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ABSTRACT

The Echeneoidea comprise three families of cosmopolitan tropical/subtropical
marine fishes: the Echeneidae (remoras), Coryphaenidae (dolphinfishes), and
Rachycentridae (cobia). Complete nucleotide sequences from the mitochondrial
12S rRNA, 16S rRNA, protein-coding ND2, and nuclear ITS-1 gene regions were
used to reconstruct the phylogenetic history of these fishes. Parsimony, maximum
likelihood, and Bayesian analyses of combined data sets resolved trees of similar
topology. Congruent with evolutionary hypotheses based on larval morphology, a
monophyletic Rachycentridae + Coryphaenidae was resolved with high support.
Within a monophyletic Echeneidae, the subfamilies Echeneinae and Remorinae
were monophyletic. In agreement with recent morphological analyses, the genus
Remora was paraphyletic based on the position of Remorina albescens Temminck
and Schlegel, 1850. Consistent resolution within the Remorinae using parsimony,
maximum likelihood, and Bayesian inference was not achieved with the gene regions
surveyed in this study.

The superfamily Echeneoidea comprises three of the 160 families that are tradi-
tionally placed in the order Perciformes: the Echeneidae, Coryphaenidae, and Rachy-
centridae (Nelson, 2006). The Echeneoidea has been grouped with the Carangidae
(jacks, pompanos) and the Nematistiidae (roosterfish) on the basis of prenasal canal
ossification and scale structure (Freihofer, 1978). Collectively, these five families make
up the suborder Carangoidei (Johnson, 1984; Springer and Smith-Vaniz, 2008). The
carangids and echeneoids form a monophyletic group based on three features: these
fishes lack the bony stay posterior to the ultimate dorsal and anal pterygiophores,
possess two prenasal canal units, and bear a lamellar expansion of the coracoid. Sy-
napomorphies that unite the Rachycentridae, Coryphaenidae, and the Echeneidae
include absence of supraneural bones, an anterior shift of the first dorsal pterygio-
phore, presence of several anal pterygiophores anterior to the first haemal spine, loss
of the beryciform foramen in the ceratohyal, tubular ossifications surrounding both
prenasal canal units, and elongate larvae with late dorsal fin completion (Johnson,
1984).

Placement of the Echeneoidea within the Carangoidei is uncontested but the phy-
logenetic relationships of the species within the Echeneoidea remain unresolved de-
spite a number of morphological investigations (Freihofer, 1978; Johnson, 1984, 1993;
Ditty and Shaw, 1992; Ditty et al., 1994; O’Toole, 2002). Based on larval characters
relating to neurocranial development, head spination, mandibular structure, and ep-
ithelial cell composition, Johnson (1984) hypothesized a rachycentrid-coryphaenid
sister group relationship. This hypothesis was supported by the work of Ditty and
Shaw (1992) and Ditty et al. (1994) in an examination of larval development in co-
bia and dolphin, respectively. However, O’ Toole (2002) published a phylogeny based
on 138 putatively informative osteological characters that is inconsistent with this
hypothesis. Specifically, in O’Toole’s phylogeny, the Coryphaenidae were placed as
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a sister group to the Rachycentridae-Echeneidae clade. In addition, the phylogeny
did not support the subfamilies Echeneinae and Remorinae, or the monophyly of the
genus Remora. This phylogeny was supported by behavioral characters concerning
the development of the symbiotic “hitchhiking” and the degree of host specialization
within the Echeneidae. O’ Toole (2002) postulated a progression from general school-
ing behavior to close association with floating objects (demonstrated by the corypha-
enids), which progresses further to following behavior (exhibited by Rachycentron),
and finally, direct host attachment via a modified dorsal fin (demonstrated by the
echeneids). Within the Echeneidae, a progression from coral-reef associating gener-
alist symbiont (Phtheirichthys, Echeneis) to pelagic generalist [Remora brachyptera
(Lowe, 1839)] to pelagic specialist (Remora remora Linnaeus, 1758) and finally, pelag-
ic obligates [Remora osteochir (Cuvier, 1829), Remora australis (Bennett, 1840), and
Remora albescens (Temminck and Schlegel, 1850)] was suggested (O’ Toole, 2002).

