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The Neotropical knifefish genus Gymnotus is the most broadly distributed and the most diverse (34 + spe-
cies) gymnotiform genus. Its wide range includes both Central and South American drainages, including
the Amazon, Orinoco, and La Plata Basins. Like all gymnotiforms, Gymnotus species produce weak electric
fields for both navigation and communication, and these fields exhibit interspecific variation in electric
waveform characteristics. Both biogeography and electric signal evolution can profitably be analyzed
in a phylogenetic context. Here, we present a total evidence phylogeny for 19 Gymnotus species based
on data from the mitochondrial cytochrome b and 16S genes (1558 bp), the nuclear RAG2 gene
(1223 bp), and 113 morphological characters. Our phylogenetic hypothesis resolves five distinct Gymno-
tus lineages. In a previous morphology-based analysis, the Central American Gymnotus cylindricus lineage
was hypothesized as the sister group to all other Gymnotus species. In our analysis, the G. cylindricus line-
age is nested within South American species, and molecular age estimates support a relatively recent ori-
gin for the clade in Central America. Phylogenetic optimization of electric signal waveforms indicate that
the ancestral state in Gymnotus is a multiphasic (4 + phases of alternating polarity) condition, and inde-
pendent phase loss has occurred in multiple lineages. Gymnotus is a model group for understanding Neo-
tropical diversification and the evolution of communication at a continental scale.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The Neotropical freshwater fish family Gymnotidae comprises
the weakly electric banded knifefishes of the genus Gymnotus
and the strongly electric eel, Electrophorus electricus (Albert and
Campos-da-Paz, 1998; Albert, 2001). Of all gymnotiform taxa,
Gymnotus species are the most widely distributed. They occur in
lowland freshwater habitats from the Pampas of Argentina (36�S)
to southern Chiapas, Mexico (18�N) and are also found on the
island of Trinidad (Mago-Leccia, 1994; Albert, 2001). Within this
area, Gymnotus species are known from a variety of habitats
including blackwater and whitewater rivers, terra firme streams,
and varzea (whitewater floodplains), and generally inhabit vegeta-
tion such as floating meadows, root masses, or leaf litter (Cramp-
ton, 1998a). Like other gymnotiforms, Gymnotus species produce
ll rights reserved.
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weak, species-specific electrical signals that function in electrolo-
cation and communication in their nocturnal environment (Bullock
et al., 2005; Crampton and Albert, 2006). The diversity of Gymnotus
species, in addition to their widespread geographical distribution,
diverse habitat use, and use of weak electrical signaling, make
the group well-suited to species level studies of biogeography
and diversification in the Neotropics.

Until recently, little was known regarding the systematic rela-
tionships among the species of Gymnotus. This was largely due to
the lack of adequate species descriptions, with many Gymnotus
species lumped under the title Gymnotus carapo (Albert et al.,
1999; Albert and Crampton, 2003). However, ongoing efforts to de-
scribe the knifefish fauna of South America have revealed that
Gymnotus species diversity is far greater than previously thought
(e.g., Albert et al., 1999; Albert and Crampton, 2001, 2003; Cam-
pos-da-Paz, 2002; Crampton et al., 2003, 2005; Maldonado-Ocam-
po and Albert, 2004; Fernandes et al., 2005; Cognato et al., 2007;
Richer-de-Forges et al., 2009). Currently 34 valid species of Gymno-
tus are recognized, and several more morphologically distinct spe-
cies taxa await formal description. Additional species diversity in
Gymnotus is suggested by reports of morphologically cryptic forms
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of G. carapo sensu stricto with distinct chromosome arrangements
that likely enforce post-zygotic reproductive isolation (Milhomen
et al., 2008).

Based on an analysis of 113 phenotypic characters, Albert et al.
(2004) proposed a phylogenetic hypothesis for Gymnotus species
(Fig. 1). The results supported three major clades: the Gymnotus
cylindricus species group, the G. pantherinus species group, and
the G. carapo species group. The G. cylindricus group comprised
the two Gymnotus species distributed in Central America (G. cylin-
dricus, and G. maculosus), while the G. pantherinus and G. carapo
groups included species that occur both east and west of the Andes
in South America. The G. cylindricus group was hypothesized to be
the sister group of all other Gymnotus species (Fig. 1).

The presence of Gymnotus in drainage basins in the northwest-
ern portion of South America (Colombia) and in both the Atlantic
and Pacific drainages of Central America make this genus particu-
larly appropriate for studies of South and Central American bioge-
ography. The biogeography of freshwater fishes in Central America
has long been of interest (Miller, 1966; Myers, 1966; Bussing,
1976; Rosen, 1975; Briggs, 1984; Bermingham and Martin, 1998;
Reeves and Bermingham, 2006), resulting in a variety of hypothe-
ses to explain distribution patterns. Given that an Isthmian land-
bridge has been missing for most of the history of the region,
scenarios have centered on dispersal during brief periods of terres-
G. ucamara
G. choco
G. arapaima
G. carapo (WA)
G. carapo
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Fig. 1. Phylogenetic hypothesis for Gymnotus based on morphology (after Albert
et al., 2004).
trial connection between South and Central America. Myers (1966)
suggested that Central American gymnotiforms are the product of
recent invasions from South America that occurred only after the
establishment of the Isthmus of Panama, approximately 3 million
years ago (mya) (Duque-Caro, 1990; Coates and Obando, 1996).
In contrast, Bussing (1985) suggested that Central American Gym-
notus were part of a much earlier invasion by an ‘Old Southern Ele-
ment’ that reached Central America from the south during the late
Cretaceous or Paleocene �65 mya, at which time a land connection
between North and South America is hypothesized to have existed
(e.g., Rage, 1981; Pitman et al., 1993; Briggs, 1994; Marshall et al.,
1997).

The previously proposed hypotheses regarding Gymnotus dis-
persal into Central America make specific temporal and phyloge-
netic predictions. Bussing’s (1985) ‘Old Southern Element’
hypothesis posits that Central American Gymnotus diverged from
South American Gymnotus approximately 65 mya. Given that most
diversification in the genus likely occurred after this date (Albert
et al., 2004), the ‘Old Southern Element’ scenario predicts that
the Central American Gymnotus lineage would branch off at or near
the base of the Gymnotus tree. Alternatively, if Central American
Gymnotus species dispersed to Central America via the Isthmus of
Panama 3 mya during the Pliocene, as proposed by Myers (1966),
Central American Gymnotus would be predicted to have diverged
more recently from South American Gymnotus species. Intrigu-
ingly, the current morphology-based hypothesis of Gymnotus rela-
tionships indicates that a pair of Central American species, G.
maculosus and G. cylindricus, are the sister group of all other Gym-
notus species (Albert et al., 2004), supporting the ancient invasion
hypothesis. If accurate, Gymnotus would be a biogeographical out-
lier among Central American primary freshwater fishes (Reeves
and Bermingham, 2006). The molecular dataset for Gymnotus we
report here is therefore needed to confirm the phylogenetic posi-
tion of Central American Gymnotus species, and to provide an alter-
native method of age estimation using molecular dating
techniques.

A robust phylogeny of Gymnotus species will also be useful for
an exploration of the evolution of electric waveform production.
Like other weakly electric knifefishes, Gymnotus generate species-
specific electrostatic fields from specialized electric organs. These
electric organ discharges (EODs) permit electrolocation, the detec-
tion of objects within the electrostatic field, and also electrocom-
munication, including mate-attraction (reviews in Caputi, 1999;
Bullock et al., 2005; Crampton and Albert, 2006). Gymnotus EODs
consist of a continuous series of discrete pulsed waveforms, where
each waveform has one or more phases of alternating polarity,
depending upon the morphology, organization, and patterns of
innervation of the electrocytes composing the electric organ (Ben-
nett, 1961, 1971; Macadar et al., 1989). Larval Gymnotus produce
single phase (monophasic) EODs, but quickly undergo transition
(within several weeks) to a characteristic adult waveform with
1–6 phases (Crampton and Hopkins, 2005; Pereira et al., 2007).

Adult Gymnotus exhibit species-specific variation in various as-
pects of the EOD waveform, including the number and relative
amplitude and duration of phases (Crampton, 2006; Crampton
et al., 2008), and some of these EOD features have profitably been
examined in other electric fishes using phylogenetic methods (Sul-
livan et al., 2000; Turner et al., 2007; Lavoué et al., 2008). Here, we
focus on the evolution of phase number across Gymnotus phylog-
eny. While all South American Gymnotus species possess multi-
phasic adult EODs, Central American species have a monophasic
adult EOD (Stoddard, 1999; Crampton and Albert, 2006), as does
the electric eel, the presumed sister group of Gymnotus. Monopha-
sic EODs have been considered plesiomorphic (Stoddard, 2002a),
and this view has contributed to the placement of the Central
American G. cylindricus lineage as the sister group to all other Gym-
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notus species. Here, we explicitly test this hypothesis by recon-
structing the evolution of EOD phase number on Gymnotus
phylogeny.

The objectives of this study were to produce a phylogeny of
Gymnotus species based on both nucleotide and morphological
data and use it to: (1) evaluate the hypothesis of Gymnotus rela-
tionships proposed by Albert et al. (2004); (2) test the previously
proposed biogeographic hypotheses regarding Gymnotus dispersal
into Central America (Myers, 1966; Bussing, 1985); and (3) exam-
ine the evolution of the number of EOD waveform phases in
Gymnotus.
2. Materials and methods

2.1. Taxon sampling

Tissues for 19 gymnotid (ingroup) and 6 outgroup species were
included in the analysis (see Table 1 for a complete list of speci-
mens sequenced). An effort was made to include representatives
from each of the three species groups recognized by Albert et al.
(2004). The sample therefore reflects the morphological and taxo-
nomic diversity within Gymnotus. Whenever possible two individ-
uals of each species were sequenced. In the case of two
geographically widespread species, G. coropinae and G. carapo, mul-
tiple geographic variants were sequenced, which brought the num-
ber of operational taxonomic units (OTUs) including outgroup taxa,
to 28. Representative outgroups were selected from different gym-
notiforms families, and included individuals from the families
Rhamphichthyidae (Rhamphichthys), Hypopomidae (Hypopomus,
Brachyhypopomus) and Sternopygidae (Sternopygus). Outgroup
selection was also designed to provide a calibration point for esti-
mating divergence times. Brachyhypopomus diazi and B. n. sp. PAL,
are known, respectively, from Atlantic drainages in Venezuela, and
Pacific drainages in western Ecuador, and are assumed to have di-
verged as a result of the uplift of the Eastern Cordillera of the Andes
(see Section 2.5).

