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Abstract

Nucleotide sequences from the mitochondrial ND4 gene and the nuclear RAG2 gene were used to derive the most extensive
molecular phylogeny to date for the Neotropical cichlid subfamily Geophaginae. Previous hypotheses of relationships were tested
in light of these new data and a synthesis of all existing molecular information was provided. Novel phylogenetic findings included
support for : (1) a �Big Clade� containing the genera Geophagus sensu lato, Gymnogeophagus,Mikrogeophagus, Biotodoma, Crenicara,
and Dicrossus; (2) a clade including the genera Satanoperca, Apistogramma, Apistogrammoides, and Taeniacara; and (3) corrobora-
tion for Kullander�s clade Acarichthyini. ND4 demonstrated saturation effects at the third code position and lineage-specific rate
heterogeneity, both of which influenced phylogeny reconstruction when only equal weighted parsimony was employed. Both branch
lengths and internal branch tests revealed extremely short basal nodes that add support to the idea that geophagine cichlids have
experienced an adaptive radiation sensu Schluter that involved ecomorphological specializations and life history diversification.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The Neotropical cichlid subfamily Geophaginae
encompasses 18 genera and over 180 described species
(Kullander, 2003), with many more in need of descrip-
tion (e.g., Kullander, 2003; López-Fernández and Tap-
horn, 2004). Although our knowledge of geophagine
biology is limited, this group of fishes displays diverse
ecology, morphology, and reproductive behavior. Their
overall morphological and behavioral diversity suggests
ecomorphological specialization for feeding and habitat
use (e.g., Winemiller et al., 1995; López-Fernández,
unpublished). For instance, some taxa share a common
feeding mode based on sifting of benthic invertebrates
(e.g., Lowe-McConnell, 1991; Winemiller et al., 1995),
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while others are strict piscivores. Geophagines also exhi-
bit a variety of reproductive modes, from typical sub-
strate spawners to mouth-brooding, and are the only
riverine cichlids approaching the reproductive versatility
of lacustrine cichlids (e.g., Barlow, 2000; Weidner, 2000;
Wimberger et al., 1998). Several genera and species of
geophagines are syntopic in South American rivers
(e.g., Arrington and Winemiller, 2003; Winemiller
et al., 1995), thus ecomorphological and behavioral spe-
cialization may facilitate niche partitioning within spe-
cies-rich ecological communities. Although this
Neotropical fish assemblage offers many opportunities
for those interested in evolutionary ecology and the pro-
cesses responsible for ecomorphological diversification,
such studies require an interpretive framework based
on knowledge of phylogenetic relationships and the tim-
ing and duration of speciation events. As can be seen in
the following paragraphs, considerable controversy still
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surrounds the phylogenetics and classification of the
Geophaginae.

Recent phylogenetic analyses of the Cichlidae (Farias
et al., 1999, 2000, 2001; Kullander, 1998) have improved
understanding of higher-level relationships within the
Neotropical clade (e.g., establishment of subfamilies),
yet even here there are disagreements. Using a morpholo-
gy-based phylogeny, Kullander (1998) subdivided the
Neotropical Cichlidae and the African genus Heterochr-

omis into six subfamilies. The Retroculinae (genus Retro-
culus) andCichlinae (Cichla,Crenicichla, andTeleocichla)
constituted the basal clades of the American assemblage.
The African Heterochromidinae (Heterochromis) was
nested between the latter two and Astronotinae (Astrono-
tus and Chateobranchus), which were sister to the rest of
theNeotropical assemblage, thus theNeotropical cichlids
were rendered paraphyletic. Themore derived subfamilies
Cichlasomatinae and Geophaginae included all the
remaining genera within the American cichlids. Cichlaso-
matinae included over 25 genera placed in the tribesCichl-
asomini, Heroini, and Acaroniini. Geophaginae included
16 genera andwas divided into three tribes: Acarichthyini
(Acarichthys and Guianacara), Crenicaratini (Biotoecus,
Crenicara, Dicrossus, and Mazarunia), and Geophagini
(Geophagus, Mikrogeophagus, �Geophagus� brasiliensis,
�Geophagus�steindachneri, Gymnogeophagus, Satanop-

erca, Biotodoma, Apistogramma, Apistogrammoides and
Taeniacara).

In disagreement with the definition of Kullander,
molecular studies (Farias et al., 1998, 1999) and total
evidence analyses (Farias et al., 2000, 2001), including
Kullander�s morphological data, supported a monophy-
letic Neotropical Cichlidae and the placement of Hete-

rochromis as basal to the African clade. Farias et al.
(1999, 2000, 2001) also found the genera Crenicichla

and Teleocichla nested within the Geophaginae, expand-
ing the subfamily to 18 genera, and challenging the pre-
viously proposed relationship between Crenicichla,
Teleocichla and the basal genus Cichla (Stiassny, 1987,
1991; Kullander, 1998). Despite the contribution of
these studies to the clarification of higher-level relation-
ships, the lack of relevant taxa limits their phylogenetic
resolution and leaves many questions of geophagine
relationships unanswered. Although geophagine mono-
phyly seems indisputable, there is considerable disagree-
ment between morphological and molecular evidence
when analyzed separately, and the relationships within
the Geophaginae are not clear. Kullander�s study in-
cluded an extensive taxon sampling of cichlids, and his
proposed geophagine relationships were based on the
analysis of 13 genera of geophagines (sensu Kullander)
plus Crenicichla and Teleocichla. The studies of Farias
et al. (1999, 2000, 2001) are not suited for testing Kul-
lander�s hypothesis, because taxon sampling is insuffi-
cient in their combined analyses. Farias et al. (2000)
included only 11 genera in their molecular total evidence
analysis and 9 in the combined analysis of molecular
and morphological data. Their total molecular evidence
analyses lacked the genera Satanoperca, Biotoecus, Cre-
nicara, Dicrossus, and the �Geophagus� steindachneri

group (Farias et al., 2000), and several additional genera
were absent from their analyses of molecular and mor-
phological data combined (Farias et al., 2000, 2001).
Clearly, exclusion of these taxa makes it impossible to
test the monophyly of Kullander�s (1998) tribes Crenic-
aratini and Geophagini, and impedes further resolution
of internal relationships within the subfamily. Better
taxon sampling and incorporation of new data are
needed to clarify relationships within the Geophaginae.

In this paper, we used newly obtained sequences from
the mitochondrial ND4 gene and the nuclear RAG2
gene to derive a molecular phylogeny of the Geophagi-
nae. We also performed a combined analysis of the
new data with previously published sequences from
Neotropical cichlids, thus integrating all available
molecular evidence into the resolution of geophagine
relationships. In addition, taxon sampling was largely
expanded with respect to previous studies to include
16 of the 18 genera and 30 species of geophagines. We
used these data to: (1) evaluate relationships among gen-
era of Geophaginae, comparing our results to those
from previous studies; (2) determine the extent of substi-
tutional saturation and heterogeneity of molecular evo-
lutionary rates within the subfamily and their effect on
phylogenetic reconstruction; and (3) evaluate the phylo-
genetic evidence supporting an adaptive radiation of the
group, as a necessary step in studying patterns of evolu-
tion of morphology, ecology, and behavior within the
Geophaginae.
2. Materials and methods

2.1. Taxon sampling

DNA sequence data were collected for both the mito-
chondrial ND4 (NADH dehydrogenase subunit 4) gene
and the nuclear RAG 2 gene (Recombination Activating
Gene 2). Specimens examined included 21 genera and 38
species of Neotropical cichlids, and when possible, se-
quences were obtained from two individuals of each spe-
cies. Ingroup samples included 16 of 18 genera and 30
species (Table 1) of Geophaginae sensu Farias et al.
(1999, 2000, 2001), excluding only the genera Teleocichla
and Mazarunia, for which tissue samples could not be
obtained. The absence of these taxa from the dataset
should not affect the resolution of the phylogeny, be-
cause Teleocichla has been clearly established as the sis-
ter group of Crenicichla (Farias et al., 1999, 2000, 2001;
Stiassny, 1987), andMazarunia is known to be related to
Crenicara and Dicrossus (Kullander, 1990). The genus
Geophagus sensu lato includes three distinct genera, of



Table 1
List of taxa for which ND4 and RAG2 were sequenced in this study with collection localities and accession numbers to GenBank; more detailed locality data are available from HLF on request