Family level relationships with the Echeneoidea have also been addressed using
molecular evidence. In an analysis of alpha-level taxonomy within the Carangidae,
Reed et al. (2002) hypothesized a coryphaenid-rachycentrid sister-group relationship.
Analyses of mitochondrial cytochrome b sequences resolved Coryphaena hippurus
Linnaeus, 1758 and Rachycentron canadum (Linnaeus, 1766) as a monophyletic out-
group to the Carangidae using parsimony, maximum likelihood, and Bayesian infer-
ence methods. Placement of the single echeneid examined was problematic. Echeneis
naucrates Linnaeus, 1758 was alternately resolved within and as an outgroup to the
carangids studied, depending on the optimality criterion used. To date, no compre-
hensive molecular investigation into the taxonomic relationships within the Ech-
eneoidea has been performed.

It is common to address phylogenetic questions using multiple gene regions (both
mitochondrial and nuclear-encoded) to generate robust evolutionary hypotheses
(Chen et al., 2003; Near and Cheng, 2008; Musilova et al., 2008). Because taxonomic
ambiguities exist at the family, genus, and species levels within the Echeneidae, we
evaluated genetic variation using four gene regions (three mitochondrial and one
nuclear) that exhibit differing rates of sequence evolution. Variation was examined
in the relatively slowly evolving mitochondrial 12S and 16S ribosomal RNA (rRNA)
gene regions, the moderately evolving protein-coding NADH-dehydrogenase subunit
2 (ND2) gene region, and the rapidly evolving nuclear-encoded internal transcribed
spacer subunit 1 (ITS-1) gene region. These gene regions have been used successfully
to estimate phylogenetic relationships in a number of fish taxa (Domanico et al.,
1997; Broughton and Gold, 2000; Thacker, 2003; Mattern, 2004; Westneat and Al-
faro, 2005). As a comparative index of support, these data were analyzed using three
different inference methods (optimality criteria): maximum parsimony (Felsenstein,
1983), maximum likelihood (Felsenstein, 1981), and Bayesian inference (Ronquist
and Huelsenbeck, 2003).

In this study, complete nucleotide sequences from the four gene regions were col-
lected from extant members of the suborder Carangoidei. Gene-based phylogenies
were generated using maximum parsimony, maximum likelihood, and Bayesian in-
ference methodologies. These phylogenies were used to test existing taxonomic hy-
potheses based on larval morphology (Johnson, 1984, 1993) and adult osteology and
behavior characters (O’'Toole, 2002). Specifically, molecular evidence was used to
address the following: (1) monophyly of the superfamily Echeneoidea, (2) family level
sister-group relationships within the Echeneoidea, (3) monophyly of the Echeneidae,
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(4) monophyly of the subfamilies Echeneinae and Remorinae, (5) monophyly of the
genus Remora, and (6) species-level relationships within the Echeneidae.

MATERIALS AND METHODS

To address taxonomic ambiguities within the superfamily Echeneoidea, representatives
from six families of marine fishes (families Pomatomidae, Nematistiidae, Carangidae, Cory-
phaenidae, Rachycentridae, and Echeneidae) were collected. A single non-carangoid species,
Pomatomus saltatrix (Linnaeus, 1766) and two non-echeneoid, carangoid species, Nematis-
tius pectoralis Gill, 1862 and Carangoides armatus (Riippell, 1830), were used as outgroups.
With the exception of C. armatus, all samples were procured from coastal and offshore col-
lections in the Atlantic and Pacific oceans. Molecular data from the complete mitochondrial
sequence of C. armatus, Genbank accession number AP004444, supplemented the outgroup
taxa data set.

Collections were made between August 2002 and July 2005 using academic, federal, com-
mercial, and recreational fishing resources. Samples were caught by hook and line individu-
ally or in association with their pelagic hosts (e.g., billfish, sharks, rays, dolphin, and buoys).
Whole specimens were placed on ice or immediately frozen to prevent tissue breakdown.
Samples were identified using the keys of Lachner (1984) and Collette (2003) and photo-
graphed. Tissue samples were taken and stored in either DMSO tissue storage buffer (0.25
M disodium ethylenediamine-tetraacetatic acid (EDTA), 20% dimethyl sulfoxide (DMSO),
saturated sodium chloride (NaCl), pH 8.0), or 95% ethanol. Voucher specimens are held at the
Virginia Institute of Marine Science, the National Museum of Natural History, or the Scripps
Institution of Oceanography.

