phines remains poorly supported in all instances (e.g. node 51, Fig. 1
and Table 2, this study, and see Concheiro Pérez et al., 2006; Rican
et al., 2008). The inclusion of ‘C.’ salvini and Australoheros within
amphilophines is rather controversial, as these taxa have been
recovered in different parts of the phylogeny in different studies.
Chakrabarty (2006) found an interesting grouping of ‘Cichlasoma’
salvini with ‘C.’ sieboldii and ‘C.’ tuyrense. In contrast, Concheiro Pérez
et al. (2006) found ‘C.’ sieboldii and ‘C.’ tuyrense to group with ‘Cichla-
soma’ punctatus and near ‘Cichlasoma’ istlanus and ‘C.’ wesseli at the
base of the amphilophines, while ‘C.’ salvini was at the base of Tho-
richthys within herichthyines (and see also Hulsey et al., 2004). Be-
cause we did not include ‘C.’ sieboldii and ‘C.’ tuyrense, it is difficult
for us to address this disagreement. The more comparable study to
ours is Rican et al.’s (2008) because they have similar taxon sampling
and a larger dataset than either Concheiro Pérez et al. (2006) or Hul-
sey et al. (2004). They also found ‘Cichlasoma’ salvini near Thorichthys
and within the herichthyines, but support was not robust. Rican et al.
(2008) recovered ‘C.’ sieboldii as sister to (‘C.’ istlanus + ‘C.’ beani) in
the same position that we found ‘C.’ wesseli, and Concheiro Pérez
et al. (2006) found ‘C.’ wesseli related to ‘C.’ istlanus. It would be inter-
esting to test whether all these species without generic assignment
form a clade placed between Parachromis and the (Amphilo-
phus + Archocentrus + ‘Cichlasoma’ lyonsi) clade, where our analysis
placed ‘C.’ wesseli.

The genus Australoheros, although restricted in its distribution
to southern South America’s Paraná-La Plata basins, has been
shown to be deeply nested among Central American taxa by all
molecular studies. But, the position of Australoheros is far from con-
gruent among these studies. While we recover the genus nested
within amphilophines and weakly related to Amatitlania and part
of ‘Cryptoheros’, Hulsey et al. (2004) found it as sister to ‘Cichlaso-
ma’ festae and at the base of a clade including Caquetaia umbrifera,
tomocichlines and herichthyines (sensu this paper). Similarly to
Hulsey, Concheiro Pérez et al. (2006), found Australoheros at the
base of Astatheros and the herichthyines, whereas Rican and Kul-
lander (2006) found it as sister to a clade of amphilophines and
our caquetaines, and Rican et al. (2008) placed it at the base of
all Central American cichlids in their combined molecular trees
and MP analysis of genes and morphology (Rican et al., 2008,
Figs. 1–3, 6). Interestingly, Rican et al.’s (2008) morphological anal-
ysis weakly grouped Australoheros with ‘Cryptoheros’ panamensis
and placed it close to Cryptoheros sensu lato, Archocentrus and Her-
otilapia, further suggesting extensive morphological homoplasy
within amphilophines (see above). Given the variable position of
Australoheros and the fact that Rican et al. (2008) included the larg-
est number of species from the genus, we interpret our results with
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caution. This is especially true from a biogeographic point of view,
since interpretation of the origin of Australoheros and its current
geographic distribution seems more difficult on the basis of our
topology (i.e. nested within an otherwise Central American clade)
than that of Rican et al. (i.e. from a basal position with respect to
all Central American taxa). Overall, all studies coincide in placing
Australoheros within the Central American assemblage, and most
studies place the genus in a position near to or inside amphilo-
phines. Further study is needed to establish the position of Austra-
loheros and to infer its biogeographic history.

There is support for a monophyletic amphilophines, yet with
few exceptions, relationships within the clade are far from settled.
A number of very short and poorly supported basal branches limit
the resolution of inter-generic relationships within the group, leav-
ing amphilophines as the group of Central American cichlids in
greatest need of revision. Both expansion of taxon sampling in fu-
ture phylogenetic analyses and taxonomic reassessment, especially
of lineages currently assigned to Cryptoheros sensu lato, are ur-
gently needed. Likely, Schmitter-Soto’s (2007b) detailed morpho-
logical analyses combined with molecular data, could be
informative when more species of amphilophines are included.
The amphilophines might present a similar situation to that of
Geophagini (López-Fernández et al., 2005b) in which extensive
homoplasy nonetheless was associated with morphological syna-
pomorphies allowing diagnosis of at least some of the lineages.