# Fish Collection locality Accession numbers

ND4 16S Cyt b RAG2 Tmo-4C4 Tmo-M27

Outgroup taxa
Astronotus sp. 2 Aquarium trade AY566776 AF048998b

A. crassipinnis

AB018987e

A. ocellatus

AY566740 AOU70345f

A. ocellatus

AOU63668d

A. ocellatus

Cichla intermedia 1 Rı́o Cinaruco, Venezuela AY566788 AY566752
Cichla orinocensis 1 Rı́o Cinaruco, Venezuela AY566786 AF049018b AF370643a AY566751 AF113064c AF112602c

Cichla temensis 2 Rı́o Cinaruco, Venezuela AY566793 AF049019b AF370644a AY566755
Retroculus sp. 1 Macapá, Brazil AY566774 AF112591b AF370640a AY566737 AF113061c AF112599c

Cichlasomatinae

Cichlasoma orinocense 2 Apure, Venezuela AY566778 AF045845i AF145128c

C. bimaculatum

AY566747 AF113075c

C. amazonarum

AF112613c

C. amazonarum

Hoplarchus psittacus 1 Rı́o Cinaruco, Venezuela AY566789 AF045855i AF370673a AY566760 AF113074c AF112612c

Mesonauta egregius 2 Caño Maporal, Venezuela AY566782 AF045859i

M. insignis

AF370675a

M. insignis

AY566748 AF113066c

M. insignis

AF112604c

M. insignis

Geophaginae

Acarichthys heckelii 2 Aquarium trade AY566768 AF049004b AF370653a AY566733 AF113083c AF112621c

Apistogrammoides pucallpaensis 2 Rı́o Orosa, Perú AY566770 AY566735
Apistogramma hoignei 1 Caño Maporal, Venezuela AY566781 AF049006b

Apisto. sp.2
AF370656a

Apisto. sp.
AY566746 AF113095c

Apisto. sp.2
AF112633c

Apisto. sp.2
Apistogramma agassizi 2 Rı́o Orosa, Perú AY566787 AF049005b

Apisto. sp.1
AY566749

Biotodoma wavrini 2 Rı́o Cinaruco, Venezuela AY566784 AF049007b AF370657a AY566726 AF113082c AF112620c

Biotodoma cupido 2 Rı́o Orosa, Perú AY566772 AY566723
Biotoecus dicentrarchus 2 Rı́o Cinaruco, Venezuela AY566792 AF112641g

Biotoecus sp.
AY566754

Crenicara punctulatum 2 Rı́o Nanay, Perú — AF049008b

Crenicara sp.
AF370655a

Crenicara sp.
AY566742 AF113090c

Crenicara sp.
AF112628c

Crenicara sp.
Crenicichla geayi 2 Rı́o Las Marı́ as, Venezuela AY566771 AF045848i

Creni. sp.
AF370645a

Creni. sp.
AY566736

Crenicichla af. lugubris 2 Rı́o Cinaruco, Venezuela AY566785 AF049002b

C. lugubris

AF370646a

C. regani

AY566750 AF113087c

C. regani

AF112625c

C. regani

Crenicichla sveni 2 Apure, Venezuela AY566779 AF285939h

C. lepidota

AY566743 U70335f

C. saxatilis

CSU63667d

C. saxatilis

Crenicichla af. wallacii 2 Rı́o Cinaruco, Venezuela AY566790 AY566753
Dicrossus sp. 2 Aquarium trade AY566767 AY566731
Geophagus brachybranchus 2 Rı́o Cuyunı́, Venezuela AY566763 AY566727
Geophagus grammepareius 1 Rı́o Claro, Venezuela AY566796 AF112642g

G. argyrostictus

AY566724 AF113092c

G. argyrostictus

AF112630c

G. argyrostictus

Geophagus abalios 2 Rı́o Cinaruco, Venezuela AY566795 AF045850i

G. altifrons

AY566757 AF113091c

G. altifrons

AF112629c

G . altifrons

Geophagus dicrozoster 2 Rı́o Cinaruco, Venezuela AY566794 AF049009b

G. cf. proximus

AY566756

Geophagus surinamensis 2 Haut Maroni, French Guiana AY566777 AF112597b

Geophagus sp.
AF370658a

Geophagus sp.
AY566741 AF113093c

Geophagus

AF112631c

Geophagus sp.

(continued on next page)
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ó
p
ez-F

ern
á
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which two are in need of description (e.g., Kullander,
1986; Kullander and Nijssen, 1989). Each of these unde-
scribed genera was represented by one species in our
analysis, and we have referred to them as �Geophagus�
brasiliensis and �Geophagus� steindachneri to distinguish
them from Geophagus sensu stricto. One species of each
of the genera Cichlasoma, Mesonauta, and Hoplarchus

were added to the ingroup to further test geophagine
monophyly against the closely related Cichlasomatinae
(Farias et al., 2000, 2001; Kullander, 1998). Based on
previous knowledge of cichlid relationships (Farias
et al., 1999, 2000, 2001; Kullander, 1998; Oliver, 1984;
Stiassny, 1991), three species of Cichla and one of
Astronotus and Retroculus were used as outgroups.
Whenever possible, we sampled more than one species
per genus to test genus-level monophyly, and to improve
robustness and resolution of the analysis (e.g., Graybeal,
1998; Zwickl and Hillis, 2002). All references to ingroup
and outgroup throughout the paper correspond to the
above sets of taxa.

2.2. Molecular methods

The DNeasy kit (Qiagen) was used to extract total
genomicDNA frommuscle tissues stored in 95% ethanol.
The mitochondrial ND4 gene (648 bp) was amplified
using standard PCR protocols (94 �C denaturation,
60 s, 48 �C annealing 60 s, 77 �C extension 45 s for 35 cy-
cles) and directly sequenced using primersNap 2 (Arévalo
et al., 1994) and ND4LB (Bielawsky et al., 2002) and the
internal sequencing primer Geo-ND4F (50 TCCTCC
CCCTRATAATTCTKGC 30), specifically designed for
this study. The nuclear RAG 2 gene (�1000 bp) was
amplified using a touchdown PCR protocol (94 �C, 30 s
denaturation, 62, 60, and 58 �C, 2 cycles each; then
56 �C for 25 cycles, 60 s annealing, and 72 �C 90 s exten-
sion). PCR products were gel extracted using the Quia-
quick kit (Qiagen) before sequencing. Amplification and
external sequencing primers (F2 & R7) were from Love-
joy and Collette (2001) and the internal sequencing prim-
ers Geo IF (50 AGGTCCTACATGCCTACATGC) and
GeoIR (50 GGGGCTGCCTTGCARAAGC)were devel-
oped specifically for this study. Forward and reverse
DNA strands were sequenced with fluorescent-labeled
dideoxynucleotide terminators (BigDye, PE Biosystems)
following the protocol of Sanger et al. (1977) and using
an automated ABI Prism 377 or 3100 automated sequen-
cer (PE Biosystems).

2.3. Alignment

NCBI�s BLAST search was used to confirm the iden-
tity of all new sequences. Since cichlid sequences of ND4
and RAG2 were not available before this study, se-
quences significantly matching the expected nucleotide
regions in any teleosts were considered accurate and in-
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cluded in the analyses. Forward and reverse sequences
were edited and aligned in Sequencher 4.0 (Genecodes)
and a consensus sequence was constructed for each spec-
imen of each taxon. Unambiguous sequences of the
ND4 fragment could not be obtained for the geophagine
taxa Crenicara punctulatum and Gymnogeophagus balza-
nii, thus they were removed from the ND4 matrix and
treated as missing data in all analyses (Table 1). Preli-
minary multiple alignments of all sequences were deter-
mined with Clustal X (Thompson et al., 1994), using
default gap penalties. Several gap penalties were used
to account for any indels involving codons. The same
procedure was followed when combining our data with
previously published sequences from mitochondrial
genes (16S and cytochrome b), and two microsatellite
flanking regions (Tmo-M27 and Tmo-4C4). The 16S
fragment was aligned using the secondary structural
model of Xenopus laevis predicted by the Gutell Lab at
the University of Texas at Austin (Cannone et al.,
2002: http://www.rna.icmb.utexas.edu). Twenty-nine
base pairs in regions of ambiguous structural alignment
were excluded because positional homology could not
be established. The alignments of microsatellite flanking
region Tmo-M27 and nuclear locus Tmo-4C4 were
checked for unnecessary gaps or obvious alignment mis-
takes, but otherwise were used unmodified. GenBank
accession numbers for new sequences used in this study
are given in Table 1; a Nexus file with the alignments for
all loci is available from RLH on request.