Total genomic DNA was extracted from 0.03 to 0.10 g skeletal and/or heart muscle fol-
lowing the methods of Sambrook and Russell (2001). Complete double-stranded nucleotide
sequences from the mitochondrial 125, 16S, and ND2 gene regions and nuclear ITS-1 region
were amplified following standard polymerase chain reaction (PCR) methodology using Tag
PCR Core reagents (Qiagen Corp. Valencia, CA). Multiple primer sets were used to amplify
gene sequences across all echeneoid samples (Table 1). Universal mitochondrial PCR primers
were designed based on consensus identity of published primer sequences (Palumbi, 1996;
Broughton and Gold, 2000) with gene sequences from carp, Cyprinus carpio Linnaeus, 1758
(Sorenson et al.,, 1999), little tunny, Euthynnus alletteratus (Rafinesque, 1810) (AB099716),
and sailfish, Istiophorus platypterus (Shaw in Shaw and Nodder, 1792) (McDowell, 2002).
Superfamily-specific internal 16S rRNA primers were designed based on consensus identity
of echeneoid DNA sequences. Nuclear ITS amplifications were performed using primers de-
signed by Johnson (2003). PCR amplification conditions consisted of an initial denaturation
of 4 min at 94 °C, followed by 35 cycles of 1 min at 94 °C, 1 min at 50 °C, and 1.5 min at 72 °C,
followed by a final extension of 5 min at 72 °C (with minor exceptions). Alternate cycling con-
ditions were utilized when the above conditions were unsuccessful, and consisted of a “touch-
down” cycle defined by an initial denaturation of 4 min at 94 °C, followed by 45 cycles of 1
min at 94 °C, 1 min at 56 °C (decreasing 2 °C every 5 cycles), and 1.5 min at 72 °C, followed
by a final extension of 5 min at 72 °C. All PCR amplifications were performed using an MJ
Research PTC-200 thermocycler (Watertown, MA). Products were electrophoresed through
an agarose gel matrix, stained with ethidium bromide, and visualized using an ultraviolet-
light transilluminator.

PCR products were either purified using QIAquick PCR Purification reagents (Qiagen
Corp., Valencia, CA), or EXOSAP (USB Scientific, Cleveland, OH) and sequenced directly. All
nuclear ITS-1 amplicons as well as mitochondrial fragments that could not be successfully
direct-sequenced were cloned into a plasmid vector using the TOPO-TA plasmid cloning sys-
tem (Invitrogen Corp., San Diego, CA). Cloned fragments were isolated and purified using
QIAprep Spin Miniprep reagents (Qiagen Corp., Valencia, CA) following the manufacturer’s
specifications prior to sequencing.
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Table 1. PCR and cycle sequencing primer sequences used to amplify mitochondrial 12S rRNA,
16S rRNA, ND2, and nuclear ITS-1 DNA sequences in the Echeneoidea.

Gene region Primer Sequence Reference
12SrRNA  Phe-5F 5’ aaagcataacactgaagatgt 3 This study
Phe-5.1F 5’ aaagcrtaacactgaagatgt 3 This study
16S-3R 5’ accagctatmacyaggttcg 3 This study
16S-3.1R 5’ accagctatsacyaggttcg 3’ This study
12SA-L (12SA-5") 5 aaactgggattagataccccactat 3 Modified from Palumbi (1996)
16SA-H (16SA-3") 5 atgtttttgataaacaggcg 3 Modified from Palumbi (1996)
16S rRNA  Val-5F 5 gcawagcatytcmcettacacyg 3 This study
Val-5.1F 5 gertytcecttacacygagaagtc 3¢ This study
Leu-3R 5’ rytgggragaggayttgaacc 3’ This study
Leu-3.1R 5 rytgggagaggayttgaacc 3’ This study
16S-IAF 5 agttartcaaarggggkacagc 3 This study
16S-IBR 5’ caartgattacgctacctthge 37 This study
ND2 ND2B-LF 5 taagctttygggcccatac 3 Modified from Broughton and
Gold (2000)
ND2B-HR 5 crrttaggretttgaagge 37 Modified from Broughton and
Gold (2000)
ITS-1 X18SF 5’ cttgactatctagaggaagt 3 Johnson (2003)
X28SR 5 atatgcttaaattcageggg 3’ Johnson (2003)
5.8SR1 5 attcacattagttctcgcagcta 3/ Johnson (2003)
5.8SR2 5 attgatcatcgacmyttcgaacgcac 3/ Johnson (2003)