Specimens were collected in the field by colleagues and by the
authors, using an electric-fish detector (which consisted of a differ-
ential amplifier and loud-speaker connected to electrodes which
were placed in the water on the end of a makeshift pole) and sam-
pled using dip-nets with a 3–4 mm mesh size. Muscle tissue was
excised and stored in either 95–100% ethanol or a buffered solution
consisting of 20% DMSO and 0.25 M EDTA at pH 8, saturated with
NaCl (Seutin et al., 1991).
2.2. DNA isolation, PCR, and sequencing

Total genomic DNA was isolated from muscle tissue using
DNeasy Tissue Kits (QIAGEN). The polymerase chain reaction
(PCR) was used to obtain 1223 bp of the nuclear recombinase acti-
vating gene-2 (RAG2), 1106 bp of the mitochondrial DNA (mtDNA)
gene cytochrome b (cyt b) and 553 bp of the 16S ribosomal mtDNA
gene using combinations of the primers listed in Table 2. Cyto-
chrome b was amplified using primers in the adjacent glutamine
(GLUDG.L) and threonine (CytbR) transfer RNAs (Palumbi et al.,
1991), with PCR carried out in 50 ll volumes including 10� PCR
buffer (50 mM KCL, 20 mM Tris–HCl, pH 8.4), 200 lM of each
dNTP, 3 mM MgCl2, 0.4 lM of each primer, 1 U of Taq DNA Poly-
merase (Invitrogen) and 1 ll of DNA extract. A fragment of the
16S mtDNA gene was amplified using the 16sar and 16sbr primers
of Palumbi (1996), with PCR carried out in 50 ll volumes consist-
ing of 10� PCR buffer (50 mM KCl, 20 mM Tris–HCl, pH 8.4),
200 lM of each dNTP, 1.5 mM MgCl2, 0.2 lM of each primer, 1 U
of Taq DNA Polymerase and 1 ll of DNA extract. The amplification
of RAG2 was accomplished using previously designed primers
RAG2F1 and RAG2R6 (Lovejoy and Collette, 2001), in addition to
two primers designed specifically for this study RAG2GY-F and
RAG2GY-R (Table 2). PCR volumes and concentrations followed
those outlined for 16S with the exception that 2–5 ll of DNA ex-
tract was used. For mitochondrial genes, thermal cycling condi-
tions were: 95 �C for 30 s denaturation, 50–58 �C for 60 s
annealing, 72 �C for 60–90 s extension. This profile was run for
35 cycles(16S) or 35–40 cycles (cyt b), with hold steps of 95 �C
for 30 s for the first cycle, and 72 �C for 300 s after the last cycle.
Thermal cycling conditions for RAG2 followed a touch down proto-
col of 95 �C for 30 s denaturation, 58 �C, 56 �C, 54 �C, 52 �C, for two
cycles each, then 50 �C for 32 cycles annealing, followed by exten-
sion at 72 �C for 90 s.

PCR products were purified using the Montage PCR purification
kit (Millipore). Samples were then sequenced using either an ABI
377 or ABI 3730 Genetic Analyzer, using dye terminators (BigDye
version 3.1, Applied Biosystems). Sequencing was accomplished
with external primers, except for two internal primers, GYRA-
G2ISP1 and GYRAG2ISP2 (Table 2) which were designed based on
an initial Gymnotus alignment and used for RAG2 sequencing.

2.3. Alignment

Sequences were edited and preliminary alignments generated
using Sequencher 4.2.2 (Gene Codes Corp.). For the protein coding
genes RAG2 and cytochrome b, alignment was trivial and no inser-
tions/deletions were observed. For 16S, further alignment was
completed using Clustal X (Thompson et al., 1997). Positions of
stem and loop regions for 16S sequences were estimated by com-
parison to the published secondary structures of Pygocentrus nat-
teri (Ortí et al., 1996). Alignments were performed using several
gap opening and extension cost combinations (7/5, 10/5, 20/5,
10/10). Alignments were then compared and those portions of
the 16S alignment for which homology assessment differed were
excluded from further analyses following the practice of Gatesy
et al. (1993). This 16S alignment was used for parsimony analyses,
ML, and Bayesian analyses, and is available on request. However, to
test the effect of this data exclusion, we also generated total evi-
dence trees using parsimony-based direct optimization methods
(see online Supplementary material).

2.4. Phylogenetic analysis

Parsimony analysis of the total evidence dataset was conducted
in PAUP* (Swofford, 2002). Nucleotide and morphological charac-
ter data were combined into a single matrix (a total of 2894 char-
acters for 28 OTUs). Data partitions were defined as: nuclear
(RAG2), mtDNA (cyt b and 16S combined), and morphology (113
phenotypic characters from Albert et al. (2004)). The parsimony-
based incongruence length difference test (ILD or partition homo-
geneity test of PAUP*) was employed to test the combinability of
data partitions (Farris et al., 1994; Swofford, 2002). Pairwise ILD
comparison between nuclear and mitochondrial partitions indi-
cated congruence (p > 0.05), but pairwise comparisons of morphol-
ogy with each molecular partition (mtDNA and nuclear) indicated
incongruence (p < 0.05). Combining incongruent data partitions
may contribute to greater phylogenetic accuracy (e.g., Yoder
et al., 2001). Therefore, we proceeded with total evidence analysis
(all partitions combined), but also assessed the phylogenetic con-
tribution of different partitions. For each analysis, we used the heu-
ristic search algorithm with 100 replicates of random addition of
taxa, and TBR branch swapping. All trees were rooted using Stern-
opygus macrurus, and gaps were treated as missing data. Bootstrap
values (Felsenstein, 1985a) were calculated in PAUP* using the
heuristic search option (1000 replicates, 10 random taxon addi-
tions), and decay indices (or Bremer support values, Bremer,



Table 1
List of specimens included in study.

Speciesa Specimen Voucher Genbank Accession No. Locality

RAG2 Cyt b 16S

Brachyhypopomus brevirostris 2617 UF 116556 GQ862536 GQ862588 GQ862640 Rio Nanay, Peru
Brachyhypopomus diazi 305 UF 174334 GQ862537 GQ862589 GQ862641 Rio Las Marias, Venezuela
Brachyhypopomus diazi 2408 UF 174334 GQ862538 GQ862590 GQ862642 Rio Alpargatón, Venezuela
Brachyhypopomus n. sp. PAL 2432 UF 148572 GQ862539 GQ862591 GQ862643 Rio Palenque, Ecuador
Electrophorus electricus 2619 UF 116585 GQ862540 GQ862592 GQ862644 Rio Nanay, Peru
Electrophorus electricus 2026 MZUSP 103218 GQ862541 GQ862593 GQ862645 Lago Secretaria, Brazil
Gymnotus sp. cf. anguillaris 2091 AUM 36616 GQ862542 GQ862594 GQ862646 Rio Aponwao, Guyana
Gymnotus arapaima 2002 MZUSP 75179 GQ862543 GQ862595 GQ862647 Lago Mamirauá, Brazil
Gymnotus arapaima 2003 MZUSP 103219 GQ862544 GQ862596 GQ862648 Lago Mamirauá, Brazil
Gymnotus carapo (OR) 2040 UF 174335 GQ862545 GQ862597 GQ862649 Rio Guaratico, Venezuela
Gymnotus carapo (OR) 2041 UF 174335 GQ862546 GQ862598 GQ862650 Rio Guaratico, Venezuela
Gymnotus carapo (CA) 2004 MZUSP 76066 GQ862547 GQ862599 GQ862651 Lago Secretaria, Brazil
Gymnotus carapo (CA) 2030 MZUSP 76066 GQ862548 GQ862600 GQ862652 Lago Secretaria, Brazil
Gymnotus carapo (WA) 2006 UF 131129 GQ862549 GQ862601 GQ862653 Rio Amazonas, Peru
Gymnotus carapo (WA) 2007 UF 131129 GQ862550 GQ862602 GQ862654 Rio Amazonas, Peru
Gymnotus cataniapo 2062 UF 174330 GQ862551 GQ862603 GQ862655 Rio Atabapo, Venezuela
Gymnotus cataniapo 2063 UF 174332 GQ862552 GQ862604 GQ862656 Rio Cataniapo,, Venezuela
Gymnotus coatesi 2042 MCP 34471 GQ862553 GQ862605 GQ862657 Lago Tefé, Brazil
Gymnotus coatesi 2043 MCP 34472 GQ862554 GQ862606 GQ862658 Rio Tefé, Brazil
Gymnotus coropinae (GU) 2035 ANSP 179126 GQ862555 GQ862607 GQ862659 Sauriwau River, Guyana
Gymnotus coropinae (GU) 2036 AUM 35848 GQ862556 GQ862608 GQ862660 Sauriwau River, Guyana
Gymnotus coropinae (GU) 2037 ANSP 179127 GQ862557 GQ862609 GQ862661 Mazaruni River, Guyana
Gymnotus coropinae (GU) 2038 ANSP 179127 GQ862558 GQ862610 GQ862662 Mazaruni River, Guyana
Gymnotus coropinae (CA) 2010 MZUSP 75188 GQ862559 GQ862611 GQ862663 Lago Tefé, Brazil
Gymnotus coropinae (CA) 2025 MZUSP 60611 GQ862560 GQ862612 GQ862664 Lago Tefé, Brazil
Gymnotus curupira 2009 MZUSP 75148 GQ862561 GQ862613 GQ862665 Lago Tefé, Brazil
Gymnotus curupira 2021 MZUSP 75146 GQ862562 GQ862614 GQ862666 Lago Tefé, Brazil
Gymnotus cylindricus 2092 ROM 84772 GQ862563 GQ862615 GQ862667 Rio Tortuguero, Costa Rica
Gymnotus cylindricus 2093 ROM 84772 GQ862564 GQ862616 GQ862668 Rio Tortuguero, Costa Rica
Gymnotus cylindricus 2094 ROM 84772 GQ862565 GQ862617 GQ862669 Rio Tortuguero, Costa Rica
Gymnotus javari 2020 UF 122824 GQ862566 GQ862618 GQ862670 Rio Amazonas, Peru
Gymnotus jonasi 2016 MZUSP 103220 GQ862567 GQ862619 GQ862671 Rio Solimões, Brazil
Gymnotus jonasi 2471 UF 131410 GQ862568 GQ862620 GQ862672 Rio Ucayali, Peru
Gymnotus mamiraua 2012 MZUSP 103221 GQ862569 GQ862621 GQ862673 Rio Solimões, Brazil
Gymnotus mamiraua 2013 MCP 29805 GQ862570 GQ862622 GQ862674 Rio Solimões, Brazil
Gymnotus obscurus 2017 MZUSP 75155 GQ862571 GQ862623 GQ862675 Lago Mamirauá, Brazil
Gymnotus obscurus 2018 MZUSP 75157 GQ862572 GQ862624 GQ862676 Lago Mamirauá, Brazil
Gymnotus pantherinus 2039 No voucher GQ862573 GQ862625 GQ862677 Rio Perequê-Açu, Brazil
Gymnotus pedanopterus 2058 UF 174328 GQ862574 GQ862626 GQ862678 Rio Atabapo, Venezuela
Gymnotus pedanopterus 2059 UF 174328 GQ862575 GQ862627 GQ862679 Rio Atabapo, Venezuela
Gymnotus stenoleucus 2060 UF 174329 GQ862576 GQ862628 GQ862680 Rio Atabapo, Venezuela
Gymnotus stenoleucus 2061 UF 174331 GQ862577 GQ862629 GQ862681 Rio Cataniapo, Venezuela
Gymnotus stenoleucus 2064 UF 174329 GQ862578 GQ862630 GQ862682 Rio Atabapo, Venezuela
Gymnotus tigre 2019 UF 122823 GQ862579 GQ862631 GQ862683 Rio Amazonas, Peru
Gymnotus tigre 2024 UF 122821 GQ862580 GQ862632 GQ862684 Rio Amazonas, Peru
Gymnotus ucamara 1927 UF 126184 GQ862581 GQ862633 GQ862685 Rio Ucayali, Peru
Gymnotus ucamara 1950 UF 126184 GQ862582 GQ862634 GQ862686 Rio Ucayali, Peru
Gymnotus varzea 2014 MZUSP 75163 GQ862583 GQ862635 GQ862687 Rio Solimões, Brazil
Gymnotus varzea 2015 MZUSP 75164 GQ862584 GQ862636 GQ862688 Rio Solimões, Brazil
Hypopomus artedi 2232 ANSP 179505 GQ862585 GQ862637 GQ862689 Mazaruni River, Guyana
Rhamphichthys rostratus 2632 UF 116575 GQ862586 GQ862638 GQ862690 Rio Amazonas, Peru
Sternopygus macrurus 2639 UF 117121 GQ862587 GQ862639 GQ862691 Rio Nanay, Peru