4.7. The Northern Central American Clade (NCAC)

The NCAC contains three clades: astatheroines, tomocichlines
and herichthyines. Our results coincide with those of Hulsey
et al. (2004) in recovering a monophyletic Astatheros that includes
the putative genus Rocio nested between A. macracanthus and the
rest of Astatheros. Concheiro Pérez et al. (2006) also found Astath-
eros and Rocio (their ‘Heros’ octofasciatus) at the base of their her-
ichthyines, but the two genera did not form a clade. In Rican
et al.’s (2008) study, Astatheros is sister to a clade of Rocio and Her-
otilapia, whereas we find Herotilapia strongly grouping with Tomo-
cichla (node 32, Table 2, tomocichlines). Given that Rocio is nested
within Astatheros and that none of the previously found alternative
relationships for the genus are supported by our expanded dataset,
we herein treat Rocio as part of Astatheros and use the combination
Astatheros octofasciatus for the species included in our study. Hul-
sey et al. (2004) also found a clade of Tomocichla and Herotilapia,
but in their study this clade was nested between ‘Cichlasoma’ festae
and Thorichthys rather than being basal to the herichthyines as in
our tree. Whereas monophyly of tomocichlines in our analysis is
well-supported, its position within the NCAC is supported by the
Bayesian analysis, but only moderately or not at all by the ML
and MP analyses node 33, Table 2).

With few exceptions, monophyly of genera within herichthy-
ines is supported as well as their internal relationships within
the clade. Nevertheless, relationships within herichthyines are far
from resolved. Although the grouping of ‘Cichlasoma’ festae and
Thorichthys is well-supported, branch lengths are extremely short
(Fig. 1, nodes 29 and 30, Table 2). Similarly, despite a signifi-
cantly-short branch, support for the grouping of ‘C.’ grammodes
with the clade formed by Theraps, Paraneetroplus and Herichthys
is very high (node 22, Table 2). Although the monophyly of Thorich-
thys has not been questioned in any molecular or morphological
study, its closest relative is unclear. We found Thorichthys at the
base of Herichthyines between ‘Cichlasoma’ festae and ‘C.’ gram-
modes, but other studies have found it as sister to ‘C.’ salvini (Hul-
sey et al., 2004; Concheiro Pérez et al., 2006; Rican et al., 2008). In
Rican et al.’s (2008) study, ‘Cichlasoma’ bocourti was placed at the
base of Theraps and these authors identified it as a different genus.
In contrast, our study placed Theraps lentiginosus as the most basal
species and recovered ‘C.’ bocourti nested within a strongly sup-
ported Theraps. Therefore, we refer to that species as Theraps boco-
urti. (Rican et al., 2008, Fig. 6) also divide Paraneetroplus (sensu this
paper) into three genera: Paraneetroplus, Vieja and Paratheraps. We
prefer to keep all species as Paraneetroplus because taxon sampling
is not complete in either study, relationships within the genus are
not always unequivocally supported (e.g. node 10, Table 2) and
morphological diagnostic characters have not been explored. Final-
ly, monophyly of Herichthys is strongly supported by all molecular
analyses with adequate taxon sampling (e.g. Hulsey et al., 2004;
Concheiro Pérez et al., 2006; Rican et al., 2008, this study). Its close
relationship with both Theraps and Paraneetroplus also seems
unquestionable, but it is not entirely clear which of these genera
is sister to Herichthys. We retrieved a weakly-supported short
branch uniting Herichthys with Paraneetroplus (node 13, Fig. 1, Ta-
ble 2), that coincides with the Cytochrome b results of Hulsey et al.
(2004) and Concheiro Pérez et al. (2006), but Rican et al. (2008)
recovered Herichthys as sister to a clade of Paraneetroplus and Ther-
aps. Whatever the actual relationship among the three genera, sup-
port for a clade including them is extremely strong in all our
analyses (node 21, Table 2) as well as in previous studies.

In summary, the NCAC is yet another clade within the Neotrop-
ical cichlids that is fairly well-supported with at least some short
basal branches. Some of these short branches are evidence of low
support for certain groupings, whereas others are extremely
well-supported (e.g. node 22, Fig. 1, Table 2). Although this study
used a larger sample of Central American cichlid genera than any
previous study, relationships among these cichlids still need fur-
ther analysis. Particularly, it is imperative to perform detailed ana-
tomical studies that, in combination with molecular data, allow for
more practical diagnosis of the various Central American genera, as
well as improved taxonomic description of a number of lineages
and a workable classification. It would be beneficial to combine
the most recently analyzed molecular datasets with morphological
matrices proposed by López-Fernández et al. (2005b) for Geopha-
gini, by Rican et al. (2008) for Heroini, Schmitter-Soto (2007b)
for some amphilophines and by Musilová et al. (2009) for Cichlaso-
matini. Such analysis would allow detection of morphological syn-
apomorphies for different clades in a much broader context.
Thorough anatomical analysis of all Neotropical cichlids incorpo-
rating such large numbers of characters can only come from a large
effort, possibly involving collaboration from different teams work-
ing on the group.