Purified PCR products and recombinant plasmids were sequenced in forward and reverse
directions following the dideoxynucleotide chain termination sequencing methodology
(Sanger et al., 1977). Samples were sequenced using BigDye Terminator 3.1 Cycle Sequenc-
ing (Applied Biosystems, Warrington, UK) and electrophoresed using either an ABI 3100
or ABI 3130 DNA sequencer. Sequences were analyzed using Sequencing Analysis v. 5.1.1
software (Applied Biosystems, Warrington, UK). Alternately, samples were sequenced using
Thermo Sequenase cycle sequencing reagents (Amersham Biosciences, Piscataway, NJ) with
minor modifications of the manufacturer's recommendations and electrophoresed on a Li-
Cor Global IR2 System slab-gel DNA sequencer through a 3.7% polyacrylamide gel matrix.
Results were analyzed using E-seq 2.0 software (Li-Cor Biosciences, Lincoln, NE). In both
cases, consensus sequences from multiple standard chromatogram format sequence (SCF)
files were created using Sequencher 3.0 (Gene Codes Corp., Ann Arbor, MI) and aligned using
the Clustal W algorithm in MacVector 7.2 (Accelrys Inc., San Diego CA) with default param-
eters. 12S and 16S rRNA alignments were adjusted by eye using secondary structure models
of Orti et al. (1996), Burk et al. (2002), and Wang and Lee (2002) following the methods of Kjer
(1995). Ambiguous (unalignable) regions were excluded from further analyses to prevent loss
of phylogenetic signal. Putative stem (paired) and loop/bulge (unpaired) regions were located
in both data sets. Base pair complementarity in stem regions was confirmed by eye. Prior to
alignment, all ND2 sequences were translated to ensure a single, continuous open reading
frame. Adjustment of aligned ND2 consensus sequences was not necessary, as each sequence
encoded a protein of the exact same length. The alignment of the ITS-1 region was performed
on the basis of conserved sequence motifs using default pairwise gap opening and extension
penalties in MacVector. Flanking transfer RNA (tRNA) locations within each mitochondrial
alignment were located using tRNAscan SE (Lowe and Eddy, 1997). 18S and 5.8S gene regions
were located in the nuclear ITS-1 alignment with the aid of ITS region sequences from Auxis
rochei (Risso, 1810), Genbank accession AB193747.

Sequence features including nucleotide composition, site variability, and relative contribu-
tion by transitions (Ts) and transversions (Tv) were estimated using PAUP* 4.0b4 (Swofford,



GRAY ET AL.: MOLECULAR PHYLOGENY OF REMORAS AND RELATIVES 187

1999). To infer sequence saturation, transitions and transversions were plotted against un-
corrected sequence divergence (p-distance). Ts and Tv vs p-distance plots were generated for
stem and loop partitions in the 12S and 16S data sets, for the first, second, and third positions
in the protein-coding ND2 alignment, and for the ITS-1 data set overall.

To determine the validity of using a combined data set, a partition homogeneity test (Farris
etal., 1994) was executed in PAUP* to test congruence between 125, 16S, ND2, and ITS-1 data
partitions. Incongruence length differences (ILDs) were explored with a heuristic search of
1000 replicates and 10 random sequence additions to assess data set congruence among data
sets. DNA sequence alignments from 12S, 16S, ND2, and ITS-1 gene regions were analyzed
separately and as two concatenated data sets (combined mitochondrial gene regions, and
combined mitochondrial and nuclear gene regions) using three different inference methods:
maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference (BI).