2.4. Tests of saturation effects and rate heterogeneity

Potential substitutional saturation in ND4 and
RAG2 was evaluated using saturation plots and chi
square tests. We plotted uncorrected pairwise sequence
divergence distances against maximum likelihood
(ML) distances. In the absence of substitutional satura-
tion, these plots should reveal a linear increment of
uncorrected distance in relation to ML distance. If se-
quences are saturated (i.e., multiple substitutions occur
at a given nucleotide position) the plots should plateau
beyond a certain amount of uncorrected sequence diver-
gence. Incorrect assumptions about the number of sub-
stitutions because of saturation can lead to incorrect
phylogenetic inference (e.g., Swofford et al., 1996). We
used saturation plots to separately evaluate transition
and transversion substitutions at each codon position.
ML model parameters were derived using nested likeli-
hood ratio tests as implemented in ModelTest (Posada
and Crandall, 1998). v2 tests were used to determine if
frequency and type (i.e., transitions, transversions) of
substitutions at a given position were significantly more
likely to occur than at other positions (see Larson,
1994). The number of changes at each position was
determined from either the most parsimonious (MP)
tree (ND4) or the strict consensus of the MP trees
(RAG2) derived from each data set (see below). Only
parsimony-informative characters were included in the
counts.

The branch length test (BLT) of Takezaki et al. (1995)
was performed using the LINTRE program (1995,
http://www.bio.psu.edu/People/Faculty/Nei/Lab). The
BLT tests whether the branch length of a lineage is signif-
icantly longer or shorter than the average branch length
across the tree (Takezaki et al., 1995), thus detecting
whether a lineage evolves significantly faster or slower.
Accuracy and power of the test increases when the tree
is rooted with the nearest outgroup (Robinson et al.,
1998), and when taxon sampling is increased (Robinson
et al., 1998; Sorhannus and Van Bell, 1999). With this in
mind, we used Astronotus as an outgroup following the
results of Farias et al. (2000), and performed the test
including all species in the phylogeny.

2.5. Phylogenetic analyses

Parsimony and Bayesian analyses were performed
separately on the ND4 and RAG2 datasets; addition-
ally, a simultaneous analysis (SA) was performed on
both genes combined. Under parsimony, both equally
and differentially weighted analyses were performed to
assess whether possible saturation effects or lineage-spe-
cific rate heterogeneity affect phylogenetic resolution.
We used two-parameter step matrices to differentially
weight transitions and transversions for each of the
aligned gene fragments. We estimated transition–trans-
version ratios using ML on a Neighbor-Joining tree con-
structed using the HKY85 model of nucleotide
substitution (Hasegawa et al., 1985) in PAUP*. All par-
simony phylogenetic analyses were performed in
PAUP* v4.0b10 (Swofford, 2002) using 100 replicates
of heuristic search with random addition sequence and
tree bisection and reconnection (TBR) branch swapping.
Support for the parsimony-derived topologies was esti-
mated with non-parametric bootstrap (Felsenstein,
1985) and Bremer support indices (Bremer, 1988,
1994) with searches performed in PAUP*. Bootstrap in-
cluded 100 pseudoreplicates and 10 heuristic search rep-
licates under the same conditions of the original search,
for both the equally and differentially weighted analyses.
Bremer support was estimated for the equally weighted
trees using topological constraints implemented in
MacClade 4.0 (Maddison and Maddison, 2000) and
100 replicates of heuristic search using random addition
sequences and TBR.

We used Bayesian phylogenetic analyses of each data
set (ND4, RAG2, and SA) to determine whether the use
of a model-based approach improved phylogenetic reso-
lution by explicitly accounting for the effect of rate het-
erogeneity and sequence saturation. Analyses were run
in MrBayes 3.0b4 (Huelsenbeck and Ronquist, 2001;
Ronquist and Huelsenbeck, 2003). This version of

http://www.rna.icmb.utexas.edu
http://www.bio.psu.edu/People/Faculty/Nei/Lab
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MrBayes implements a modified Metropolis coupled
Markov Chain Monte Carlo (MC3) algorithm that inde-
pendently samples trees and the parameters of the model
of evolution from each data partition (Ronquist and
Huelsenbeck, 2003). The program produces topologies
of the combined data, but uses separate models of evo-
lution for each partition. Initial models of molecular
evolution were selected using nested Likelihood Ratio
Tests as implemented in ModelTest (Posada and Crand-
all, 1998). Once the general model was obtained for each
partition, specific parameters of nucleotide substitution
were left as unknown using default priors, thus each
model could accommodate several possible rate models
(Huelsenbeck and Imennov, 2002). For each data set,
phylogenetic analyses were run for 2 · 106 generations,
sampling every 100 generations for a total of 20,000
samples per run (Leaché and Reeder, 2002). We plotted
the log-likelihood values of each sample against the
number of generations, and considered the Markov
chain attained stationarity when log-likelihood esti-
mates reached a stable value (Huelsenbeck and Ron-
quist, 2001; Leaché and Reeder, 2002). All samples
with likelihood values below the stationarity level were
discarded as burn-in. Three methods were applied to
each data set to avoid estimating phylogenies corre-
sponding to local optima. (1) The MC3 algorithm imple-
mented in MrBayes was employed. This approach
facilitates an efficient search of tree space by using three
incrementally heated chains along with the cold chain
from which parameters are derived. Heated chains re-
duce the height of suboptimal peaks and fill valleys be-
tween peaks; by randomly swapping with the heated
chains, the cold chain can more effectively explore tree
space, reducing the chance of being trapped on local
suboptimal peaks (Geyer and Thompson, 1995; Huel-
senbeck and Ronquist, 2001; Ronquist and Huelsen-
beck, 2003). (2) For each data set, we repeated the
MC3 analyses with different starting trees until not less
than four runs converged on the same mean stationarity
value. Samples were then used from the four runs that
converged on the highest likelihood. (3) For each of
the four convergent analyses, we separately estimated
a 50% majority rule consensus tree, and calculated mean
values for the parameters of nucleotide substitution.

2.6. Internal branch tests

An internal branch test (IBT) was employed to deter-
mine whether short basal branches in the phylogeny rep-
resent credible relationships or a polytomy. IBTs are
designed to establish the reliability of a tree by determin-
ing whether the length of its internal branches is signif-
icantly different from zero (Nei and Kumar, 2000). A
bootstrap-based IBT, in which a distribution of internal
branch lengths for the topology being tested is created,
was used to determine whether branches were signifi-
cantly positive (Dopazo, 1994; Sitnikova, 1996; Sitnik-
ova et al., 1995). The IBT was performed in MEGA2
version 2.1 (Kumar et al., 2001) using each data set to
build distance-based trees under neighbor-joining (NJ)
and minimum evolution (ME). Trees were produced un-
der the Kimura-2-parameter (1980) and the Tamura and
Nei (1993) models of nucleotide substitution, both with
and without gamma distributions to account for among-
site rate heterogeneity (Felsenstein, 2004; Swofford
et al., 1996).
3. Results

3.1. Sequence divergence and saturation effects

The aligned ND4 dataset included 648 bp. A single
codon deletion was found in Retroculus sp. at position
126, and at position 130 in all species of Cichla as well
as in Biotodoma cupido. Homogeneity of nucleotide
composition was not rejected by the v2 test (v2 =
90.111, df = 105, p > 0.8) as implemented in PAUP*
4.0b10 (Swofford, 2002). The HKY85 model of substitu-
tion revealed an overall transition–transversion ratio of
2.23, which we used for weighted parsimony analysis.
The largest overall genetic distance (uncorrected se-
quence divergence = 41.52%) occurred among the geo-
phagine taxa Crenicichla wallacii and Dicrossus sp.,
and the smallest divergence (4.78%) between Geophagus

brachybranchus and G. surinamensis. Sequence diver-
gence between geophagine cichlids and outgroup taxa
ranged between 16.2% (Guianacara n. sp. �Caronı́� · Cic-

hla orinocense) and 36.8% (Crenicichla wallacii · Cichla

intermedia). Divergence between geophagine and cichl-
asomine taxa varied between 18.3% (Cichlasoma orino-

cense · G. brachybranchus) and 37.9% (Mesonauta

egregius · Crenicichla wallacii). Saturation plots re-
vealed a linear pattern of substitution for first and sec-
ond positions and for third position transversions.
However, beyond approximately 35% uncorrected
divergence, a clear saturation effect was observed for
third position transitions (Fig. 1). v2 Tests showed that
third-position transitions occur significantly more fre-
quently than any other type of substitution (v2 =
57.71, df = 9, p < 0.001).