4.8. Phylogenetic evidence for multiple adaptive radiations and
convergent evolution in Neotropical cichlids

López-Fernández et al. (2005a) hypothesized that genera of geo-
phagine cichlids diversified through adaptive radiation. They pro-
posed this mechanism following Schluter’s (2000) four criteria
for a group of organisms to be considered an adaptive radiation:
(a) monophyly, (b) rapid diversification, (c) phenotype-environ-
ment correlation, and (d) trait utility. They showed that the first
two requirements were fulfilled by a strongly monophyletic tribe
Geophagini (their Geophaginae) in which basal branches were
not significantly different from zero, thus suggesting rapid diversi-
fication at the genus level. This interpretation was challenged by
Smith et al. (2008), who claimed to have found a completely re-
solved Geophagini (but see Section 4.1) with ‘‘ample branch
lengths”. However, their branch lengths were based on a parsi-
mony analysis, representing the minimum number of character
state transformations optimized along each branch (Swofford
et al., 1996; Felsenstein, 2004). In other words, these branch
lengths are informative regarding the amount of change along a
branch, but provide no information on the rate at which that
change occurred. In contrast, the branch lengths used by López-
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Fernández et al. (2005a) to hypothesize rapid diversification were
based on models of sequence evolution and represent expected
numbers of substitutions per site. These branch lengths are esti-
mates of the relative rate at which change occurs along a branch
(e.g. Yang, 2006), and short basal branches are subsequently inter-
pretable as indication of fast divergence.

The present study not only reinforces López-Fernández et al.’s
(2005a) proposal of rapid diversification at the base of Geophagini,
but allows expanding that interpretation to include the Heroini
and possibly Cichlasomatini. We found multiple significantly-short
basal branches in the first two clades and one in the latter (Fig. 1,
Section 3.3), suggesting that lineages associated with these
branches diversified rapidly from their common ancestor. Interest-
ingly, nodes associated with some of these significantly-short
branches were very strongly supported under all phylogenetic
optimization algorithms (e.g. nodes 22 and 41, Fig. 1, Table 2). This
finding suggests that short branches need not necessarily hamper
phylogenetic reconstruction. Enough phylogenetic signal is avail-
able in the characters associated with the base of these clades to
recover a strongly supported phylogeny. In the case of Geophagini,
it is interesting that even using fewer loci in this study than in pre-
vious analyses (López-Fernández et al., 2005a,b), we recovered
very similar relationships and increased resolution and support
for some short basal branches.

Short branches at the base of Geophagini and Heroini are com-
patible with a so-called ‘‘early burst of evolutionary divergence”
seen as a typical pattern of an adaptive radiation (Gavrilets and Lo-
sos, 2009). Early speciation with significant morphological diversi-
fication in adaptive radiations has been documented in a number
of phylogenetic studies (e.g. Verheyen et al., 2003; Poe and Chubb,
2004; Lukoschek and Keogh, 2006), analyses of the fossil record
(e.g. Foote et al., 1999; Luo, 2007) and theoretical models of eco-
morphological diversification (Pie and Weitz, 2005). Ecomorpho-
logical variation in Neotropical cichlids tends to be highest
among genera, with intra-generic variation being generally subtle
and often limited to cases in which congeneric species are syntopic
(e.g. Geophagus, López-Fernández et al., 2005a). The pattern dis-
played by our phylogeny of Cichlinae suggests that phyletic and
ecomorphological diversification of Neotropical cichlids associated
with the origin of genera occurred rapidly near the beginning of
the group’s divergence, with subsequent convergent, adaptive eco-
morphological diversification among and within South and Central
American clades (Winemiller et al., 1995). Further phylogeny-
based analysis of the timing, environmental circumstances and
patterns of these divergence events is beyond the scope of this pa-
per and these elements of Neotropical cichlid evolution are being
discussed elsewhere (López-Fernández, Unpubl.).

Morphology of genera in Geophagini and Heroini is strongly
associated with ecological function. The adaptive nature of mor-
phological specialization is highlighted by repeated cases of con-
vergent evolution associated with both feeding and habitat use.
Convergent ecomorphological specialization among genera is am-
ply documented (e.g. Winemiller et al., 1995) and includes elon-
gate-bodied piscivores (e.g. Cichla and Crenicichla from South
America, Parachromis and Petenia from Central America); rapids-
dwelling, invertebrate feeders (e.g. Teleocichla from the South
American Geophagini, Theraps from the Central American Heroini);
lentic invertivores with disc-like bodies inhabiting highly complex
habitats (e.g. Mesonauta, Pterophyllum and Symphysodon, in the
South American basal Heroini, Archocentrus centrarchus from Cen-
tral American Heroini); algae scrapers with specialized teeth (e.g.
Hypsophrys, Tomocichla); and a variety of benthic sifters that ex-
tract invertebrates from the substrate by taking mouthfuls of sand
or mud and winnowing out inedible particles using their pharynx
(e.g. certain Geophagini from South America, Thorichthys and
Astatheros of the Central American Heroini). In a few cases special-
ization is restricted to one group as in the case of detritivory, which
is present in some Central American cichlids but not in South
American taxa presumably because that niche is densely occupied
by the detritivorous South American characiform families Curimat-
idae and Prochilodontidae (Winemiller et al., 1995). Although
apparently less morphologically specialized, genera in the tribe
Cichlasomatini can have significant body size differences, including
several ‘‘dwarf” lineages (e.g. Nannacara, Laetacara). The most
notably specialized Cichlasomatini is Acaronia, a predator with
unusually protrusible oral jaws convergent with those of the hero-
ine genera Caquetaia and Petenia.