Parsimony analyses were conducted using a heuristic search algorithm in PAUP* with tree-
bisection-reconnection (TBR) branch swapping. Nonparametric bootstrapping (Felsenstein,
1985) using 1000 bootstrap pseudoreplicates with 1000 random sequence addition replicates
were used to measure robustness of clade support for all data sets. Characters were unordered
and equally weighted and gaps were considered missing information. Maximum likelihood
analyses were performed using a heuristic search algorithm in PAUP* with base frequency,
substitution rate and site variation parameters estimated using Modeltest 3.06 (Posada and
Crandall, 1998). The choice of the most appropriate model was based on the Akaike Informa-
tion Criterion (AIC). Searches were implemented in a heuristic maximum likelihood search
with TBR branch swapping. Robustness of clade support was measured using 100 bootstrap
pseudoreplicates with 10 random addition sequence replicates. Bayesian analyses were per-
formed using MrBayes 3.1.1 (Ronquist and Huelsenbeck, 2003). For each individual gene re-
gion data set, two Metropolis-coupled Markov chain Monte Carlo (MCMCMC) analyses were
run for one million generations each, sampling every 1000 generations. Concatenated data
sets were run for a total of four million generations sampling every 1000 generations. The
GTR + I + G (general time reversible with a proportion of invariant sites and among site rate
heterogeneity (gamma) parameter) model of character change was used in all analyses. In all
cases, stationarity was reached after approximately 2000 generations. Data collected prior
to this point were excluded in subsequent analyses to account for “burn in”. Posterior prob-
abilities were calculated as a measure of clade support with PAUP* using a 50% majority rule
consensus. In all cases, phylogenetic trees were rooted with genetic data from P. saltatrix, N.
pectoralis, and C. armatus (AP004444).

RESULTS

Complete 12S rRNA, ND2, and ITS-1, and nearly complete 16S rRNA gene region
sequences were isolated from all taxa, with the exception of C. armatus, which was
downloaded from Genbank (AP004444). Complete 12S rRNA DNA sequences (Gen-
Bank accession numbers FJ374786—F]374798) ranged between 946 and 960 bp after
removal of tRNA™* and tRNAY.. Alignment was relatively straightforward following
the proposed secondary structure models of Wang and Lee (2002). Two ambiguously
aligned regions of length 20bp and 49bp were excluded from subsequent analyses,
and were located in putative loop regions near the 5" and 3" end of the alignment, re-
spectively. Nine-hundred and sixteen aligned bases were included in the final align-
ment, of which 269 (29.4%) were variable, and 179 (19.5%) were parsimony informative
(Table 2). Putative paired (stem) regions contained 464 nucleotide positions, of which
58 were parsimony informative. Putative unpaired (loop, bulge) regions contained
452 nucleotide positions, of which 121 were parsimony informative. A minor amount
of transitional saturation was noted in unpaired regions, although not enough to
warrant data exclusion or the use of an alternate character weighting scheme.
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Nearly complete 16S rRNA gene region sequences were collected from all taxa.
Sequences ranged between 1613 and 1660 bp after removal of tRNA" and tRNA"
fragments (GenBank accession numbers FJ374786—-F]374798). Alignment was rela-
tively straightforward following the proposed secondary structure models of Orti
et al. (1996) and Burk et al. (2002). Two ambiguous regions of length 46bp and 44bp
were excluded from subsequent analyses, and were located in putative loop regions
in the central and 3" end of the alignment, respectively. A total of 1599 aligned bases
was included in the final alignment, of which 589 (36.8%) were variable, and 426
(26.6%) were parsimony informative (Table 2). Putative paired (stem) regions con-
tained 718 nucleotide positions, of which 121 were parsimony informative. Putative
unpaired (loop, bulge) regions contained 881 nucleotide positions, of which 305 were
parsimony informative. No evidence of saturation was noted in paired regions. As
was found in the 125 rRNA data set, a minor amount of transitional saturation was
noted in unpaired regions, although not enough to warrant data exclusion or the use
of an alternate weighting scheme.