The RAG2 dataset included 976 bp, with no differ-
ences in length among the 38 taxa included. Homogene-
ity of base composition was not rejected by the chi
square test (v2 = 7.498, df = 111, p = 1.0), and the tran-
sition–transversion ratio was estimated at 2.41. The
largest overall genetic distance (7.2%) occurred among
the geophagine taxa Apistogramma hoignei and B. cup-

ido, and the smallest between G. brachybranchus and
G. surinamensis, which showed no difference in their se-
quences for the RAG2 fragment. Sequence divergence
between geophagine cichlids and outgroup taxa ranged



Table 2
Branch length test of rate heterogeneity (Takezaki et al., 1995)

Taxon name BLT, P value, rate of evolution

df = 35
ND4

df = 37
RAG2

Guianacara n.sp. �Caronı́� <0.001 � <0.05 �
Acarichthys heckelii <0.01 � <0.001 �
Biotodoma wavrini NS NS
Biotodoma cupido <0.001 + <0.05 +
Mikrogeophagus altispinosus NS NS
Mikrogeophagus ramirezi <0.05 � NS
Biotoecus dicentrarchus NS NS
Crenicara punctulatum N/A NS
Dicrossus sp. <0.01 + NS
Geophagus surinamensis <0.001 � NS
Geophagus brachybranchus <0.001 � NS
Geophagus abalios <0.001 � NS
Geophagus dicrozoster <0.001 � <0.05 �
Geophagus grammepareius <0.001 � NS
�Geophagus� brasiliensis <0.001 � NS
�Geophagus� steindachneri <0.001 � NS
Satanoperca pappaterra NS NS
Satanoperca jurupari NS NS
Satanoperca mapiritensis NS NS
Satanoperca daemon NS NS
Gymnogeophagus rhabdotus NS NS
Gymnogeophagus balzanii N/A NS
Crenicichla af. wallacii <0.001 + NS
Crenicichla sveni <0.001 + NS
Crenicichla af. lugubris <0.001 + NS
Crenicichla geayi <0.001 + NS
Apistogrammoides pucallpaensis NS <0.001 +
Apistogramma agassizi <0.001 + <0.001 +
Apistogramma hoignei NS <0.01 +
Taeniacara candidi <0.001 + NS
Hoplarchus psittacus <0.001 � NS
Mesonauta egregius <0.001 � NS
Cichlasoma orinocense <0.001 � NS
Retroculus sp. NS NS
Cichla orinocensis <0.001 � <0.001 �
Cichla intermedia <0.001 � <0.05 �
Cichla temensis <0.001 � <0.001 �

P values are reported followed by a sign indicating rate increase (+) or
rate decrease (�) in comparison with the average rate for all taxa.
Model used for BLT was Tamura Nei + C as implemented in
LINTRE.

Fig. 1. Saturation plots for third position transversions in ND4 and
RAG2. The graphs represent the increase in maximum likelihood
distance correcting for multiple nucleotide substitutions versus the
increase in uncorrected genetic distance between pairs of sequences; R2

values show the fit of the relationship to a linear regression model. In
the absence of saturation, both distances should increase linearly.

H. López-Fernández et al. / Molecular Phylogenetics and Evolution 34 (2005) 227–244 233
between 6.7% (Acarichthys heckelii · Retroculus sp.) and
2.6% (Acarichthys heckelii · Cichla temensis). Diver-
gence between geophagine and cichlasomine taxa varied
between 6.4% (A. hoignei · Mesonauta egregius) and
3.0% (Acarichthys heckelii · Hoplarchus psittacus). Satu-
ration plots for the aligned 976 bp from 38 taxa revealed
no apparent saturation of nucleotide substitution at any
codon position, even at third position transitions (Fig.
1). These results were corroborated by the v2 test, which
indicated that third position transitional substitutions
do not occur with higher frequency than other types of
substitutions (v2 = 3.56, df = 3, p = 0.313).

The BLT indicated that rate heterogeneity is present
in both ND4 and RAG2, but is more extensive in the
former. In ND4, the genera Biotodoma, Dicrossus, Cre-
nicichla, Apistogramma, and Taeniacara showed at least
one species with significantly longer branches than aver-
age (Table 2), indicating an accelerated rate of molecu-
lar evolution. In contrast, Guianacara, Acarichthys,
Mikrogeophagus, and Geophagus sensu lato showed sig-
nificantly shorter branches than average. With the
exception of Retroculus (p > 0.05), all non-geophagine
taxa showed lower rates of evolution in the mitochon-
drial gene. RAG2 showed a less heterogeneous pattern
of evolution, and only Biotodoma and Apistogramma

(including Apistogrammoides) showed accelerated rates
of molecular evolution, whereas Guianacara, Acarich-

thys, and one species of Geophagus sensu stricto showed
significantly lower rates. Of the non-geophagine taxa,
only Cichla had significantly shorter branches, whereas
branches in other taxa were not significantly different
from average.

3.2. Phylogenetic relationships

3.2.1. ND4

Parsimony analysis of ND4 included 395 informative
sites for 36 taxa. Unweighted analysis produced 2 MP
trees of 2770 steps with a global consistency index (CI)
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of 0.30, retention index (RI) of 0.39, and rescaled consis-
tency index (RC) of 0.12. Transition–transversion
weighted parsimony resulted in a single MP tree of
3918.91 steps and CI = 0.32, RI = 0.41 and RC =
0.13. Both analyses produced essentially the same topol-
ogy (Fig. 2A), with a weakly supported monophyletic
Geophaginae (denoted by an asterisk in Fig. 2). Support
for all basal nodes within the Geophaginae (i.e., inter-
generic relationships) was weak. Additionally, only
monophyly of the genera Cichla, Crenicichla, Biotod-

oma, and, to a lesser extent, Geophagus sensu stricto

was strongly supported. The unweighted analysis ren-
dered the genera Satanoperca and Mikrogeophagus

paraphyletic, grouping Satanoperca pappaterra with
Biotoecus,Mikrogeophagus altispinosus with Crenicichla,
and M. ramirezi with a clade including the remainder
Satanoperca, Apistogramma and Taeniacara. Weighted
parsimony recovered Mikrogeophagus monophyly, but
Satanoperca pappaterra remained weakly grouped with
Biotoecus. The slight improved resolution observed in
the weighted analysis suggested that sequence saturation
Fig. 2. (A) Consensus of most parsimonious topologies derived from equally
analysis of a 648 bp of the mitochondrial NADH dehydrogenase subunit 4 (N
weighted analyses is given above branches (only scores >50% are shown); B
branches. Support values for nodes a–c are given to the right of the tree. Da
analysis recovers a monophyletic Mikrogeophagus. See text for tree statistics.
with a GTR + I + C general model of evolution. The topology resulted f
generations sampling every 100 trees with burn in of 50,000 generations/500 t
or near nodes. Node marked with an asterisk denotes the basal node of the
and/or rate heterogeneity may affect the performance of
parsimony analysis of ND4, and that a model-based
analysis that corrects for these factors may further im-
prove results. We used a general time reversible model
of molecular evolution with invariants and gamma-ap-
proximated site-specific rate heterogeneity (GTR +
I + C) for the Bayesian analysis. Four independent runs
converged in the same likelihood range after approxi-
mately 25,000 generations, and we discarded the first
50,000 (500 trees) as burn in. Fifty percent majority rule
topologies and model parameters for each run (19,500
trees/samples per run) were identical, thus all trees were
combined into the final topology (Fig. 2B). The Bayes-
ian analysis produced a monophyletic Geophaginae, al-
beit weakly supported and with visibly short basal
branches. Once again, geophagine basal nodes were
weakly supported. The position of the genera Gymnoge-

ophagus, �Geophagus� steindachneri, �Geophagus� brasili-
ensis, and Dicrossus was largely inconsistent between
the parsimony and Bayesian trees. Mikrogeophagus

was monophyletic and strongly supported, but Satanop-
weighted (2 MP trees) and transition–transversion weighted (1 MP tree)
D4). Boostrap support, based on 100 pseudoreplicates, for unweighted/
remer decay indices for the equally weighted analysis are given below
shed lines indicate how a transition–transversion weighted parsimony
(B) 50% majority rule Bayesian topology derived from ND4 sequences
rom combining 78,000 trees from four independent runs of 2 · 106

rees for each analysis. Posterior probabilities are given above branches
subfamily Geophaginae.
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erca pappaterra was weakly grouped with Biotoecus as in
the MP analyses. Interestingly, parsimony analysis after
removal of third position transitions (not shown), does
recover a monophyletic Satanoperca, suggesting that
the models used for analysis (i.e., ti/tv weighting,
GTR + I + C) do not completely correct the effect of se-
quence saturation.