Understanding the timing of ecomorphological diversification,
and the forces driving the remarkably diverse functional special-
ization of Neotropical cichlid evolution requires an interdisciplin-
ary research effort. Studies combining ecology, functional
morphology and phylogenetics should begin to reveal patterns of
ecomorphological diversification and convergence described above
(e.g. López-Fernández et al., Unpubl.), as well as many other as-
pects of the evolution of Neotropical cichlid fishes. This paper con-
tributes a framework on which to build this program by providing
the most broadly sampled phylogeny of Neotropical cichlids avail-
able to date. We also have interpreted the patterns of molecular
divergence within Neotropical cichlids as phylogenetic evidence
of repeated instances of adaptive radiation. Further testing of this
multiple-radiation hypothesis should be possible as the phylogeny
provides the appropriate historical context for comparative analy-
sis of Neotropical cichlid evolution. Within a clearer phylogenetic
context, further studies should greatly enhance our understanding
of cichlid evolution by providing much needed studies of the Neo-
tropical fluvial taxa, which have lagged far behind those of the
lacustrine adaptive radiations of East African cichlids.
Acknowledgments

We are thankful to the many colleagues who accompanied us in
the field while collecting samples for this work: C. Montaña, D.C.
Taphorn, S. Willis, C.R. Bernard, E. Liverpool, R. Rodiles-Hernández,
M. Soria, D.A. Arrington, C. Layman, J.V. Montoya, J. Cochran-Bie-
derman, T.F. Turner, C. Marzuola. We are also thankful to all our
colleagues who contributed tissue samples used in this study;
N.R. Lovejoy (U. Toronto), M. Sabaj-Pérez (Academy of Natural Sci-
ences of Philadelphia), S. Willis (U. Nebraska), C. Montaña, A. Pease,
J. Cochran-Biederman (Texas A&M), P. Esselman (Michigan State
U.), C.D. Hulsey (U. Tennessee), W.L. Smith, J. Sparks (American
Museum of Natural History), I. Farias (U. Federal do Amazonas, Bra-
zil), A. Lamboj (Vienna Museum), Y. Fermon (Muséum National
d’Histoire Naturelle). HLF is deeply grateful to C. Crane, M. Mateos,
K. Choffee, and A. Lathrop for their help in the lab, and to E. Holm,
M. Burridge, M. Zur and D. Stacey for curatorial assistance at the
Royal Ontario Museum. K.M. Alofs performed some of the statisti-
cal analyses. This work has benefited enormously from conversa-
tions with A.J. Baker, D.C. Taphorn, O. Haddrath, R.
Winterbottom, J.S. Albert, N.R. Lovejoy, D. Bloom, and S.C. Willis.
S.O. Kullander and M. Tobler provided thorough and extensive
comments that allowed major improvements of the original man-
uscript and additional comments from an anonymous reviewer
helped strengthen some parts of the paper. Funding was provided
by Grant DEB 0516831 from the U.S. National Science Foundation
to the authors, the National Geographic Society and a Governors
Research grant from the Royal Ontario Museum to H.L.F.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ympev.2010.02.020.

http://dx.doi.org/10.1016/j.ympev.2010.02.020


H. López-Fernández et al. / Molecular Phylogenetics and Evolution 55 (2010) 1070–1086 1085
References

Allgayer, R., 2001. Description d’un genre nouveau, Cryptoheros, d’Amérique
centrale et d’une expèce nouvelle du Panama (Pisces: Cichlidae). L’an Cichlide
1, 13–20.

Arévalo, E., Davis, S., Sites, J., 1994. Mitochondrial DNA sequence divergence and
phylogenetic relationships among eight chromosome races of Sceloporus grammicus
complex (Phrynosomatidae) in Central Mexico. Syst. Biol. 43, 387–418.

Baker, R., Yu, X., DeSalle, R., 1998. Assessing the relative contribution of molecular
and morphological characters in simultaneous analysis trees. Mol. Phylogenet.
Evol. 9, 427–436.

Baker, R., Wilkinson, G., DeSalle, R., 2001. Phylogenetic utility of different types of
molecular data used to infer evolutionary relationships among stalked-eyed
flies (Diopsidae). Syst. Biol. 50, 87–105.