a Drainage abbreviations: OR, Orinoco; CA, Central Amazon; WA, Western Amazon; GY, Guyanas.

Table 2
Primers used for amplification and sequencing of the cyt b, 16S, and RAG2 genes.

Primer name Primer sequence (50–30) Source

GLUDG.L CGAAGCTTGACTTGAARAACCAYCGTTG Palumbi et al. (1991)
CytbR CTCCGATCTTCGGATTACAAG Palumbi et al. (1991)
16Sar CGCCTGTTTATCAAAAACAT Palumbi (1996)
16Sbr CCGGTCTGAACTCAGATCACGT Palumbi (1996)
RAG2F1 TTTGGRCARAAGGGCTGGCC Lovejoy and Collette (2001)
RAG2R6 TGRTCCARGCAGAAGTACTTG Lovejoy and Collette (2001)
RAG2GY-F ACAGGCATCTTTGGKATTCG This study
RAG2-GY-R TCATCCTCCTCATCTTCCTC This study
GY-RAG2ISP1 GCCATCATTAAGGACATCACAG This study
GY-RAG2ISP2 CTGAGCATGGACCCAGTGTC This study

N.R. Lovejoy et al. / Molecular Phylogenetics and Evolution 54 (2010) 278–290 281
1994) were calculated using the program TreeRot (Sorenson,
1999). For the total evidence analyses, Partitioned Bremer Support
(PBS) was calculated to provide an indication of the topological
support provided by each data partition for each node (Baker and
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DeSalle, 1997). Finally, we explored the effect of different character
weighting schemes by inferring transition/transversion ratios from
the data and using step matrices to differentially weight these state
changes.

We also subjected the dataset to phylogenetic analyses using
maximum likelihood and Bayesian methods (Guindon and Gascuel,
2003; Ronquist and Huelsenbeck, 2003). Maximum likelihood phy-
logenetic methods were implemented in the program PHYML 3.0
(Guindon and Gascuel, 2003; Guindon et al., 2005), under the
GTR+I+G model. This model was found to be the best fit for the
unpartitioned molecular dataset, according to both hierarchical
likelihood ratio tests (LRT) and Akaike Information Criterion
(AIC), as implemented in Modeltest v3.7 (Posada and Crandall,
1998). For the likelihood analyses, bootstrapping methods (100
replicates) were used to assess the node support (Felsenstein,
1985b). Bayesian inference was performed in MrBayes 3.1.2
(Ronquist and Huelsenbeck, 2003). The morphological data and
each of the three genes were treated as separate data partitions.
All partitions had independently estimated (unlinked) parameters.
To identify the most appropriate models for each molecular parti-
tion, we used MrModeltest 2.3 (Nylander, 2004) and selected
among models favored under hierarchical LRT’s and AIC. For the
cytb and 16S partitions, GTR+I+G was universally found to be the
best-fitting model, according to both hierarchical LRT’s and AIC;
therefore it was used in all Bayesian analyses. For the RAG2 parti-
tion, SYM+G was the best-fitting model under hierarchical LRT’s,
and SYM+I+G under AIC. To reduce the effects of possible overpa-
rameterization, particularly since RAG2 is known to evolve at
much slower rates than cytb and 16S, and given that the gamma
shape parameter (G) and the proportion of invariable sites (I) are
strongly correlated (Sullivan and Swofford, 2001), we dropped
the I parameter, and chose to use SYM+G for this partition in the
Bayesian analyses. For the morphological data partition, a discrete
model originally described by (Lewis, 2001) was used, as imple-
mented in MrBayes 3.1.2. We used a version of this model that also
allowed for rate heterogeneity across sites. For all parameters in
the Bayesian analysis, uniform priors were used, except for branch
lengths, for which exponential priors were implemented. Two
independent analyses were performed, each composed of 4 Mar-
kov chains with default heating values. Markov chains were run
for 10 million generations, sampling trees (and parameters) every
1000 generations. Convergence was assessed using a number of
methods. The average standard deviation of split frequencies, as
calculated in MrBayes, were all well below 0.01 at stationarity.
Also implemented in MrBayes, a convergence diagnostic for branch
length posterior probabilities, the potential scale reduction factor
(PSRF), roughly approached 1 as the runs converged (Gelman and
Rubin, 1992). Convergence to stationarity was also assessed by
plotting log-likelihood scores and other parameter values in the
program Tracer 1.4.1 to ensure that there were no trends in the
data post burn-in (Rambaut and Drummond, 2007). Finally, ade-
quacy of mixing was assessed by examining acceptance rates for
parameters in MrBayes, and by calculating in Tracer the effective
sample sizes (ESS), the number of independent samples from the
marginal posterior distribution for each parameter (higher values
being indicative of better sampling from the posterior distribu-
tion). These values were all well above 100. By these measures con-
vergence was achieved within the first 25% of trees sampled, which
were discarded as burn-in, and remaining trees were taken as rep-
resentative of the posterior probability distribution.

2.5. Divergence time estimates

We estimated ages of Gymnotus clades using the divergence of
Brachyhypopomus n. sp. PAL and B. diazi as a calibration point. B.
n. sp. PAL is distributed west of the Andes in Ecuador, while B. diazi
is known from Atlantic drainages in northern Venezuela. Both mor-
phological (Sullivan, 1997; Santana and Crampton, unpublished)
and mitochondrial DNA analysis (Sullivan, 1997) show that Brachy-
hypopomus species distributed west of the Andes (including B. n.
sp. PAL) form the sister clade to B. diazi. As a result, we assume that
the divergence of B. n. sp. PAL and B. diazi predates the uplift of the
Eastern cordillera of the Andes mountain range, which commenced
approximately 12.9 mya (Lundberg et al., 1998; Albert et al., 2006).
We used a Bayesian method to estimate divergence times under a
relaxed molecular clock model with uncorrelated rates among lin-
eages drawn from a lognormal distribution (Drummond et al.,
2006), as implemented in BEAST v1.4.8 (Drummond and Rambaut,
2007). The molecular data were partitioned by gene, using the
GTR+I+G model. A Yule branching process was implemented with
uniform priors. The analysis was run for 10 million generations,
with parameters sampled every 1000 generations. The first 1 mil-
lion generations were discarded as burn-in. Convergence was as-
sessed using the methods implemented for other Bayesian
phylogenetic analyses (see Section 2.4). Uncertainty in the timing
of the calibration date was incorporated using a normal distribu-
tion as a prior in the Bayesian analysis (mean = 12.9 mya, standard
deviation = 1).
2.6. Electric waveform recording and analysis

Head to tail EOD waveforms were digitized and recorded from
fishes captured in the field using procedures described in Cramp-
ton et al. (2008). Using a custom-written Java program, the number
of EOD phases were counted as positive or negative deviations
from the baseline (zero volts) exceeding 1.5% of the amplitude of
the positive phase with the highest amplitude. In adult Gymnotus,
EODs range from having a single phase (monophasic) to six or
more phases. Species with high numbers of phases (four or more)
show some degree of intraspecific variability, in some cases rang-
ing from 4 to 6. Thus, a robust coding scheme was determined to
be: 1, 2, 3, or 4 + phases. The EOD phase data were optimized as
an unordered multistate character on both the total evidence par-
simony and Bayesian trees using MacClade 4.0 (Maddison and
Maddison, 2001). MacClade was used to trace all most parsimoni-
ous character reconstructions on the trees.
3. Results