3.2.2. RAG2

Parsimony analysis of RAG2 included 155 parsimony
informative sites for 38 taxa. Unweighted analysis re-
sulted in 152 MP trees of 483 steps and CI = 0.70,
RI = 0.71 and RC = 0.50. The transition–transversion
weighted analyses produced 36 MP trees of 681.99 steps
and CI = 0.71, RI = 0.73 and RC = 0.52. Differential
weighting did not produce a different topology from that
obtained by equally weighted characters (Fig. 3A). Geo-
phaginae were monophyletic and moderately supported,
and all genera were monophyletic. MP analyses of
RAG2 could not resolve the more basal relationships
within the Geophaginae, but recovered three multi-ge-
nus clades: (1) the tribe Acarichthyini (Acarichthys and
Fig. 3. (A) Consensus of most parsimonious topologies derived from equally
trees) analysis of a 976 bp of the nuclear Recombination Activation Gen
unweighted/weighted analyses is given above branches (only scores >50% a
given below branches. Support values for nodes a–o are given to the right o
topology using RAG2 sequences with a GTR + I + C general model of evo
independent runs of 2 · 106 generations sampling every 100 trees with bu
probabilities are given above branches or nodes. Node marked with an aster
clades: BC = Big clade; CrC = Crenicarine clade; SC = Satanoperca clade; T
Guianacara, Kullander, 1998), (2) a clade formed by
Satanoperca, Apistogramma, and Taeniacara (‘‘Satanop-
erca clade,’’ from here on), and (3) a large clade includ-
ing the sister Crenicara and Dicrossus (crenicarine clade,
from here on), Biotodoma, Mikrogeophagus, Geophagus
sensu lato, Gymnogeophagus, referred to as the ‘‘Big
clade’’ from here on. RAG2 Bayesian analyses were
run using a GTR + I + C model of nucleotide substitu-
tion. Four analyses with convergent likelihood values
were used for tree construction as described for ND4,
but in this case, we discarded the first 1000 trees as burn
in. As before, 50% majority rule consensus trees and
parameters of sequence evolution for each of the four
analyses were identical, thus topologies were combined
into a single tree (Fig. 3B). The Bayesian topology was
identical to the parsimony tree, but Crenicichla and Bio-

toecus were weakly placed at the base of the ‘‘Big clade’’
(Fig. 3B).

3.2.3. Simultaneous analysis

The combined datasets of ND4 and RAG2 pro-
duced a matrix of 1624 bp with 550 parsimony infor-
weighted (152 MP trees) and transition–transversion weighted (36 MP
e 2 (RAG2). Boostrap support, based on 100 pseudoreplicates, for
re shown); Bremer decay indices for the equally weighted analysis are
f the tree. See text for tree statistics. (B) 50% majority rule Bayesian
lution. The topology resulted from combining 76,000 trees from four
rn in of 100,000 generations/1000 trees for each analysis. Posterior
isk denotes the basal node of the subfamily Geophaginae. Highlighted
A = Tribe Acarichthyini.
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mative positions for 38 taxa. Since ND4 sequences
were not available for C. punctulatum and G. balzanii

(see Section 2), these were treated as missing data.
The unweighted parsimony analysis produced 1 MP
tree of length 3304 with CI = 0.36, RI = 0.42 and
RC = 0.15, and the transition–transversions weighted
analysis resulted in 1 MP tree of 4667.94 steps with
CI = 0.37, RI 0.44 and RC = 0.16 (Fig. 4A). The Geo-
phaginae were monophyletic, but with short, unre-
solved basal branches. Satanoperca pappaterra was
rendered paraphyletic, clearly because of the saturation
effect from ND4; once again, removal of third position
transitions from the mitochondrial data made the
genus strongly monophyletic (not shown). Despite the
exclusion of S. pappaterra, parsimony SA analysis
recovered a mildly supported ‘‘Satanoperca clade,’’
especially after differential weighting. Bayesian SA
analyses were performed under unlinked GTR + I + C
Fig. 4. (A) Consensus of most parsimonious topologies derived from equally
analysis of the combined 1624 bp of the mitochondrial ND4 and the nu
unweighted/weighted analyses is given above branches (only scores >50% a
given below branches. Support values for nodes a–j are given to the right o
topology using ND4 and RAG2 sequences with unlinked GTR + I + C gene
trees from four independent runs of 2 · 106 generations sampling every 100
Posterior probabilities are given above branches or near nodes. Node marked
Highlighted clades: BC = Big clade; CrC = Crenicarine clade; SC = Satanop
models of nucleotide substitution for each partition.
The final topology (Fig. 4B) was derived exactly as de-
scribed for ND4; parameters of sequence evolution for
ND4 and RAG2 were not different from those esti-
mated during the individual analyses. The Bayesian
topology was similar to the RAG2 trees (Fig. 3), with
short and marginally supported basal branches. All
genera were strongly monophyletic, including Satanop-

erca, and S. pappaterra revealed a longer branch than
other species in the genus. Clearly, the combination
of the two genes under a model-based analysis cor-
rectly recovered this relationship, which was not
resolved by parsimony analyses including ND4. Well-
supported intergeneric relationships included the tribe
Acarichthyini, the ‘‘Satanoperca clade,’’ the crenicarine
clade, a clade uniting Geophagus sensu stricto with
�Geophagus� steindachneri and Gymnogeophagus, and a
clade of �Geophagus� brasiliensis and Mikrogeophagus.
weighted (1 MP tree) and transition–transversion weighted (1 MP tree)
clear RAG2. Boostrap support, based on 100 pseudoreplicates, for
re shown); Bremer decay indices for the equally weighted analysis are
f the tree. See text for tree statistics. (B) 50% majority rule Bayesian
ral models of evolution. The topology resulted from combining 78,000
trees with burn in of 50,000 generations/500 trees for each analysis.
with an asterisk denotes the basal node of the subfamily Geophaginae.
erca clade; TA = Tribe Acarichthyini.
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The ‘‘Big clade’’ (Fig. 4B, node h) was not as well sup-
ported by posterior probabilities as it was in the RAG2
analyses (Fig. 3).