Bielawsky, J., Brault, A., Gold, J., 2002. Phylogenetic relationship within the genus
Pimephales as inferred from ND4 and ND4L nucleotide sequences. J. Fish. Biol.
61, 293–297.

Casciotta, J., 1998. Cichlid-fishes from la Plata basin in Argentina: Laetacara
dorsigera (Heckel), Bujurquina vittata (Heckel), and ‘Cichlasoma’ facetum (Jenyns)
(Perciformes: Labroidei). Neotropica 44, 23–39.

Chakrabarty, P., 2006. Systematics and historical biogeography of Greater Antillean
Cichlidae. Mol. Phylogenet. Evol. 39, 619–627.

Chow, S., Hazama, K., 1998. Universal PCR primers for S7 ribosomal protein gene
introns in fish. Mol. Ecol. 7, 1247–1263.

Concheiro Pérez, G., Rican, O., Ortí, G., Bermingham, E., Doadrio, I., Zardoya, R., 2006.
Phylogeny and biogeography of 91 species of heroine cichlids (Teleostei:
Cichlidae) based on sequences of the Cytochrome b gene. Mol. Phylogenet. Evol.
43, 91–110.

Damgaard, J., Cognato, A., 2003. Sources of character conflict in a clade of water
striders (Heteroptera: Gerridae). Cladistics 19, 512–526.

Dopazo, J., 1994. Estimating errors and confidence intervals for branch lengths in
phylogenetic trees by a bootstrap approach. J. Mol. Evol. 38, 300–304.

Drummond, A., Ho, S., Phillips, M., Rambaut, A., 2006. Relaxed phylogenetics and
dating with confidence. PLoS Biol. 4, e88.

Dubey, S., Michaux, J., Brunner, H., Hutterer, R., Vogel, P., 2009. False phylogenies on
wood mice due to cryptic cytochrome-b pseudogene. Mol. Phylogenet. Evol. 50,
633–641.

Eschmeyer, W.N., Fricke, R. (Eds.), 2009. Catalog of Fishes electronic version. Available
from: <http://research.calacademy.org/ichthyology/catalog/fishcatmain.asp>.

Farias, I.P., Ortí, G., Meyer, A., 2000. Total evidence. molecules, morphology, and the
phylogenetics of cichlid fishes. J. Exp. Zool. 288, 76–92.

Farias, I.P., Ortí, G., Sampaio, I., Schneider, H., Meyer, A., 1999. Mitochondrial DNA
phylogeny of the family Cichlidae: monophyly and fast molecular evolution of
the Neotropical assemblage. J. Mol. Evol. 48, 703–711.

Farias, I.P., Ortí, G., Sampaio, I., Schneider, H., Meyer, A., 2001. The Cytochrome b
gene as a phylogenetic marker: the limits of resolution for analyzing
relationships among cichlid fishes. J. Mol. Evol. 53, 89–103.

Felsenstein, J., 2004. Inferring Phylogenies. Sinauer Associates, Inc., Sunderland.
Fernández-Yépez, A., 1969. Contribución al conocimiento de los cichlidos. Evencias

22, 1–10.
Foote, M., Hunter, J., Janis, C., JJ, S.J., 1999. Evolutionary and preservational

constraints on origins of biological groups: divergence times of eutherian
mammals. Science 283, 1310–1314.

Gavrilets, S., Losos, J.B., 2009. Adaptive radiation: contrasting theory with data.
Science 323, 732–737.

Graybeal, A., 1998. Is it better to add taxa or characters to a difficult phylogenetic
problem? Syst. Biol. 47, 9–17.

Günther, A., 1862. Fam. 5 Chromides. Catalogue of the fishes in the British Museum.
London, pp. 264–316.

Hillis, D.M., Pollock, D., McGuire, J., Zwickl, D.J., 2003. Is sparse taxon sampling a
problem for phylogenetic inference? Syst. Biol. 52, 124–126.

Hulsey, C., García de León, F., Sánchez Johnson, Y., Hendrickson, D.A., Near, T.J., 2004.
Temporal diversification of Mesoamerican cichlid fishes across a major
biogeographic boundary. Mol. Phylogenet. Evol. 31, 754–764.

International Commission of Zoological Nomenclature, 1999. International Code of
Zoological Nomenclature c/o The Natural History Museum, London.

Joyce, D., Hunt, D., Bills, R., Turner, G., Katongo, C., Duftner, N., Sturmbauer, C.,
Seehausen, O., 2005. An extant cichlid fish radiation emerged in an extinct
Pleistocene lake. Nature 435, 90–94.

Kocher, T., 2004. Adaptive evolution and explosive speciation: the cichlid fish
model. Nat. Rev. Genetics 5, 288–298.

Kornfield, I., Smith, P., 2000. African cichlid fishes: model systems for evolutionary
biology. Ann. Rev. Ecol. Syst. 31, 163–196.