3.1. Molecular dataset

The cyt b dataset consisted of 1106 characters (nucleotide
sites), 513 of which were parsimony informative. The 16S data-
set, after ambiguously aligned characters had been removed, con-
sisted of 452 characters, 96 of which were parsimony
informative. The base composition (AGCT content) of the cyto-
chrome b gene for Gymnotus exhibited patterns similar to those
found in other fishes, such as low GC content at third positions
(e.g., Johns and Avise, 1998). Uncorrected pairwise comparisons
for cyt b showed the highest sequence divergences between E.
electricus and non-gymnotid outgroups (approximately 28%).
Within Gymnotidae, divergence between E. electricus and Gym-
notus species was approximately 25%. Within Gymnotus, cyt b
divergences ranged from 19.8% to 0.2%. The RAG2 dataset was
composed of 1223 characters, 233 of which were parsimony
informative. The highest observed uncorrected pairwise diver-
gence was 11.1% (between G. curupira and B. diazi). Within Gym-
notidae E. electricus was approximately 9% divergent from
Gymnotus species. Within Gymnotus, RAG2 divergences between
species were low, ranging from 3.8% to 0%.
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3.2. Phylogenetic relationships

Fig. 2 shows the single most parsimonious tree obtained from
the analysis of all available data and taxonomic units (3256 steps
in length, CI = 0.48, RI = 0.81). Weighting transversions at 2 and 5
times the weight of transitions had no effect on this topology. Both
decay indices and bootstrap proportions indicated high nodal sup-
port for the majority of clades in the tree. Exceptions include the
support for relationships between individuals of G. carapo and
the closely related species G. arapaima and G. ucamara. The posi-
tion of G. pantherinus as the sister clade of G. cataniapo, G. pedan-
opterus, and G. sp. cf. anguillaris is also not well supported.
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Fig. 2. Single most parsimonious tree of Gymnotus phylogenetic relationships, based o
morphological data (2894 characters, 3256 steps, CI = 0.48, RI = 0.81). Numbers above no
branches supported by 100% bootstrap values. Numbers below nodes or indicated using
RAG2, and morphology partitions respectively.
Parsimony-based direct optimization, which explicitly incorpo-
rates insertion–deletion data, provides results that are nearly iden-
tical (see Supplementary material).

Fig. 3 shows the results of the Bayesian analysis. The Bayesian,
likelihood (not shown) and parsimony trees are nearly identical.
Topological differences between these methods of analysis involve
relationships that are relatively poorly supported in the individual
analyses. Notably, the position of G. pantherinus varies across anal-
yses, as do the relationships among the very closely related G. car-
apo, G. arapaima, and G. ucamara. Separate parsimony analyses of
the nuclear and mitochondrial partitions produce topologies that
are consistent with total evidence analyses (summarized in
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Fig. 3. Bayesian phylogeny for Gymnotus, based on a partitioned analysis of nuclear, mitochondrial, and morphological data. Bayesian posterior probabilities are listed above
nodes; bootstrap values for maximum likelihood analysis of the molecular dataset are listed below nodes.
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Fig. 4). The RAG2 analysis shows a slight decline in resolution com-
pared to other analyses, which was expected given the lower levels
of variability and divergence in this gene.

Our results clearly support the monophyly of Gymnotidae
(Gymnotus + Electrophorus), as well as the monophyly of Gymnotus.
Based on comparisons across our analyses, and with the morpho-
logical analysis of Albert et al. (2004), we define five Gymnotus lin-
eages (Fig. 5). These are: the G. carapo group (eight species), G1
clade (five species), G2 clade (three species), G. pantherinus, and
G. cylindricus. In all analyses (with the exception of morphology),
the genus Gymnotus is divided into two main clades: G2 and a
monophyletic clade containing all other lineages. Within the latter
clade, G. cylindricus is consistently recovered as the sister group of
the G. carapo group, which has important implications for biogeo-
graphic reconstruction.
3.3. Divergence time estimates

The divergence between Central American Gymnotus (G. cylin-
dricus) and its sister clade, the South American G. carapo group,
was inferred to have occurred during the Miocene, approximately
15.17 mya (95% highest posterior density interval = 7.18–24.28).
We calculated the age of divergence between Gymnotus and Elec-
trophorus as 56.6 mya (95% highest posterior density inter-
val = 26.6–91.25).

3.4. Electric waveform evolution

Our optimizations of EOD phase number indicate that the
ancestral condition in Gymnotus is a multiphasic waveform with
four or more phases (Fig. 6). Within Gymnotus, two lineages have
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independently evolved reduced numbers of EOD phases. The G.
cylindricus lineage evolved a dramatically reduced number of
phases, with G. cylindricus having a monophasic EOD. This transi-
tion occurred directly from the 4 + multiphasic condition; thus,
monophasy in G. cylindricus is not a plesiomorphic state shared
with E. electricus. The second major change occurred in a subclade
of the G. carapo group composed of G. curupira, G. tigre, G. obscurus,
and G. varzea. In this lineage the number of EOD phases
was reduced to 3 and then to 2 in G. obscurus. These state recon-
structions are consistent across tree topologies (e.g., parsimony
vs. Bayesian) and optimizations (ACCTRAN vs. DELTRAN). EOD con-
ditions in the gymnotid ancestor could not be unambiguously
reconstructed.
4. Discussion

4.1. Gymnotus phylogeny

Albert et al. (2004) produced the first comprehensive species-
level phylogeny for Gymnotus, based on 113 morphological charac-
ters. The total evidence and molecular phylogenies presented here
confirm some aspects of Albert et al.’s hypothesis, but also conflict
with some of the proposed relationships. In both studies, a sister
group relationship between Gymnotus and Electrophorus was well
supported, indicating the monophyly of the family Gymnotidae
(Ellis, 1913; Triques, 1993; Gayet et al., 1994; Alves-Gomes et al.,
1995; Albert and Campos-da-Paz, 1998; Albert, 2001; Albert
et al., 2004; Albert and Crampton, 2005). Within Gymnotus, three
species groups have been proposed based on color pattern, body
proportion, and arrangement of laterosensory canals (Fig. 1; Albert
and Miller, 1995; Albert, 2001; Albert and Crampton, 2003). These
include the G. carapo group (16 species), the G. pantherinus group
(13 species), and the Central American G. cylindricus group (two
species). The phylogenetic analysis of Albert et al. (2004) sup-
ported the monophyly of these groups, which had been proposed
earlier (Albert and Miller, 1995) based on morphological similari-
ties rather than formal phylogenetic analysis.

Our study confirms the monophyly of the G. carapo group,
which receives high support in all analyses that we conducted.
Within this clade, our analyses also confirm the monophyly of
the ‘G. carapo complex’ (Albert et al., 2004), a less inclusive clade
composed of G. carapo, G. arapaima, and G. ucamara (and the
trans-Andean G. choco, not included in the present analysis). How-
ever, our analyses do not support the monophyly of the G. panthe-
rinus group. In the current study, this proposed taxon was divided
into the G1 group (sister clade to the rest of Gymnotus), the G2
group, and G. pantherinus itself. The phylogenetic position of G.
pantherinus varied across analyses (including direct optimization),
and its sister group relationship was not well supported. The
ambiguous positioning of G. pantherinus appears to be a phyloge-
netic phenomenon that extends across datasets—in the morpho-
logical analysis of Albert et al. (2004) the node grouping G.
pantherinus with the rest of the G. pantherinus clade was also
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weakly supported by decay index and bootstrap values. Future
studies incorporating more molecular characters and species will
likely help to resolve the relationships between G. pantherinus
and other Gymnotus species. The only previous molecular study
(based on analysis of 345 nucleotides of the mitochondrial gene
ND2) was conducted on four Gymnotus species (G. pantherinus, G.
sylvius, G. carapo, and G. inaequilabiatus) from the Pantanal region
of southeastern Brazil (Fernandes-Matioli and Almeida-Toledo,
2001). This study could not be compared to the analyses here, be-
cause only two species were in common.

We were unable to test the monophyly of the G. cylindricus
group because only a single species from this group was included
in our study. However, the phylogenetic position of this Central
American lineage within Gymnotus is important for biogeographic
reconstructions. Our dataset refutes the position of this lineage as
the sister clade to all other Gymnotus, as proposed by Albert et al.
(2004). Analyses based on total evidence, mtDNA, and nuclear data
(as well as direct optimization), strongly support G. cylindricus as
the sister clade to the G. carapo group (with bootstrap proportions
and posterior probabilities ranging from 99 to 100%). However,
partitioned decay indices and separate analyses of morphology (Al-
bert et al., 2004) indicate that morphological data support G. cylin-
dricus as the sister group of all other Gymnotus. The reason for the
conflict between molecules and morphology at this node is un-
clear. Albert et al. (2004) reported 13 morphological characters
that support the monophyly of Gymnotus species from South
America, to the exclusion of the G. cylindricus clade. These charac-
ters represent a variety of anatomical structures, including four of
pigmentation, one of external meristics, six of cranial osteology,
and two from the pectoral fin and girdle. Only two of these charac-
ters (shape of the maxilla and dentary) were unique and unre-
versed in the Albert et al. (2004) analysis, while the others
exhibited CI’s that ranged from 0.67 to 0.25. If may be that consid-
erable evolutionary lability in these characters is misleading the
analyses based on morphology alone; further investigations of
the causes for conflict between morphology and molecular data
at this node are warranted.

Based on our total evidence analysis, several morphological
characters were found to be synapomorphic for G. cylindricus and
the G. carapo group, including: (1) deep body shape in lateral pro-
file (compared to the slender body shape of all other Gymnotus);
(2) a single dentary tooth row (as opposed to a patch of teeth ante-
riorly); (3) a broad frontal postorbital process; (4) a broad clei-
thrum having a curved ventral margin (as opposed to narrow
with a straight ventral margin in all other Gymnotus); (5) the shape
of the fifth rib and its crest; and (6) a moderate depth of the caudal
electric organ, consisting of 4–5 rows of electrocytes. Given the
strong total evidence support for the clade composed of G. cylindri-
cus and the G. carapo group, as well as the morphological synapo-
morphies just mentioned, we believe this phylogenetic
arrangement represents the best current hypothesis for the rela-
tionships of these taxa.