3.3. Internal branch tests

Under all models of nucleotide substitution in all
datasets, with and without a gamma distribution, only
a few branches were significantly different from zero
(Figs. 2 and 3). Most intergeneric relationships showed
branches whose length confidence probabilities were
much lower than 95% (Nei and Kumar, 2000; Kumar
et al., 2001). The only exceptions were the branches at
the base of the ‘‘Satanoperca clade’’ and the Crenic-
ara + Dicrossus clade. These results reveal that basal
branches are extremely short, and suggest a scarcity of
characters associated with the early stages of geophagine
diversification.
4. Discussion

4.1. Saturation, rate heterogeneity, and phylogenetic

resolution

Saturation plots and v2 analysis revealed some satu-
ration at third position transitions in the mitochondrial
gene ND4, but no saturation was observed for the nucle-
ar locus RAG2 (Fig. 1). Our analyses also revealed sub-
stantial lineage-specific rate heterogeneity, especially in
ND4 (Table 2). Biases introduced by saturation and/or
rate heterogeneity appear to have a significant effect
on the resolution of geophagine phylogenetic relation-
ships when mitochondrial data are used. Particularly,
parsimony analysis of ND4 failed to recover the mono-
phyletic genera Mikrogeophagus and Satanoperca (Fig.
2A). Differential weighting of transitions and transver-
sions partially corrected the problem and identified a
monophyletic Mikrogeophagus, but only total removal
of third position transitions recovered a monophyletic
Satanoperca under parsimony. Bayesian analysis of
ND4 alone was partially effective, indicating that imple-
mentation of a model-based phylogenetic approach im-
proves results, but the selected model of molecular
evolution for ND4 (i.e., GTR + I + C) was not able to
completely correct the bias in the sequence of S. pappa-
terra. Parsimony analysis of RAG2 recovered a strongly
monophyletic Satanoperca (Fig. 3) and the monophyly
of the genus is well established based on independent
data (e.g., Kullander, 1986). Lack of resolution in
ND4 is probably due to the evolutionary patterns ob-
served for this particular locus, and the use of a specific
model of molecular evolution compensates for the effect
of saturation and rate heterogeneity, yielding improved
phylogenetic results. This interpretation is further sup-
ported by the simultaneous analyses, which under parsi-
mony failed to recover a monophyletic Satanoperca

(Fig. 4A) but strongly supported monophyly of the
genus when the model-based Bayesian analysis was used
(Fig. 4B). It is well known that Bayesian posterior prob-
abilities tend to inflate the actual support offered by the
data to a particular node (Douady et al., 2003; Erixon et
al., 2003; Simmons et al., 2004; Suzuki et al., 2002).
However, due to the biases introduced by the use of
ND4, we believe that the SA Bayesian tree represents
the most reliable inference of geophagine relationships
that can be obtained from our data. It is particularly
interesting that most relationships with highest posterior
probabilities coincide with those few for which branch
lengths were significantly positive (Fig. 4B, e.g., ‘‘Sata-
noperca clade’’, crenicarine clade, Biotodoma, Gymnoge-

ophagus), or that were repeatedly recovered in various
analyses (e.g., Figs. 3 and 4B, ‘‘Big Clade’’). Even con-
sidering the caveats associated with posterior probabili-
ties, the consistent recovery of these relationships in
various analyses suggests that they probably represent
monophyletic clades. The Bayesian results are also inter-
esting in that they show low support for most basal
nodes, as do parsimony results and branch length tests.
Given the explicit correction for saturation and rate het-
erogeneity effects, low posterior probabilities should not
result from biases in molecular evolution of a locus, and
an additional cause should be found for these weakly
supported nodes.

4.2. Phylogenetic relationships of the Geophaginae

Phylogenetic relationships of geophagine cichlids
found with our ND4 + RAG2 molecular dataset were
significantly more likely than those proposed by Kul-
lander (1998) based on morphology (Shimodaira–Hase-
gawa test, p < 0.05, �ln L Kullander tree = 21590.92,
�ln L this study = 21566.08). Our results are also qual-
itatively different from Farias et al.�s (1999, 2000, 2001)
topologies based on separate and total-evidence analy-
ses of molecular and morphological characters. A
quantitative comparison of our results to those of Far-
ias et al.�s (1999, 2000, 2001) was not possible due to
the reduced taxon sampling in their datasets. For in-
stance, the absence of the genera Dicrossus, Crenicara,
Biotoecus, Satanoperca, and �Geophagus� steindachneri

from some or all of their analyses did not allow for
meaningful direct comparison of their trees and ours.
We discuss our results (summarized in Fig. 5A) in
the context of previously proposed hypotheses of geo-
phagine relationships, particularly the morphology-
based phylogeny of Kullander (1998, Fig. 5B), and
the total molecular evidence tree of Farias et al.
(2000, Fig. 5C). Of several trees proposed by Farias
et al. (1999, 2000, 2001), their total molecular evidence
tree simultaneously offers the largest dataset (1371 bp
from three genes) and the most extensive taxon



Fig. 5. Geophagine phylogenetic relationships from molecular and morphological data. (A) Bayesian tree from simultaneous analysis of ND4 and
RAG2. (B) Kullander (1998) topology derived from analysis of 91 morphological characters showing the internal classification proposed based on
that tree. (C) Farias et al. (2000) topology derived from the combined analysis of molecular data from three loci (1 mitochondrial, 2 nuclear). The
table in the center compares the taxon sampling in each of three studies. Genera illustrated in column I were included in our study; shared genera
between our study and those of Kullander and Farias et al. are marked with an ‘‘·’’ in columns II and III, respectively. The asterisk highlights the
genus Teleocichla, which was included in Farias et al.�s (2000) study, but was absent from our dataset (see text). Tree comparisons clearly show that
molecular evidence does not support Kullander�s classification; taxon sampling in Farias et al.�s studies was not sufficient to test Kullander�s
hypothesis.
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sampling of relevance for our study (11 geophagine gen-
era). In other analyses, they included either more data for
less taxa (e.g., Farias et al., 2001; 4 genes plus Kul-
lander�s morphology for 8 geophagine genera) or more
taxa with less data (e.g., Farias et al., 2001; 1 gene for
13 geophagine genera), but these trees were less sup-
ported than the one we selected for comparison.

To further evaluate the contribution of our data to
resolving geophagine relationships, we constructed a
‘‘supermatrix’’ (Gatesy et al., 2002) combining our
dataset with published sequences of the mitochondrial
genes 16S and cytochrome b, the microsatellite flanking
region Tmo-M27, and the nuclear locus Tmo-4C4 (Ta-
ble 1). The obtained six-gene supermatrix allowed for a
total-evidence analysis of all molecular data available
for the Geophaginae, and provided additional data to
test support for intergeneric relationships at the base
of the tree. The large diversity (over 180 described spe-
cies, Kullander (2003)) and extended geographic distri-
bution of geophagine cichlids (southern Panama to
northern Argentina) makes it largely impossible to ob-
tain samples of exactly the same taxa used in other
studies. As our objective was to resolve intergeneric
relationships, we circumvented species-level taxonomic
mismatches between our new data and published se-
quences by creating composites of species within each
genus. Given that our SA tree provided strong support
for genus-level monophyly within the Geophaginae,
this strategy should increase the amount of data to re-
solve the weakly supported basal nodes of the phylog-
eny. Whenever possible, we based species combinations
on previous knowledge of intra-generic phylogeny. For
example, Satanoperca daemon was combined with S.

acuticeps following Kullander and Ferreira (1988),
and Gymnogeophagus rhabdotus with G. labiatus based
on Wimberger et al. (1998). However, a lack of explicit
phylogenetic information often forced us to base our
decisions on rather arbitrary criteria that helped reduce
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the amount of missing data. The result of combining
the six gene data was a matrix of 38 OTUs with con-
catenated species within most genera and missing data
whenever a locus was not available for a particular
genus. When published sequences were lacking for a
genus or locus, we coded that part of the matrix as
missing data (?). The final structure of the supermatrix
is illustrated in Table 1, which shows the species that
were concatenated within each genus, and the accession
numbers for all sequences employed. We analyzed the
supermatrix under parsimony, but did not use Bayesian
methods because, to our knowledge, the effect of miss-
ing data on this type of analysis has not been evalu-
ated. On the other hand, parsimony is known for
being robust to the effect of relatively large amounts
of missing data (e.g., Wiens and Reeder, 1995). To par-
tially reduce the effect of saturation and rate heteroge-
neity observed in ND4, we decided to remove third
position transitions from the dataset. Although this
strategy is not as effective as using an explicit model
of sequence evolution, it is compatible with parsimony
analysis. After removal of ND4 third position transi-
tions, the six-gene dataset included 3748 nucleotides,
of which 954 were parsimony informative. Phylogenetic
analysis produced a single MP tree of 4389 steps with
CI = 0.47, RI = 0.42, and RC = 0.20. The tree derived
from the supermatrix (Fig. 6) is of interest when com-
paring the results from our newly derived data and pre-
viously published sequence analyses. Additionally, the
supermatrix provides further evidence suggesting that
weak support and lack of resolution at the base of
the geophagine phylogeny is not due to lack of charac-
ters or the effect of biased substitution patterns in any
particular locus. In the following paragraphs, we dis-
cuss the impact of our ND4 and RAG2 analyses on
currently available hypotheses of geophagine relation-
ships, and evaluate how these new data fit within pub-
lished datasets.