Kullander, S.O., 1980. A taxonomical study of the genus Apistogramma Regan, with a
revision of Brazilian and Peruvian species (Teleostei: Percoidei: Cichlidae).
Bonn. Zool. Mon. 14, 1–152.

Kullander, S.O., 1983. A Revision of the South American Cichlid Genus Cichlasoma
(Teleostei: Cichlidae). Swedish Museum of Natural History, Stockholm.

Kullander, S.O., 1986. Cichlid Fishes of the Amazon River Drainage of Peru. Swedish
Museum of Natural History, Stockholm.

Kullander, S.O., 1988. Teleocichla, a new genus of South American reophilic cichlid
fishes with six new species (Teleostei: Cichlidae). Copeia 196, 230.

Kullander, S.O., 1989. Biotoecus Eigenmann and Kennedy (Teleostei: Cichlidae):
description of a new species from the Orinoco basin and revised generic
diagnosis. J. Nat. Hist. 23, 225–260.
Kullander, S.O., 1990. Mazarunia mazarunii (Teleostei: Cichlidae), a new genus and
species from Guyana, South America. Ichthyol. Explor. Freshwaters 1, 3–14.

Kullander, S.O., 1991. Tahuantinsuyoa chipi, a new species of cichlid fish from the rio
Pachitea drainage in Peru. Cybium 15, 3–13.

Kullander, S.O., 1996. Heroina isonycterina, a new genus and species of cichlid fish
from Western Amazonia, with comments on cichlasomine systematics.
Ichthyol. Explor. Freshwaters 7, 149–172.

Kullander, S.O., 1998. A Phylogeny and Classification of the Neotropical Cichlidae
(Teleostei: Perciformes). In: Malabarba, L.R., Reis, R.E., Vari, R.P., Lucena, Z.M.,
Lucena, C.A.S. (Eds.), Phylogeny and classification of Neotropical fishes.
EDIPUCRS, Porto Alegre, pp. 461–498.

Kullander, S.O., 2003. Family Cichlidae (Cichlids). In: Reis, R.E., Kullander, S.O.,
Ferraris, C.J. (Eds.), Checklist of the Freshwater Fishes of South and Central
America. EDIPUCRS, Porto Alegre, pp. 605–656.

Kullander, S.O., Nijssen, H., 1989. The Cichlids of Surinam. E.J. Brill, Leiden.
Kullander, S.O., Silfvergrip, A.M.C., 1991. Review of the South American cichlid

genus Mesonauta Günther (Teleostei, Cichlidae) with descriptions of two new
species. Revue suisse Zool. 98, 407–448.

Kullander, S.O., Hartel, K., 1997. The systematic status of cichlid genera described by
Louis Agassiz in 1859: Amphilophus, Baiodon, Hypsophrys and Parachromis
(Teleostei: Cichlidae). Ichthyol. Explor. Freshwaters 7, 193–202.

Liu, K., Raghavan, S., Nelesen, S., Linder, C., Warnow, T., 2009. Rapid and accurate
large-scale coestimation of sequence alignments and phylogenetic trees.
Science 324, 1561–1564.

López-Fernández, H., Albert, J.S., in press. Paleogene radiations of Neotropical
freshwater fishes. In: Albert J.S., Reis, R.E. (Eds.), Historical Biogeography of
Neotropical Freshwater Fishes. University of California Press.

López-Fernández, H., Honeycutt, R.L., Winemiller, K.O., 2005a. Molecular phylogeny
and evidence for an adaptive radiation of geophagine cichlids from South
America (Perciformes: Labroidei). Mol. Phylogenet. Evol. 34, 227–244.

López-Fernández, H., Honeycutt, R.L., Stiassny, M.L.J., Winemiller, K.O., 2005b.
Morphology, molecules, and character congruence in the phylogeny of South
American geophagine cichlids (Perciformes: Cichlidae). Zool. Scripta 34, 627–
651.

López-Fernández, H., Taphorn, D.C., Kullaner, S.O., 2006. Two new species of
Guianacara from the Guiana Shield of eastern Venezuela (Perciformes:
Cichlidae). Copeia 2006, 384–395.

Lovejoy, N.R., Collette, B.B., 2001. Phylogenetic relationships of New World needle
fishes (Teleostei: Belonidae) and the biogeography of transitions between
marine and freshwater habitats. Copeia 2001, 324–388.

Lukoschek, V., Keogh, J.S., 2006. Molecular phylogeny of sea snakes reveals a rapidly
diverged adaptive radiation. Biol. J. Linn. Soc. 89, 523–539.

Lundberg, J.G., Sabaj Pérez, M.H., Dahdul, W.M., Aguilera, O.A., 2010. The Amazonian
Neogene fish fauna. In: Hoorn, C., Wesselingh, F.P. (Eds.), Amazonia, Landscape
and Species Evolution: A Look into the Past. Blackwell Publishing, pp. 281–301.