ND2 gene region sequences from all taxa totaled 1047bp in length (GenBank ac-
cession numbers FJ374825-F]J374837). As there were no amino acid insertions or
deletions in the data set, adjustment of the alignment was not necessary. Of the 1047
aligned bases 603 (57.6%) were variable, and 518 (49.5%) were parsimony informative
(Table 2). One hundred and seventy-nine first position sites, 87 second position sites,
and 337 third position sites were variable. While no evidence of saturation was found
at first or second positions, severe transition saturation was noted in the third codon
position. As a conservative measure, third position data were excluded from further
analyses to reduce homoplasy. Of the remaining 698 aligned bases, 266 (38.1%) were
variable and 196 (28.1%) were parsimony informative.

ITS-1 sequences were isolated from all taxa, with the exception of C. armatus; ITS-
1 data from this species was not available. Two or three clones from each ITS-1 re-
gion were assayed to account for allelic variation. In all cases, only minor differences
(base changes, insertions, deletions) existed between variants within an individual.
The clone with the highest sequence quality (i.e., fewest within-sequence ambigui-
ties) was chosen for phylogenetic analysis (GenBank accession numbers FJ374812—
FJ374824). The final ITS alignment included complete ITS-1 region sequences which
ranged between 416 and 725 bp, and partial flanking 18S and 5.8S region sequences
which totaled 68 and 72bp, respectively. A total of 1010 aligned bases was included
in the final alignment, of which 572 (56.6%) were variable, and 350 (34.7%) were par-
simony informative (Table 2). A minor amount of transitional saturation was found,
although not enough to warrant data exclusion or the use of an alternate weighting
scheme.-

PHYLOGENETIC ANALYSES.—Iwo concatenated gene region alignments were as-
sembled and tested for data set congruence: a mitochondrial only (M-only) and mi-
tochondrial plus nuclear (M + N) gene region alignment. Results of the partition
homogeneity test indicate congruence between data partitions in the M-only align-
ment (P = 0.362). However, incongruence was found between data partitions in the
M + N alignment (P = 0.001). Therefore, the primary result presented here (Fig. 1)
is from the M-only data set, which had more informative characters than the ITS-1
(nuclear) data set. However, we also present results from a combined M + N analysis
because this corroborates the M-only result despite the incongruity of the two data
sets. ILD tests of data congruence have been shown to be inaccurate under certain
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Figure 1. Phylogenetic estimates of the relationships within the Echenoidea, based upon both the
M-only and M + N data sets using maximum parsimony. This tree was reflective of all analyses
with the exception of the relationships within the Remorinae for which no support values are
shown (see text for details). Upper support values refer to the M-only data set, while lower support
values refer to the M + N data set. An * indicates that the support value was the same for MP, ML,
and BI analyses. In cases where more than one value is present, values refer to MP, ML, and BI,
respectively in vertical orientation.

conditions (Cunningham, 1997; Yoder et al., 2001). Furthermore, it has been argued
that the combination of potentially incongruent (i.e., heterogeneous) data sets may
increase phylogenetic accuracy (reviewed in Barker and Lutzoni, 2002). Data set
characteristics of each concatenated alignment are noted in Table 2 and Table 3.
Results of the analysis of the M-only data set were largely similar regardless of the
inference method used. In all cases, a monophyletic Echeneoidea was resolved with
high bootstrap support (98 % MP; 94% ML) and high posterior probability (100% BI).
Rachycentridae + Coryphaenidae formed a monophyletic sister group to the Echi-
neidae (100%; all methods). Echeneidae was monophyletic (100%; all methods) and
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the subfamilies Echeneinae and Remorinae were both monophyletic (100%; all meth-
ods). The tree topology is shown in Figure 1. However, there were minor differences
in the trees among the three optimality criteria. Parsimony analyses of the M-only
combined data set resulted in a single most parsimonious tree of length 2458 (Con-
sistency Index (CI) = 0.6452; Retention Index (RI) = 0.6220; Rescaled Consistency
Index (RC) = 0.4014; Table 3). All nodes were supported by moderate (60%—85%) to
strong (> 85%) bootstrap support values. A moderate level of support (67%) was es-
timated for an Echeneoidea + C. armatus clade. Within the Remorinae, R. australis
was placed at the most basal position, whereas a R. remora + R. brachyptera clade
occupies the most derived position. Maximum likelihood analyses produced a tree
of somewhat different topology (-In = 15270.2). Differences include the placement of
C. armatus and the relationships within the Remorinae. Nematistius pectoralis and
C. armatus form a monophyletic outgroup to the Echeneidae. Within the Remorinae
clade, a polytomy of R. albescens + R. remora + R. australis + a weakly supported R.
osteochir + R. brachyptera clade was resolved. Bayesian analyses resulted in of 3996
trees after removal of the burn-in. The topology of the consensus tree resembled that
of the parsimony tree, except that N. pectoralis and C. armatus form a monophyletic
outgroup to the Echeneidae, as was found in the likelihood tree. Posterior probabili-
ties of clade support were strong (> 95%) at all nodes except within the Remorinae.
As found in the parsimony tree, R. australis was the most basal member within the
Remorinae.