4.2. Central American biogeography

The topologies of all trees presented in this study (total evi-
dence, nuclear, and mtDNA) show that Central American Gymnotus
(represented here by G. cylindricus) is not the sister group to other
Gymnotus species, but rather occupies a relatively nested position
among South American lineages. Based on molecular estimates of
divergence, Central American forms of Gymnotus originated some-
time during the Miocene, approximately 15 mya. The relatively
nested position of G. cylindricus, combined with the Miocene age
estimate, indicate that Central American Gymnotus is more re-
cently derived than Bussing (1985) proposed, and that Gymnotus
is not part of the ‘Old Southern Element’.

This finding is in accord with other studies of origination times
for fishes in Central America. Molecular studies of primary fresh-
water fishes in Central America, including the catfishes Pimelodella
and Rhamdia, knifefishes of the genus Brachyhypopomus, and the
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characiforms Roeboides, Brycon, Bryconamericus, Eretmobrycon, and
Cyphocharax, have falsified the ‘Old Southern Element’ hypothesis
(Bermingham and Martin, 1998; Martin and Bermingham, 2000;
Perdices et al., 2002; Reeves and Bermingham, 2006). Studies of
these taxa indicate that colonization of Lower Central America
did not occur before approximately 8 mya. Reeves and Berming-
ham (2006, 249) summarized the molecular phylogenetic evidence
as providing ‘‘no evidence that primary freshwater fishes colonized
Mesoamerica prior to the formation of the Panama landbridge at
the end of the Tertiary”.

Studies on the evolutionary history of secondary freshwater
fishes (taxa with some tolerance for saltwater, sensu Myers,
1938), have provided older estimates of colonization. Divergences
between South and Central American lineages have been estimated
at 7.7–27.4 mya for synbranchid eels (Perdices et al., 2005), 15–
66 mya for cichlids (Martin and Bermingham, 1998; Hulsey et al.,
2004; Chakrabarty, 2006; Concheiro Pérez et al., 2007; Rícan
et al., 2008), >40–46 mya for Rivulus (Murphy and Collier, 1996),
and 22–68 mya for poeciliids (Hrbek et al., 2007). Similarly, diver-
gences for several terrestrial clades, including pitvipers, Túngara
frogs, salamanders, pseudoscorpions, procyonid mammals, and
rainforest trees indicate Miocene or earlier dispersal between
South and Central America (Zamudio and Greene, 1997; Zeh
et al., 2003; Parra-Olea et al., 2004; Weigt et al., 2005; Erkens
et al., 2007; Koepfli et al., 2007; Castoe et al., 2009). These dates
are inconsistent with both the 65 mya date of the ‘Old Southern
Element’ scenario and the 3 mya Pliocene emergence of the Isth-
mus of Panama, and may instead indicate dispersal across marine
barriers or via other geographical formations (Iturralde-Vinent and
MacPhee, 1999; Pennington and Dick, 2004).

Our age estimate for Central American Gymnotus is similar to
estimates for secondary freshwater fishes, and suggest that Central
American Gymnotus might predate the final rise of the Isthmus of
Panama. Albert et al. (2004, 2006) proposed that pre-Pliocene oce-
anic dispersal from South America to Central America may have
been facilitated by freshwater outflow from the paleo-Amazo-
nas–Orinoco river. Prior to the Miocene rise of the Merida Andes
in northern Venezuela, a large river drained the modern day wes-
tern Amazon Basin into the proto-Caribbean Sea near the Mara-
caibo basin (Hoorn et al., 1995). The freshwater plume from this
waterway may have been comparable in size to the current plume
of the Amazon River, which reaches 6700 km3 and stretches along
the coast of Brazil and the Guianas (Goulding et al., 2003). The
plume from the paleo-Amazonas–Orinoco may have facilitated dis-
persal along the volcanic island arc representing the developing
Isthmus of Panama. Recently published paleogeographic models
depict the Caribbean Plate as having achieved a relatively modern
position by the start of the Neogene (�23 mya), with a volcanic arc
rising along its trailing margin in the straits between the North and
South American Plates (Doubrovine and Tarduno, 2008; Pindell
and Kennan, in press). Therefore a semi-permeable dispersal corri-
dor may have been in place 20 million years was before the forma-
tion of a fully terrestrial connection. However, it should be noted
that unlike cichlids and poeciliids, all gymnotiforms are considered
to be primary freshwater fishes and are intolerant of salt water
even at low salinity levels (Myers, 1949). In marine conditions,
the gymnotiform electrosensory system is effectively short-cir-
cuited, rendering all functions associated with this sensory adapta-
tion useless (Stoddard, 2002a). Thus, dispersal scenarios for
Gymnotus involving marine or estuarine environments are consid-
erably less likely than for secondary freshwater fishes.

Our molecular divergence estimates, based on a single calibra-
tion point, clearly require additional corroboration. Also, while
the apparent Miocene divergence of Central American Gymnotus
may reflect the time of colonization of Central America; alterna-
tively, it could reflect divergences caused by the rise of the Andean
Cordillera. Several Gymnotus species (aside from G. cylindricus) oc-
cur in trans-Andean river drainages of South America (west and
north of the Andes), but were not included in the present study.
It is possible that divergence between trans-Andean and cis-An-
dean (east of the Andes) lineages occurred approximately
15 mya, but that the trans-Andean clade gave rise to the Central
American forms of Gymnotus more recently. One of the unsampled
trans-Andean species could thus represent the sister group of G.
cylindricus, and corresponding divergence estimates might be ear-
lier and more in line with Myers’s 3 mya hypothesis. For example,
in the characiform Bryconamericus ‘emperador’ group, Central
American lineages are closely related to trans-Andean lineages
from Colombia (Reeves and Bermingham, 2006). To evaluate this
possibility in Gymnotus, further molecular phylogenetic and bio-
geographic studies are needed on the species occurring in Pacific
drainages (G. henni, G. choco, G. esmeraldas) and the Magdalena
drainage in northern Colombia (G. ardilai) in relation to those in
Central America and cis-Andean South America.

4.3. South American biogeography

The South American fish fauna is the most diverse freshwater
assemblage in the world, and currently comprises some 5600 de-
scribed species, with many more still to be described (Reis et al.,
2003). For some clades of South American fishes, phylogenies can
be converted to area cladograms relatively easily, with species/
clade boundaries that coincide with major rivers of the continent
(e.g., species of the characiform genus Prochilodus; Sivasunder
et al., 2001). In contrast, the long history of Gymnotus in South
America has produced a complex pattern, with many relationships
(both within and between species) spanning more than a single
drainage, often over large distances. At more basal levels in our
tree, some evidence for geographic structure among major clades
is evident. The G. carapo and G1 clades both include many Amazo-
nian taxa, while the G2 clade consists exclusively of taxa whose
distributions include drainages of the Guyana Shield. Gymnotus
pantherinus, a species whose precise phylogenetic position remains
unclear, is endemic to Atlantic drainages of southeastern Brazil.
Within the major clades, some species, such as G. carapo (Albert
and Crampton, 2003) and G. coropinae (Crampton and Albert,
2003) have distributions that span multiple drainages, indicating
a complex history of vicariance, range expansion, and incipient
divergence. This pattern reinforces the idea that Gymnotus is a rel-
atively ancient group, as indicated by the divergence estimate of
56 mya for the genus. More taxa will be required to fully resolve
the biogeographic history of Gymnotus, especially from areas
underrepresented in the current analysis (trans-Andean South
America and south of the Amazon basin).

4.4. Electric signal evolution

The overall trend in EOD phase evolution within Gymnotus is
the reduction of phases from an ancestral 4 + multiphasic condi-
tion. Separate lineages, including G. cylindricus, and members of
the G. carapo species group, have independently evolved reduced
numbers of EOD phases (Fig. 6). In previous investigations of Gym-
notus phylogeny, the G. cylindricus lineage was resolved as the sis-
ter clade of all other Gymnotus species (Albert, 2001; Albert et al.,
2004). In that arrangement, the monophasic EOD in G. cylindricus
represented a plesiomorphic condition shared with Electrophorus.
In the trees presented here, G. cylindricus shows a reversal to
monophasy, raising the question of what may have driven this sig-
nificant change in EOD structure. Numerous abiotic and biotic
selective forces may influence the evolutionary design of electric
signals (Hopkins and Heiligenberg, 1978; Crampton, 1998a,b; Hop-
kins, 1999; Stoddard, 1999, 2002b; Crampton, 2006). One impor-
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tant type of natural selection on electric signals is the predator-
avoidance hypothesis (Stoddard, 1999, 2002a,b; Stoddard and
Markham, 2008). This idea posits that multiphasic EODs may have
evolved to reduce the conspicuousness of electric signals to elec-
troreceptive predators, including pimelodid catfishes, electric eels,
large Gymnotus, and river stingrays (Potamotrygonidae). The
ampullary electroreceptors of these predators are sensitive to the
low frequency electric fields (approximately 0–60 Hz) characteris-
tic of monophasic electric signals. Multiphasic signals, on the other
hand have a frequency composition outside the range of detection
(Stoddard, 1999; Stoddard and Markham, 2008), and are therefore
expected to be relatively cryptic to electroreceptive predators. G.
cylindricus does not occur sympatrically with the electric eel, large
pimelodid catfishes, or river stingrays, which are all restricted to
South American drainages. Thus, both biogeography and EOD opti-
mizations suggest that G. cylindricus evolved a monophasic dis-
charge in comparatively low predation environments.