Our results coincide with those of Farias et al. (2001)
in including Crenicichla within Geophaginae (Fig. 5A
and C), whereas Kullander (1998) found Crenicichla to
group with Cichla at the base of the Neotropical Cichli-
dae (see also Stiassny, 1987, 1991). The widely corrobo-
rated sister-group relationship of Crenicichla and
Teleocichla (e.g., Farias et al., 1999, 2000, 2001; Sti-
assny, 1987) and the established relationship of Crenic-
ara and Dicrossus with the rare genus Mazarunia

(Kullander, 1990) indicate that these genera also belong
within the Geophaginae. Although monophyly of the
subfamily was strongly supported, relationships among
most geophagine genera remain difficult to resolve. De-
spite the large amount of data analyzed and nearly com-
plete genus-level taxon sampling, support for
suprageneric relationships was generally poor. Nonethe-
less, several clades were recovered and each will be dis-
cussed separately.
4.2.1. The tribe acarichthyini

A sister-group relationship between Acarichthys and
Guianacara (representing the formally recognized Acar-
ichthyini) was recovered by the RAG2 data and by the
Bayesian SA, with increased posterior probabilities in
the latter (Figs. 4 and 5A). Nevertheless, parsimony
analysis of both the combined data (Fig. 4A) and the
supermatrix (Fig. 6) failed to recover the Acarichthyini,
even after either differential weighting or removal of sat-
urated positions from ND4. Repeated recovery of the
clade suggests that it is likely monophyletic, but it is also
evident that support for the clade is reduced by the effect
of saturation and/or rate heterogeneity, as the ND4 and
uncorrected datasets were not able to recover the rela-
tionship. The tribe Acarichthyini was repeatedly recov-
ered by morphological (Kullander, 1998) and some,
but not all, molecular analyses (Farias et al., 1999,
2000, 2001). Nevertheless, support for the clade was al-
ways low with respect to other relationships (e.g., Farias
et al. 1999, Fig. 3; Farias et al. 2001, Fig. 4). It is inter-
esting that the addition of a significant amount of new
data (i.e., ND4 and RAG2) does not provide stronger
support for either the Acarichthyini or for its possible
relationships to the remainder of the Geophaginae.

4.2.2. The ‘‘Satanoperca clade’’

This clade was consistently retrieved in all our analy-
ses under parsimony and Bayesian approaches (Figs. 2–
6). The ‘‘Satanoperca clade,’’ including Satanoperca,
Apistogramma, Apistogrammoides, and Taeniacara, was
not supported by previous morphological analyses (Kul-
lander, 1998), in which Satanoperca grouped with
�Geophagus� steindachneri and Apistogramma with Gym-

nogeophagus as part of Kullander�s (1998) tribe Geopha-
gini (Fig. 5B). Farias et al. (1999, 2000, 2001), using
mitochondrial 16S and cytochrome b sequences, recov-
ered the clade in independent analyses, but their total
evidence analysis grouped Apistogramma with Cre-
nicichla, probably because Satanoperca was not included
in the dataset (Farias et al., 2000, 2001; Fig. 5C). In our
analyses, the ‘‘Satanoperca clade’’ was generally well
supported, and also was one of two suprageneric group-
ings with significant branch lengths (internal branch test,
Figs. 2–4 and 6), supporting monophyly of this clade.
Within the genus Apistogramma, most analyses grouped
A. hoignei with the monotypic Apistogrammoides (Figs.
2B, 3 and 4), suggesting that this genus consists of an
autapomorphic species of Apistogramma and does not
warrant separate status.

4.2.3. The ‘‘Big clade’’

A clade including the genera Biotodoma,Mikrogeoph-

agus, Geophagus sensu lato, Gymnogeophagus, Crenicara,
and Dicrossus (Figs. 3, 4B, and 6) was moderately sup-
ported and consistently recovered by RAG2, the Bayes-
ian SA, and the supermatrix. Despite its limited



Fig. 6. Single MP tree derived from analysis of 3748 nucleotides of the combined RAG2, ND4 ( after removal of saturated third position transitions),
cytochrome b, 16S, Tmo-M27, and Tmo-4C4. Boostrap support, based on 100 pseudoreplicates, is given above branches (only scores >50% are
shown); Bremer decay indices are given below branches. Support values for nodes a–d are given to the right of the tree. Names of taxa marked with
an asterisk represent concatenated sequences from different species within the same genus, see Table 1 for species used in concatenation and for
GenBank accession numbers. Branches highlighted in bold correspond to those with lengths significantly higher than zero in the internal branch tests.
Node marked with an asterisk denotes the basal node of the subfamily Geophaginae. The ‘‘Satanoperca clade’’ (SC), the ‘‘Big clade’’ (BC), and the
crenicarine clade (CrC) are highlighted within the box.

240 H. López-Fernández et al. / Molecular Phylogenetics and Evolution 34 (2005) 227–244
statistical support, the ‘‘Big clade’’ is of interest when
compared to previous findings. With the exception of
Satanoperca and Apistogramma, the ‘‘Big clade’’ in-
cludes all the genera formerly placed in Kullander�s
(1998) tribe Geophagini, plus Crenicara and Dicrossus,
which Kullander placed in the tribe Crenicaratini along
with Biotoecus (Fig. 5B). Farias et al. (2000) did not
examine Crenicara and Biotoecus in their molecular
analysis, and Dicrossus was absent from all of their data-
sets. Although their results are compatible with the ‘‘Big
clade’’ (Fig. 5C), their data did not provide insight on
whether the relationships of Kullander�s Crenicaratini
were supported by molecular evidence. By inclusion of
the relevant taxa in our analysis, all available molecular
evidence indicates that Kullander�s tribes Geophagini
and Crenicaratini are paraphyletic (Figs. 5A, B and 6).
Interestingly, our results suggest that Crenicara, Dicros-

sus, and Biotoecus, all small-bodied taxa known as
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‘‘dwarf cichlids’’ in the aquarium trade, probably
grouped together in Kullander�s morphological analysis
due to shared homoplastic morphological characters
associated with body-size reduction (see Buckup, 1993;
López-Fernández, 2004).

4.2.4. The crenicarine clade, Crenicichla and Biotoecus

In his morphological analysis, Kullander (1998) pro-
posed the tribe Crenicaratini to include the genera Cre-

nicara, Dicrossus, and Biotoecus. Our results consistently
indicated that Crenicara and Dicrossus do form a mono-
phyletic clade (Figs. 3–6), but no evidence suggested that
Biotoecus is part of the same group. Furthermore, it
seems clear that Crenicara and Dicrossus are nested
within the ‘‘Big clade,’’ and that Biotoecus is perhaps
more closely related to Crenicichla than to other geo-
phagines, as was weakly suggested by the supermatrix
analysis (Fig. 6). Bayesian analyses tended to place Cre-
nicichla and Biotoecus at the base of the ‘‘Big clade’’
(Figs. 3B and 4B), but with marginal support; parsi-
mony analyses were not consistent across datasets. Bio-
toecus was weakly related toMikrogeophagus in the only
dataset of Farias et al. (2000) that included the genus;
their analysis grouped the Biotoecus-Mikrogeophagus

clade with the Crenicichla-Teleocichla clade, but with
no clear support. The phylogenetic position of Cre-

nicichla remains uncertain. For instance, morphological
analyses tend to group Crenicichla with the basal genus
Cichla (Kullander, 1998; Stiassny, 1987, 1991; subfamily
Cichlinae), but all molecular evidence groups it with the
Geophaginae (Farias et al., 1999, 2000, 2001; this study).
Unfortunately, Crenicichla�s relationships within geo-
phagines are not clear, although our analysis of the
supermatrix weakly supported a previously unidentified
clade grouping Crenicichla with Biotoecus (Fig. 6). In
previous studies, Crenicichla grouped with Gymnogeoph-

agus (Farias et al., 1999) or with Apistogramma (e.g.,
Farias et al., 2000, 2001; total evidence), but support
for these relationships was never high. No evidence in
our data supports an association to Gymnogeophagus,
but the topology from the supermatrix does not allow
discarding a relationship with Acarichthys and Guiana-

cara. The relative support for the ‘‘Satanoperca clade’’
found in our study suggests that Apistogramma is prob-
ably related to Satanoperca, and not to Crenicichla.