Luo, Z., 2007. Transformation and diversification in early mammal evolution. Nature
450, 1011–1019.

Mabuchi, K., Miya, M., Satoh, T.P., Westneat, M.W., Nishida, M., 2004. Gene
rearrangements and evolution of tRNA pseudogenes in the mitochondrial
genome of the parrotfish (Teleostei: Perciformes: Scaridae). J. Mol. Evol. 59,
287–297.

Maddison, W., Maddison, D.R., 2000. MacClade: Analysis of phylogeny and
character evolution. v. 4.0.

Maddison, W., Maddison, D.R., 2009. Mesquite: A Modular System for Evolutionary
Analysis. v. 2.6.

Martin, A.P., Bermingham, E., 1998. Systematics and evolution of Lower Central
American Cichlids inferred from analysis of Cytochrome b gene sequences. Mol.
Phylogenet. Evol. 9, 192–203.

Meek, S., 1904. The freshwater fishes of Mexico north of the Isthmus of
Tehuantepec. Field Columbian Museum. Zool. Series 5, 204–225.

Meyer, A., 1993. Phylogenetic relationships and evolutionary processes in East
African cichlid fishes. Trends. Ecol. Evol. 8, 279–284.

Miller, R., Minckley, W., Norris, S.M., 2005. Freshwater Fishes of México. The
University of Chicago Press, Chicago.

Musilová, Z., Rican, O., Novák, J., 2009. Phylogeny of the Neotropical cichlid fish tribe
Cichlasomatini (Teleostei: Cichlidae) based on morphological and molecular
data, with description of a new genus. J. Zool. Syst. Evol. Res. 234–247.

Musilová, Z., Rican, O., Janko, K., Novák, J., 2008. Molecular phylogeny and
biogeography of the Neotropical cichlid fish tribe Cichlasomatini (Teleostei:
Cichlidae: Cichlasomatinae). Mol. Phylogenet. Evol. 46, 659–672.

Nei, M., Kumar, S., 2000. Molecular Evolution and Phylogenetics. Oxford University
Press, New York.

Palumbi, S., Martin, A., Romano, S., McMillan, W.O., Stice, L., Grabowski, G., 1991.
The Simple Fool’s Guide to PCR. University of Hawaii, Honolulu.

Pie, M., Weitz, J., 2005. A null model of morphospace occupation. Am. Nat. 166, E1–
E13.

Poe, S., Chubb, A., 2004. Birds in a bush: five genes indicate explosive evolution of
avian orders. Evolution 58, 404–415.

Posada, D., Crandall, K., 1998. Modeltest: testing the model of DNA substitution.
Bioinformatics 14, 817–818.

Regan, C.T., 1905. A revision of the fishes of the American cichlid genus Cichlosoma
and of the allied genera. Ann. Mag. Nat. Hist. 16, 60–77. 225–243, 316–341,
433–445.

Reis, R., Kullander, S.O., Ferraris Jr., C.J. (Eds.) 2003, Check list of the freshwater
fishes of South and Central America. EDIPUCRS, Porto Alegre.

http://research.calacademy.org/ichthyology/catalog/fishcatmain.asp


1086 H. López-Fernández et al. / Molecular Phylogenetics and Evolution 55 (2010) 1070–1086
Rican, O., Kullander, S., 2006. Character- and tree-based delimitation of species in
the ‘Cichlasoma’ facetum group (Teleostei, Cichlidae) with the description of a
new genus. J. Zool. Syst. Evol. Res. 44, 2.

Rican, O., Zardoya, R., Doadrio, I., 2008. Phylogenetic relationships of Middle
American cichlids (Cichlidae, Heroini) based on combined evidence from
nuclear genes, mtDNA, and morphology. Mol. Phylogenet. Evol. 49, 941–957.

Rieppel, O., 2007. The nature of parsimony and instrumentalism in systematics. J.
Zool. Syst. Evol. Res. 45, 177–183.

Roe, K.J., Conkel, D., Lydeard, C., 1997. Molecular systematics of Middle American
Cichlid fishes and the evolution of trophic-types in ‘Cichlasoma (Amphilophus)’
and ‘C. (Thorichthys)’. Mol. Phylogenet. Evol. 7, 366–376.

Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572–1574.

Sambrook, J., Fritsch, E., Maniatis, T., 1989. Molecular Cloning: A Laboratory Manual.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor.

Schluter, D., 2000. The Ecology of Adaptive Radiation. Oxford University Press, New
York.

Schmitter-Soto, J., 2007a. A systematic revision of the genus Archocentrus
(Perciformes: Cichlidae), with the description of two new genera and six new
species. Zootaxa 1603, 1–78.

Schmitter-Soto, J.J., 2007b. Phylogeny of species formerly assigned to the genus
Archocentrus (Perciformes: Cichlidae). Zootaxa 1618, 1–50.