Our results for G. cylindricus are consistent with the predator-
avoidance hypothesis but also require a corollary explanation of
why monophasy might evolve in a predatory vacuum. Species in
predator-free environments have been shown to reduce or lose
adaptations that are involved in avoiding predation (Magurran,
1999; Blumstein, 2002). Maintaining antipredator features may
be energetically costly, or costly in terms of mate attraction or for-
aging behavior (Blumstein, 2002). Thus, in the case of Gymnotus,
we might predict that monophasic discharges require less energy
to produce, or provide some advantage for mate-attraction, hybrid-
ization avoidance, or electrolocation performance. Such investiga-
tions, along with determination of the EOD characteristics of the
other trans-Andean Gymnotus species and their position in the
phylogenetic tree, are worthy of further study.

Several authors have suggested that the initial evolution of elec-
tric signals in gymnotiforms involved a progression from monoph-
asy to multiphasy, based on functional, physiological, and
ontogenetic evidence (Stoddard, 1999, 2002a; Kirschbaum and
Schugardt, 2002; Crampton and Albert, 2006; Kirschbaum and
Schwassmann, 2008). Establishing this initial transition is beyond
the scope of the present study, and optimizations of EOD phase
at the base of our trees were ambiguous. However, our hypothe-
sized position for the monophasic G. cylindricus may have some
bearing on the early evolution of EODs in gymnotiforms. In the
most recent comprehensive morphological phylogeny, which con-
siders Gymnotidae the sister lineage of all other gymnotiforms, the
plesiomorphic EOD condition has been reconstructed as monoph-
asy (Albert and Fink, 1996; Albert and Campos-da-Paz, 1998; Al-
bert, 2001; Crampton and Albert, 2006). Assuming the
phylogenetic position of Gymnotidae is accurate, our hypothesis
of G. cylindricus as a relatively nested member of Gymnotus means
that an optimization of monophasy as the ancestral state for gym-
notidae, and hence gymnotiforms, is less certain. The monophasic
signal of E. electricus may still represent a plesiomorphic character
state for the order. Alternatively, the loss of a multiphasic EOD may
have occurred twice during the history of Gymnotidae—in both the
Electrophorus and G. cylindricus lineages. Molecular studies suggest
than Sternopygus may be the sister taxon of all other gymnotiforms
(Alves-Gomes et al., 1995; Alves-Gomes, 1999, 2001). However,
the monophasic EOD of Sternopygus consists of head positive depo-
larizations from a negative-offset baseline, and its homology rela-
tive to the monophasic EOD of Electrophorus is unclear. Accurate
determination of the ancestral EOD condition in Gymnotiformes
awaits a robust phylogenetic hypothesis for the entire Neotropical
electric fish clade.

We examined the evolution of EOD phase number because it
constitutes a major source of species-level variation in signal struc-
ture and is easily coded as a categorical phylogenetic character.
Other waveform characteristics of evolutionary importance in
Gymnotus include the peak power frequency (PPF), which is typi-
cally closely matched to the tuning of some classes of tuberous
electroreceptors employed in electrolocation and communication
(Hopkins, 1976), as well as the shape, duration, and amplitude of
each phase. Crampton et al. (2008) demonstrated that EODs of a
community of sympatric Gymnotus from the Central Amazon exhi-
bit complete partitioning in a multivariate signal space represent-
ing frequency and temporal (shape) parameters of the waveform.
Reconstructing the evolution of these waveform features repre-
sents fertile ground for further phylogenetic studies of Gymnotus
behavior and diversification.

Acknowledgments

Assistance with field collections and specimen and tissue loans
was generously provided by S. Willis, C. Montaña, H. Ortega, F.
Lima, R. Reis, J. Armbruster, F. Fernandes, M. Sabaj, K. Winemiller,
and F. Lima. Helpful comments on the manuscript were provided
by D. Bloom, D. Xiao, J. Maldonado, E. Lewallen, and S. Willis. B.
Chang provided critical guidance on analytical methods. Figures
were prepared by S. Khattak. This research was funded by Discov-
ery and Connaught grants to N. Lovejoy from the Natural Sciences
and Engineering Research Council of Canada (NSERC), and National
Science Foundation Grant DEB-0614334 to W. Crampton, N. Love-
joy and J. Albert. Computer resources were provided by Fundação
de Amparo à Pesquisa do Estado de São Paulo through research
Grants 2005/01299-3 to F.P.L. Marques, 2004/09961-4 to A.C. Mar-
ques, 2003/10335-8 to M. T.U. Rodrigues, and 2008/06604-2 to R.P.
da Rocha.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ympev.2009.09.017.

References

Albert, J.S., 2001. Species diversity and phylogenetic systematics of American
knifefishes (Gymnotiformes, Teleostei). Misc. Publ. Mus. Zool. Univ. Mich. 190,
1–129.

Albert, J.S., Campos-da-Paz, R., 1998. Phylogenetic systematics of gymnotiformes
with diagnoses of 58 clades: a review of available data. 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. 419–443.

Albert, J.S., Crampton, W.G.R., 2001. Five new species of Gymnotus (Teleostei:
Gymnotiformes) from an Upper Amazon floodplain, with descriptions of
electric organ discharges and ecology. Ichthyol Explor. Freshwaters 12, 241–
266.

Albert, J.S., Crampton, W.G.R., 2003. Seven new species of the Neotropical electric
fish Gymnotus (Teleostei, Gymnotiformes) with a redescription of G. carapo
(Linnaeus). Zootaxa 287, 1–54.

Albert, J.S., Crampton, W.G.R., 2005. Diversity and phylogeny of Neotropical electric
fishes (Gymnotiformes). In: Bullock, T.E., Hopkins, C.D., Popper, A.N., Fay, F.R.
(Eds.), Electroreception. Cornell University Press, Ithaca, pp. 360–403.

Albert, J.S., Crampton, W.G.R., Thorsen, D.H., Lovejoy, N.R., 2004. Phylogenetic
systematics and historical biogeography of the Neotropical electric fish
Gymnotus (Gymnotidae: Teleostei). Syst. Biodivers. 2, 375–417.

Albert, J.S., Fernandes-Matioli, F.M.D., de Almeida-Toledo, L.F., 1999. New species of
Gymnotus (Gymnotiformes, Teleostei) from southeastern Brazil: toward the
deconstruction of Gymnotus carapo. Copeia 1999, 410–421.

Albert, J.S., Fink, W.L., 1996. Sternopygus xingu, a new species of electric fish from
Brazil (Teleostei: Gymnotoidei), with comments on the phylogenetic position of
Sternopygus. Copeia 1996, 85–102.

Albert, J.S., Lovejoy, N.R., Crampton, W.G.R., 2006. Miocene tectonism and the
separation of cis- and trans-Andean river basins: evidence from Neotropical
fishes. J. S. Am. Earth Sci. 21, 14–27.

Albert, J.S., Miller, R.R., 1995. Gymnotus maculosus, a new species of electric fish
(Chordata: Teleostei: Gymnotoidei) from middle America, with a key to species
of Gymnotus. Proc. Biol. Soc. Wash. 108, 662–678.

Alves-Gomes, J.A., 1999. Systematic biology of gymnotiform and mormyriform
electric fishes: phylogenetic relationships, molecular clocks and rates of
evolution in the mitochondrial rRNA genes. J. Exp. Biol. 202, 1167–1183.

Alves-Gomes, J.A., 2001. The evolution of electroreception and bioelectrogenesis in
teleost fish: a phylogenetic perspective. J. Fish Biol. 58, 1489–1511.

http://dx.doi.org/10.1016/j.ympev.2009.09.017


N.R. Lovejoy et al. / Molecular Phylogenetics and Evolution 54 (2010) 278–290 289
Alves-Gomes, J.A., Ortí, G., Haygood, M., Heiligenberg, W., Meyer, A., 1995.
Phylogenetic analysis of the South American electric fishes (Order
Gymnotiformes) and the evolution of their electrogenic system: a synthesis
based on morphology, electrophysiology, and mitochondrial sequence data.
Mol. Biol. Evol. 12, 298–318.

Baker, R.H., DeSalle, R., 1997. Multiple sources of character information and the
phylogeny of Hawaiian drosophilids. Syst. Biol. 46, 654–673.

Bennett, M.V.L., 1961. Modes of operation of electric organs. Ann. N. Y. Acad. Sci. 94,
458–509.

Bennett, M.V.L., 1971. Electric organs. In: Hoar, W.S., Randall, D.J. (Eds.), Fish
Physiology Volume 5: Sensory Systems and Electric Organs. Academic Press,
New York, pp. 347–491.

Bermingham, E., Martin, A., 1998. Comparative mtDNA phylogeography of
Neotropical freshwater fishes: testing shared history to infer the evolutionary
landscape of lower Central America. Mol. Ecol. 7, 499–517.

Blumstein, D.T., 2002. Moving to suburbia: ontogenetic and evolutionary
consequences of life on predator-free islands. J. Biogeogr. 29, 685–692.

Bremer, K., 1994. Branch support and tree stability. Cladistics 10, 295–304.
Briggs, J.C., 1984. Freshwater fishes and biogeography of Central-America and the

Antilles. Syst. Zool. 33, 428–435.
Briggs, J.C., 1994. The genesis of Central America: biology versus geophysics. Global

Ecol. Biogeogr. 4, 169–172.
Bullock, T.H., Hopkins, C.D., Popper, A.N., Fay, R.R., 2005. Electroreception. Springer,

New York, NY.
Bussing, W., 1976. Geographic distribution of the San Juan Ichthyofauna of Central

America with remarks on its origin and ecology. In: Thorson, T.B. (Ed.),
Investigations of the Ichthyofauna of Nicaraguan Lakes. University of Nebraska,
Lincoln, pp. 157–175.

Bussing, W.A., 1985. Patterns of distribution of the Central American ichthyofauna.
In: Stehli, F.G., Webb, S.D. (Eds.), The Great American Biotic Interchange.
Plenum Press, New York., pp. 453–473.

Campos-da-Paz, R., 2002. Gymnotus diamantinensis, a new species of electric
knifefish from upper rio Arinos basin, Brazil (Ostariophysi: Gymnotidae).
Ichthyol Explor. Freshwaters 13, 185–192.

Caputi, A.A., 1999. The electric organ discharge of pulse gymnotiforms: the
transformation of a simple impulse into a complex spatiotemporal
electromotor pattern. J. Exp. Biol. 202, 1229–1241.