Our study confirms previous findings that include
Crenicichla within the Geophaginae. Increased amounts
of data and improved taxon sampling with respect to
earlier studies suggest some previously unreported rela-
tionships, mainly the ‘‘Satanoperca clade,’’ grouping
Satanoperca, Apistogramma, and Taeniacara, and the
possible relationship of Crenicichla and Biotoecus. Some
support also was found for a ‘‘Big clade’’ that includes
the genera Biotodoma, Crenicara, Dicrossus, Geophagus
sensu lato, and Gymnogeophagus. Because of its ex-
panded taxon sampling, this study allowed the first de-
tailed comparison of molecular and morphological
phylogenies of geophagine cichlids. We found that
molecular evidence is incongruent with published mor-
phological data, suggesting that fundamental changes
in geophagine classification are necessary. The most
remarkable result, however, is the generalized lack of
well-supported relationships within the geophagine phy-
logeny. Support for basal branches, as measured by Bre-
mer support, bootstrap, and Bayesian posterior
probabilities is lower than support for branches near
the tips, and especially lower than support for clades
outside the subfamily. The internal branch tests corrob-
orate the weakness of the basal relationships, and indi-
cate that basal branches are extremely short. A tree
with short basal branches may result from inadequate
data, but also can result from an episode of rapid lineage
diversification that leaves little opportunity for character
fixation.

4.3. Implications of the molecular phylogeny: are

geophagine cichlids an adaptive radiation?

According to Schluter (2000), adaptive radiations are
characterized by four features: common ancestry, rapid
speciation, phenotype-environment correlation, and
trait utility. Based on this definition, our results fulfill
the phylogenetic requisites to regard geophagines as an
adaptive radiation of Neotropical cichlids. The subfam-
ily Geophaginae is clearly a monophyletic clade, both
according to the results presented in this paper and to
previous research (Farias et al., 1999, 2000, 2001). More
revealing is the fact that the phylogeny recovered in this
study is characterized by short basal branches (Figs. 2–4
and 6). Relationships at the base of the geophagine clade
were poorly supported by both bootstrap and Bremer
values, and internal branch tests confirmed that most
basal branches are not significantly different from zero.
Furthermore, lack of resolution and support seems re-
stricted to the base of the geophagine clade, as relation-
ships of outgroup taxa and cichlasomatine lineages are
much better supported by our dataset (Figs. 2–4 and
6). Within geophagines, support for monophyly of gen-
era (i.e., recent divergence) is much stronger than
observed for basal, intergeneric nodes (i.e., older diver-
gence, Figs. 2–4 and 6). Poor resolution and weak sup-
port at the base of a phylogeny can be due to either
lack of information necessary to resolve basal relation-
ships or fast differentiation of lineages at the base of
the tree (e.g., Hodges, 1997; Jackman et al., 1999; Kon-
tula et al., 2003; Poe and Chubb, 2004). Our datasets in-
cluded a large amount of phylogenetically informative
characters, suggesting that lack of basal resolution with-
in the geophagine clade is not due to scarcity of data. In
fact, the ND4 + RAG2 dataset included 550 informa-
tive characters, providing nearly fifteen times as many
characters than taxa (38), and the supermatrix dataset
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included 954 informative sites and was roughly 25 times
larger than the number of taxa. Low resolution is, like-
wise, unlikely to be caused by sequence substitutional
saturation or rate heterogeneity, as the analysis in which
these biases were corrected did not show better support
or longer branches within the Geophaginae (Figs. 2B,
3B, and 4B). Addition of previously published sequences
from four markers into a total molecular evidence anal-
ysis improved resolution at the base of the tree, but did
not increase support for short branches, and only sup-
port for geophagine monophyly improved significantly
by addition of the supplemental data (e.g., Figs. 4A
and 6). Finally, the dataset included both mitochondrial
and nuclear loci, thus encompassing a variety of evolu-
tionary rates (see Table 2) that should help resolve rela-
tionships at different depths of the tree. Considering all
these elements together, it is improbable that lack of res-
olution and support at the base of the geophagine tree is
due to either inadequate or insufficient data. Instead,
short branches at the base of the tree suggest that the
different geophagine genera may have originated rapidly
and/or over a short period, with subsequent reduced fix-
ation of character states associated with the radiation.
Whether differentiation of geophagine genera occurred
simultaneously (e.g., Hoelzer and Melnick, 1994) or
through a series of rapid sequential events (e.g., Jack-
man et al., 1999; Poe and Chubb, 2004) cannot be re-
solved with any certainty. In the first case, the
geophagine tree would represent a ‘‘hard polytomy’’
(e.g., Maddison, 1989), and because this represents the
null hypothesis of phylogenetic reconstruction, an effec-
tive test is difficult to apply (Walsh et al., 1999). If geo-
phagine differentiation occurred sequentially and
rapidly, an inordinate amount of data will be required
to resolve this ‘‘soft polytomy’’ (Hoelzer and Melnick,
1994). In either case, the results suggest a fast radiation
of geophagine cichlid genera over a relatively short per-
iod of time. Geophagine monophyly and fast diversifica-
tion of lineages thus fulfill the phylogenetic requirements
of a geophagine cichlid adaptive radiation sensu Schluter
(2000).

Further study of geophagine cichlids should reveal
whether the clade fulfills the remaining requisites of phe-
notype-environment correlation and trait utility. A com-
pelling observation is the coherence between molecular
and morphological patterns of variation within and
among genera. Patterns of molecular evolution in the
group are characterized by strong lineage-specific rate
heterogeneity, suggesting a different molecular evolution-
ary trajectory for each genus after its differentiation.
Likewise, overall morphological differentiation among
genera is quite remarkable, suggesting that each genus
followed a unique pattern of morphological diversifica-
tion (see Winemiller et al., 1995; HLF, unpublished).
Interestingly, species within a genus tend to be morpho-
logically indistinct and may form relatively large com-
plexes of highly similar taxa (see López-Fernández,
2004; López-Fernández and Taphorn, 2004), indicating
that most morphological differentiation occurred during
the origin of the clade when genera differentiated from
each other. Morphological variation in geophagines is
clearly associated with the diverse ecological and behav-
ioral repertoire of the group (e.g., Winemiller et al.,
1995). Geophagine reproductive strategies range from
large-bodied, mouth-brooding, monogamous taxa with
relatively large generation times (e.g., Geophagus) to
small-bodied, polygynous substrate spawners that reach
sexual maturity much earlier (e.g., Apistogramma). The
importance of ecological specialization in the evolution
of the group also is evident in the association between
form and function in relation to trophic biology and hab-
itat use. Ecomorphological patterns range from deep
bodied fishes with ventrally oriented mouths that ingest
and sift sandy substrates for invertebrates (e.g., Geopha-
gus, Satanoperca), to elongate piscivores with terminal
mouths (Crenicichla) and small species that inhabit highly
structured habitats and feedmostly on epibenthic inverte-
brates (e.g., Taeniacara, Biotoecus, Apistogramma). Eco-
morphology may determine both lineage-specific
evolutionary trajectories and patterns of community
assembly. Although inconclusive, these patterns strongly
suggest a correlation between phenotype and environ-
ment, which is Schluter�s third requirement for an adap-
tive radiation. At present, evidence for trait utility is
almost completely lacking. Explicit analyses of functional
morphology and ecological performance of geophagines
are needed. In conclusion, geophagine cichlids provide
an outstanding group for the investigation of adaptive
radiation of fishes in fluviatile habitats.
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Fermon (Museum National d�Histoire Naturelle,
France). April Harlin, Jim Woolley, Anthony Cognato,
and John McEachran read earlier versions of this manu-
script and offered comments that significantly improved
it. Field work in Venezuela was largely possible due to
support fromDonald Taphorn (Museo deCienciasNatu-
rales de Guanare, UNELLEZ, Venezuela) and Carol
Marzuola and Edgar Peláez from the Cinaruco Fishing
Club. Field collections inVenezuela were partially funded
by grants from the National Geographic Society to
K.O.W. Fishing permits toH.L.F. andK.O.W. were pro-
vided by the Servicio Autónomo de los Recursos Pesqu-
eros y Acuı́ colas from the Venezuelan Ministerio de
Agricultura y Crı́ a. We thank Stuart Willis, Albrey
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