Sides, J., Lydeard, C., 2000. Phylogentic utility of the Tyrosine kinase gene X-src for
assesing relationships among representative cichlid fishes. Mol. Phylogenet.
Evol. 41, 51–74.

Sitnikova, T., 1996. Bootstrap method of interior-branch test for phylogenetic trees.
Mol. Biol. Evol. 13, 605–611.

Smith, W., Chakrabarty, P., Sparks, J.S., 2008. Phylogeny, taxonomy, and evolution of
Neotropical cichlids (Teleostei: Cichlidae: Cichlinae). Cladistics 24, 625–641.

Sorenson, M., 1999. TreeRot, version 2. v. 2.
Sota, T., Vogler, A.P., 2001. Incongruence of mitochondrial and nuclear gene trees in

the carabid beetles Ohomopterus. Syst. Biol. 50, 39–59.
Sparks, J.S., Smith, W., 2004. Phylogeny and biogeography of cichlid fishes

(Teleostei: Perciformes: Cichlidae). Cladistics 501, 517.
Staeck, W., Schindler, I., 2007. Description of Laetacara fulvipinnis sp. n. (Teleostei:

Perciformes: Cichlidae) from the upper drainages of the rio Orinoco and rio
Negro in Venezuela. Vert. Zool. 57, 63–71.
Stamatakis, A., 2006. RAxML-VI-HPC: Maximum Likelihood-based phylogenetic
analysis with thousands of taxa and mixed models. Bioinformatics 22, 2688–
2690.

Stiassny, M.L.J., 1987. Cichlid familial intrarelationships and the placement of the
neotropical genus Cichla (Perciformes, Labroidei). J. Nat. Hist. 21, 1311–1331.

Stiassny, M.L.J., 1991. Phylogenetic intrarelationships of the family Cichlidae: an
overview. In: Keenleyside (Ed.), Cichlid Fishes: Behaviour, Ecology and
Evolution. Chapman Hall, London, pp. 1–35.

Streelman, J., Danley, P.D., 2003. The stages of vertebrate evolutionary radiation.
Trends. Ecol. Evol. 18, 126–131.

Swofford, D.L., Olsen, G., Waddell, P.J., Hillis, D.M., 1996. Phylogenetic inference. In:
Hillis, D.M., Motiz, C., Mable, B.K. (Eds.), Molecular Systematics. Sinauer
Associates Inc., Sunderland, pp. 407–514.

Swofford, D.L., 2002. PAUP* Phylogenetic Analysis using Parsimony and Other
Methods. v. 4.0b10.

Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA 4: Molecular Evolutionary
Genetics Analysis (MEGA) software version 4.0.. Mol. Biol. Evol. 24, 1596–1599.

Tamura, K., Dudley, J., Nei, M., Tamura, K., 2008. MEGA: a biologist-centric software for
evolutionary analysis of DNA and protein sequences. Brief. Bioinf. 9, 299–306.

Thompson, J., Higgins, D., Gibson, T., 1994. Clustal W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position
specific gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–
4680.

Triant, D.A., DeWoody, J.A., 2007. Extensive mitochondrial DNA transfer in a rapidly
evolving rodent has been mediated by independent insertion events and by
duplications. Gene 401, 61–70.

Triant, D.A., DeWoody, J.A., 2008. Molecular analyses of mitochondrial pseudogenes
within the nuclear genome of arvicoline rodents. Genetica 132, 21–33.

Verheyen, E., Salzburger, W., Snoeks, J., Meyer, A., 2003. Origin of the superflock of
cichlid fishes from Lake Victoria, East Africa. Science 300, 325–329.

Winemiller, K.O., Kelso-Winemiller, L.C., Brenkert, A.L., 1995. Ecomorphological
diversification and convergence in fluvial cichlid fishes. Env. Biol. Fish. 44, 235–
261.

Yang, Z., 2006. Computational Molecular Evolution. Oxford University Press, New
York.

Zwickl, D., Hillis, D.M., 2002. Increased taxon sampling greatly reduces phylogenetic
error. Syst. Biol. 51, 588–598.


	Multilocus phylogeny and rapid radiations in Neotropical cichlid fishes (Perciformes: Cichlidae: Cichlinae)
	Introduction
	Materials and methods
	Taxon sampling
	Data collection
	Phylogenetic analyses
	Hypothesis testing
	Taxonomic conventions and classification of the Cichlinae

	Results
	Patterns of divergence in different partitions
	Phylogenetic analyses
	Phylogenetic congruence and branch length tests

	Discussion
	Taxon sampling and diagnosis of genera of Neotropical cichlids
	Higher-level relationships of the American Cichlidae
	Relationships among Geophagini
	Relationships among Cichlasomatini
	Basal South American Heroini
	The Southern Central American Clade (SCAC)
	The Northern Central American Clade (NCAC)
	Phylogenetic evidence for multiple adaptive radiations and convergent evolution in Neotropical cichlids

	Acknowledgments
	Supplementary data
	References