Castoe, T.A., Daza, J.M., Smith, E.N., Sasa, M.M., Kuch, U., Campbell, J.A., Chippindale,
P.T., Parkinson, C.L., 2009. Comparative phylogeography of pitvipers suggests a
consensus of ancient Middle American highland biogeography. J. Biogeogr. 36,
88–103.

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

Coates, A.G., Obando, J.A., 1996. The geologic evolution of the Central American
isthmus. In: Jackson, J., Budd, A.F., Coates, A.G. (Eds.), Evolution and
Environment in Tropical America. The University of Chicago Press, Chicago,
pp. 21–75.

Cognato, D., Richer-de-Forges, M.M., Albert, J.S., Crampton, W.G.R., 2007. Gymnotus
chimarrao: a new species of Neotropical electric fish (Ostariophysi:
Gymnotidae) from Southern Brazil. Ichthyol Explor. Freshwaters 18, 375–
382.

Concheiro Pérez, G.A., Rícan, O., Ortí, G., Bermingham, E., Doadrio, I., Zardoya, R.,
2007. Phylogeny and biogeography of 91 species of heroine cichlids (Teleostei:
Ciclidae) based on sequences of the cytochrome b gene. Mol. Phylogenet. Evol.
43, 91–110.

Crampton, W.G.R., 1998a. Electric signal design and habitat preferences in a species
rich assemblage of gymnotiform fishes from the Upper Amazon Basin. An. Acad.
Bras. Ciênc. 70, 805–847.

Crampton, W.G.R., 1998b. Effects of anoxia on the distribution, respiratory
strategies and electric signal diversity of gymnotiform fishes. J. Fish Biol. 53
(Suppl. A), 307–330.

Crampton, W.G.R., 2006. Evolution of electric signal diversity in gymnotiform fishes.
II. Signal design. In: Ladich, F., Collin, S.P., Moller, P., Kapoor, B.G. (Eds.),
Communication in Fishes. Science Publishers, Enfield, New Hampshire, pp. 697–
731.

Crampton, W.G.R., Albert, J.S., 2003. Redescription of Gymnotus coropinae
(Gymnotiformes, Gymnotidae), an often misidentified species of Neotropical
electric fish, with notes on natural history and electric signals. Zootaxa 348, 1–
20.

Crampton, W.G.R., Albert, J.S., 2006. Evolution of electric signal diversity in
gymnotiform fishes. I. Phylogenetic systematics, ecology and biogeography.
In: Ladich, F., Collin, S.P., Moller, P., Kapoor, B.G. (Eds.), Communication in
Fishes. Science Publishers, Enfield, New Hampshire, pp. 647–696.

Crampton, W.G.R., Davis, J.K., Lovejoy, N.R., Pensky, M., 2008. Multivariate
classification of animal communication signals: a simulation-based
comparison of alternative signal processing procedures using electric fishes. J.
Physiol. Paris 102, 304–321.

Crampton, W.G.R., Hopkins, C.D., 2005. Nesting and parental care in the weakly
electric fish Gymnotus (Gymnotiformes: Gymnotidae) with descriptions of
larval and adult electric organ discharges of two species. Copeia 2005, 48–60.

Crampton, W.G.R., Lovejoy, N.R., Albert, J.S., 2003. Gymnotus ucamara: a new species
of Neotropical electric fish from the Peruvian Amazon (Ostariophysi:
Gymnotidae), with notes on ecology and electric organ discharges. Zootaxa
277, 1–18.

Crampton, W.G.R., Thorsen, D.H., Albert, J.S., 2005. Three new species from a diverse
and sympatric assemblage of the electric fish Gymnotus (Ostariophysi:
Gymnotidae) in the lowland Amazon Basin, with notes on ecology. Copeia
2005, 82–99.

Doubrovine, P.V., Tarduno, J.A., 2008. A revised kinematic model for the relative
motion between Pacific oceanic plates and North America since the late
cretaceous. J. Geophys. Res. 113, B12101.

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

Drummond, A.J., Rambaut, A., 2007. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evol. Biol. 7, 214.

Duque-Caro, H., 1990. Neogene stratigraphy, paleoceanography and
paleobiogeography in northwest South America and the evolution of the
Panama seaway. Palaeogeogr. Palaeoclimat. Palaeoecol. 77, 203–234.

Ellis, M.M., 1913. The gymnotid eels of tropical America. Mem. Carnegie Mus. 6,
109–204.

Erkens, R.H.J., Chatrou, L.W., Maas, J.W., van der Niet, T., Savolainen, V., 2007. A
rapid diversification of rainforest trees (Guatteria; Annonaceae) following
dispersal from Central into South America. Mol. Phylogenet. Evol. 44, 399–411.

Farris, J.S., Källersjö, M., Kluge, A.G., Bult, C., 1994. Testing significance of
incongruence. Cladistics 10, 315–319.

Felsenstein, J., 1985. Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39, 783–791.

Fernandes, F.M.C., Albert, J.S., De Fatima, Z.M., Silva, D., Lopes, C.E., Crampton,
W.G.R., Almeida-Toledo, L.F., 2005. A new Gymnotus (Teleostei: Gymnotiformes:
Gymnotidae) from the Pantanal Matogrossense of Brazil and adjacent
drainages: continued documentation of a cryptic fauna. Zootaxa 933, 1–14.

Fernandes-Matioli, F.M.C., Almeida-Toledo, L.F., 2001. A molecular phylogenetic
analysis in Gymnotus species (Pisces: Gymnotiformes) with inferences on
chromosome evolution. Caryologia 54, 23–30.

Gatesy, J., DeSalle, R., Wheeler, W., 1993. Alignment, ambiguous nucleotide sites
and the exclusion of systematic data. Mol. Phylogenet. Evol. 2, 152–157.

Gayet, M., Meunier, F.J., Kirschbaum, F., 1994. Ellisella kirschbaumi Gayet and
Meunier, 1991, Gymnotiforme fossile de Bolivie et ses relations
phylogenétiques au sein des formes actuelles. Cybium 18, 273–306.

Gelman, A., Rubin, D.B., 1992. Inference from iterative simulation using multiple
sequences. Stat. Sci. 7, 457–511.

Goulding, M.J., Bartham, R., Ferreira, E., 2003. The Smithsonian Atlas of the Amazon.
Smithsonian Books, Washington. 253 pp.

Guindon, S., Gascuel, O., 2003. A simple, fast, and accurate algorithm to estimate
large phylogenies by maximum likelihood. Syst. Biol. 52, 696–704.

Guindon, S., Lethiec, F., Duroux, P., Gascuel, O., 2005. PHYML online–a web server
for fast maximum likelihood-based phylogenetic inference. Nucleic Acids Res.
33, W557–W559.

Hoorn, C., Guerrero, J., Sarmiento, G.A., Lorente, M.A., 1995. Andean tectonics as a
cause for changing drainage patterns in Miocene northern South America.
Geology 23, 237–240.

Hopkins, C.D., 1976. Stimulus filtering and electroreception: tuberous
electroreceptors in three species of gymnotoid fish. J. Comp. Physiol. 111,
171–208.

Hopkins, C.D., 1999. Design features for electric communication. J. Exp. Biol. 202,
1217–1228.

Hopkins, C.D., Heiligenberg, W.F., 1978. Evolutionary designs for electric signals and
electroreceptors in gymnotoid fishes of Surinam. Behav. Ecol. Sociobiol. 3, 113–
134.

Hrbek, T., Seekinger, J., Meyer, A., 2007. A phylogenetic and biogeographic
perspective on the evolution of poeciliid fishes. Mol. Phylogenet. Evol. 43,
986–998.

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

Iturralde-Vinent, M.A., MacPhee, R.D.E., 1999. Paleogeography of the Caribbean
region: implications for Cenozoic biogeography. Bull. Amer. Mus. Nat. Hist. 238,
1–95.

Johns, G.C., Avise, J.C., 1998. A comparative summary of genetic distances in the
vertebrate mitochondrial cytochrome b gene. Mol. Biol. Evol. 15, 1481–1490.

Kirschbaum, F., Schugardt, C., 2002. Reproductive strategies and developmental
aspects in mormyrid and gymnotiform fishes. J. Physiol. Paris 96, 557–566.

Kirschbaum, F., Schwassmann, H.O., 2008. Ontogeny and evolution of electric
organs in gymnotiform fish. J. Physiol. Paris 102, 347–356.

Koepfli, K.P., Gompper, M.E., Eizirik, E., Ho, C.C., Linden, L., Maldonado, J.E., Wayne,
R.K., 2007. Phylogeny of the Procyonidae (Mammalia: Carnivora): molecules,
morphology and the Great American Interchange. Mol. Phylogenet. Evol. 43,
1076–1095.

Lavoué, S., Arnegard, M.E., Sullivan, J.P., Hopkins, C.D., 2008. Petrocephalus of Odzala
offer insights into evolutionary patterns of signal diversification in the
Mormyridae, a family of weakly electrogenic fishes from Africa. J. Physiol.
(Paris) 102, 322–339.

Lewis, P.O., 2001. A likelihood approach to estimating phylogeny from discrete
morphological character data. Syst. Biol. 50, 913–925.

Lovejoy, N.R., Collette, B.B., 2001. Phylogenetic relationships of New World
needlefishes (Teleostei: Belonidae) and the biogeography of transitions
between marine and freshwater habitats. Copeia 2001, 324–338.

Lundberg, J.G., Marshall, L.G., Guerrero, J., Horton, B., Malabarba, M.C.S.L.,
Wesselingh, F., 1998. The stage for Neotropical fish diversification: a history
of tropical South American rivers. 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. 13–48.



290 N.R. Lovejoy et al. / Molecular Phylogenetics and Evolution 54 (2010) 278–290
Macadar, O., Lorenzo, D., Velluti, J.C., 1989. Waveform generation of the electric
organ discharge in Gymnotus carapo, II. Electrophysiological properties of single
electrocytes. J. Comp. Physiol. A 165, 353–360.

Maddison, D.R., Maddison, W.P., 2001. MacClade 4: Analysis of Phylogeny and
Character Evolution, version 4.0. Sinauer Associates, Sunderland, Massachusetts.

Mago-Leccia, F., 1994. Electric Fishes of the Continental Waters of America.
Biblioteca de la Academia de Ciencias Fisicas, Matematicas y Naturales,
Caracas, Venezuela, vol. 29. pp. 1–206.

Magurran, A.E., 1999. The causes and consequences of geographic variation in
antipredator behavior: perspectives from fish populations. In: Foster, S.A.,
Endler, J.A. (Eds.), Geographic Variation in Behavior: Perspectives in
Evolutionary Mechanisms. Oxford University Press, New York, pp. 139–163.

Maldonado-Ocampo, J.A., Albert, J.S., 2004. Gymnotus ardilai: a new species of
Neotropical electric fish (Ostariophysi: Gymnotidae) from the Rio Magdalena of
Colombia. Zootaxa 759, 1–10.

Marshall, L.G., Sempere, T., Butler, R.F., 1997. Chronostratigraphy of the mammal-
bearing Paleocene of South America. J. S. Am. Earth Sci. 10, 49–70.

Martin, A.P., Bermingham, E., 1998. Systematics and evolution of lower Central
American cichlids inferred from the analysis of cytochrome b gene sequences.
Mol. Phylogenet. Evol. 9, 192–203.

Martin, A.P., Bermingham, E., 2000. Regional endemism and cryptic species revealed
by molecular and morphological analysis of a widespread species of Neotropical
catfish. Proc. R. Soc. B-Biol. Sci. 267, 1135–1141.

Milhomen, S.S.R., Pieczarka, J.C., Crampton, W.G.R., Silva, D.S., de Souza, A.C.P.,
Carvalho, J.R., Nagamachi, C.Y., 2008. Chromosomal evidence for a putative
cryptic species in the Gymnotus carapo species-complex (Gymnotiformes,
Gymnotidae). BMC Genet. 9, 1–10.

Miller, R.R., 1966. Geographical distribution of Central American freshwater fishes.
Copeia 1966, 773–802.

Murphy, W.J., Collier, G.E., 1996. Phylogenetic relationships within the aplocheiloid
fish genus Rivulus (Cyprinodontiformes: Rivulidae): implications for Caribbean
and Central American biogeography. Mol. Biol. Evol. 13, 642–649.

Myers, G.S., 1938. Fresh-water Fishes and West Indian Zoogeography. Ann. Rep.
Smith. Inst. for 1937, Wash. DC. pp. 339–364.

Myers, G.S., 1949. Salt-tolerance of freshwater fish groups in relation to
zoogeographical problems. Bijdr. Dierkd. 28, 315–322.

Myers, G.S., 1966. Derivation of the freshwater fish fauna of Central America. Copeia
1966, 766–773.

Nylander, J.A.A., 2004. MrModeltest v2. Program Distributed by the Author.
Evolutionary Biology Centre, Uppsala University.

Ortí, G., Petry, P., Porto, J.I.R., Jegú, M., Meyer, A., 1996. Patterns of nucleotide change
in mitochondrial ribosomal RNA genes and the phylogeny of piranhas. J. Mol.
Evol. 42, 169–182.

Palumbi, S.R., 1996. Nucleic acids II: the polymerase chain reaction. In: Hillis, D.M.,
Moritz, C., Mable, B.K. (Eds.), Molecular Systematics. Sinauer Associates,
Sunderland, MA, pp. 205–247.

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

Parra-Olea, G., García-París, M., Wake, D.B., 2004. Molecular diversification of
salamanders of the tropical American genus Bolitoglossa (Caudata:
Plethodontidae) and its evolutionary and biogeographical implications. Biol. J.
Linn. Soc. 81, 325–346.

Pennington, R.T., Dick, C.W., 2004. The role of immigrants in the assembly of the
South American rainforest tree flora. Phil. Trans. R. Soc. Lond. B 359, 1611–1622.

Perdices, A., Bermingham, E.B., Montilla, A., Doadrio, I., 2002. Evolutionary history of
the genus Rhamdia (Teleostei: Pimelodidae) in Central America. Mol.
Phylogenet. Evol. 25, 172–189.

Perdices, A., Doadrio, I., Bermingham, E., 2005. Evolutionary history of the
synbranchid eels (Teleostei: Synbranchidae) in Central America and the
Caribbean islands inferred from their molecular phylogeny. Mol. Phylogenet.
Evol. 37, 460–473.

Pereira, A.C., Rodríguez-Cattaneo, A., Castello, M.E., Caputi, A.A., 2007. Post-natal
development of the electromotor system in a pulse gymnotid electric fish. J.
Exp. Biol. 210, 800–814.

Pindell, J., Kennan, L., in press. Tectonic evolution of the Gulf of Mexico, Caribbean
and northern South America in the mantle reference frame: an update. In:
James, K., Lorente, M.A., Pindell, J. (Eds.), The Geology and Evolution of the
Region Between North and South America, Geological Society, London.

Pitman III, W.C., Claude, S., Labreque, J., Pindell, J., 1993. Fragmentation of
Gondwana: the separation of Africa from South America. In: Goldblatt, P.
(Ed.), Biological Relationships between Africa and South America. Yale
University Press, New Haven, pp. 405–439.

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

Rage, J.-C., 1981. Les continents pérriatlantiques au Crétacé supérieur: migrations
des faunes continentales et problèmes paléogéographiques. Cret. Res. 2, 65–
84.

Rambaut, A., Drummond, A.J., 2007. Tracer v1.4. Available from http://
beast.bio.ed.ac.uk/Tracer.

Reeves, R.G., Bermingham, E., 2006. Colonization, population expansion, and lineage
turnover: phylogeography of Mesoamerican characiform fish. Biol. J. Linn. Soc.
88, 235–255.

Reis, R.E., Kullander, S.O., Ferraris, C.J., 2003. Checklist of the Freshwater Fishes of
South America. Edipucrs, Porto Alegre, Brazil.

Rícan, 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.

Richer-de-Forges, M.M., Crampton, W.G.R., Albert, J.S., 2009. A new species of
Gymnotus (Gymnotiformes, Gymnotidae) from Uruguay: description of a model
species in neurophysiological research. Copeia. 2009, 538–544.

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

Rosen, D., 1975. A vicariance model of Caribbean biogeography. Syst. Zool. 24, 341–
364.

Seutin, G., White, B.N., Boag, P.T., 1991. Preservation of avian blood and tissue
samples for DNA analyses. Can. J. Zool. 69, 82–90.

Sivasunder, A., Bermingham, E., Ortí, G., 2001. Population structure and
biogeography of migratory freshwater fishes (Prochilodus: Characiformes) in
major South American rivers. Mol. Ecol. 10, 407–417.

Sorenson, M.D., 1999. TreeRot, Version 2c. Boston University, Boston, MA.
Stoddard, P.K., 1999. Predation enhances complexity in the evolution of electric fish

signals. Nature 400, 254–256.
Stoddard, P.K., 2002a. The evolutionary origins of electric signal complexity. J.

Physiol. Paris 96, 485–491.
Stoddard, P.K., 2002b. Electric signals: predation, sex, and environmental

constraints. Adv. Stud. Behav. 31, 201–242.
Stoddard, P.K., Markham, M.R., 2008. Signal cloaking by electric fish. Bioscience 58,

415–425.
Sullivan, J.P., 1997. A phylogenetic study of the Neotropical hypopomid electric

fishes (Gymnotiformes, Rhamphichthyoidea). Unpubl. Ph.D. diss., Duke Univ.,
Durham, NC. pp. 335.

Sullivan, J., Swofford, D.L., 2001. Should we use model-based methods for
phylogenetic inference when we know that assumptions about among-site
rate variation and nucleotide substitution pattern are violated? Syst. Biol. 50,
723–729.

Sullivan, J.P., Lavoué, S., Hopkins, C.D., 2000. Molecular systematics of the African
electric fishes (Mormyroidea: Teleostei) and a model for the evolution of their
electric organs. J. Exp. Biol. 203, 665–683.

Swofford, D.L., 2002. PAUP*. Phylogenetic Analysis Using Parsimony (� and Other
Methods). Version 4.0b10. Sinauer Associates, Sunderland, MA.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
CLUSTAL_X windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Res. 25, 4876–4882.

Triques, M.L., 1993. Filogenia dos gêneros de Gymnotiformes (Actinopterygii,
Ostariophysi), com base em caracteres esqueléticos. Comunicações do Museu
de Ciências da PUCRS. Sér. Zool. 6, 85–130.

Turner, C.R., Derylo, M., de Santana, C.D., Alves-Gomes, J.A., Smith, G.T., 2007.
Phylogenetic comparative analysis of electric communication signals in ghost
knifefishes (Gymnotiformes: Apteronotidae). J. Exp. Biol. 210, 4104–4122.

Weigt, L.A., Crawford, A.J., Rand, A.S., Ryan, M.J., 2005. Biogeography of the túngara
frog, Physalaemus pustulosus: a molecular perspective. Mol. Ecol. 14, 3857–
3876.

Yoder, A.D., Irwin, J.A., Payseur, B.A., 2001. Failure of the ILD to determine data
combinability for slow Loris phylogeny. Syst. Biol. 50, 408–424.

Zamudio, K.R., Greene, H.W., 1997. Phylogeography of the bushmaster (Lachesis
muta: Viperidae): implications for Neotropical biogeography, systematics and
conservation. Biol. J. Linn. Soc. 62, 421–442.

Zeh, J.A., Zeh, D.W., Bonilla, M.M., 2003. Phylogeography of the harlequin beetle-
riding pseudoscorpion and the rise of the Isthmus of Panama. Mol. Ecol. 12,
2759–2769.

http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer

	Phylogeny, biogeography, and electric signal evolution of Neotropical knifefishes of the genus Gymnotus (Osteichthyes: Gymnotidae)
	Introduction
	Materials and methods
	Taxon sampling
	DNA isolation, PCR, and sequencing
	Alignment
	Phylogenetic analysis
	Divergence time estimates
	Electric waveform recording and analysis

	Results
	Molecular dataset
	Phylogenetic relationships
	Divergence time estimates
	Electric waveform evolution

	Discussion
	Gymnotus phylogeny
	Central American biogeography
	South American biogeography
	Electric signal evolution

	Acknowledgments
	Supplementary data
	References