Analyses of the M + N data set yielded congruent tree topologies to those gener-
ated by the M-only alignment. Once again, all three inference methods resulted in
a monophyletic Echeneoidea with high bootstrap support (100% MP; 100% ML) and
high posterior probability (100% BI). Rachycentridae + Coryphaenidae were resolved
in all cases. Within a monophyletic Echeneidae, subfamilies Echeneinae and Remori-
nae were both monophyletic. Unlike the M-only data set, all methods resolved a Ech-
eneoidea + C. armatus group with a moderate to strong level of bootstrap support
(67% MP; 84% ML) and high posterior probability (100% BI). Parsimony analyses of
these data resulted in a single most parsimonious tree of length 3500 (CI = 0.6906;
RI = 0.6554; RC = 0.4526; Table 3). The tree topology recovered is identical to that
found with the mitochondrial only data set, with slightly different bootstrap support
values. Relationships within the Remorinae differed between trees generated using
the three different inference methods. In all cases, however, R. australis was found
at the most basal position and R. brachyptera was found within a clade at the most
derived position. In all trees, R. albescens was placed within the Remorinae, although
the exact placement varied among inference methods.

PHYLOGENETIC RELATIONSHIPS—INDIVIDUAL GENE REGIONS.—Individual gene
phylogenies differed somewhat depending on the gene region examined and infer-
ence method used. 12S rRNA phylogenies agreed on the monophyly of the Ech-
eneinae within a monophyletic, but polytomic Echeneidae clade. A monophyletic
Rachycentridae + Coryphaenidae clade was resolved in all trees, with low to moder-
ate bootstrap (63% MP; 53% ML), but high posterior probability (99% BI) support.

16S phylogenies closely resembled the results of the combined data analyses, with
a few minor differences. A Rachycentridae + Coryphaenidae grouping was resolved
with strong support in all cases (100%; all methods). Subfamilies Echeneinae and
Remorinae were both monophyletic within a monophyletic Echeneidae. Parsimony
analyses produced a topology identical to the one found using the M + N data set, ex-
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cept C. armatus was not grouped with the monophyletic Echeneoidea clade. Likeli-
hood analyses resolved a Pomatomus saltatrix + Echeneoidea clade, and an undefined
relationship with the Echeneinae. Results of the Bayesian analyses were identical to
those seen in the combined (mitochondrial only) data set, with the exception of the
arrangement of species with the Remorinae.

Analyses of 698 bases of the ND2 gene yielded three trees of differing topology.
In all cases, however, the Echeneoidea were monophyletic. In addition, a monophyl-
etic Rachycentridae + Coryphaenidae clade was grouped sister to a monophyletic
Echeneidae. Topologies within the Echeneidae differed significantly among inference
methods. A monophyletic, polytomic and polyphyletic Remorinae was resolved us-
ing parsimony, likelihood and Bayesian inference, respectively. A monophyletic Ech-
eneinae was resolved in all topologies.

Phylogenies based solely on analysis of ITS data were in agreement with most of
the hypotheses generated using combined data. Each inference method resolved a
monophyletic Echeneoidea. A monophyletic Rachycentridae + Coryphaenidae clade
was resolved, sister to a monophyletic Echeneidae. The family Echeneidae was de-
fined by monophyletic subfamilies Echeneinae and Remorinae. Relationships within
the Remorinae differed among inference methods. Parsimony analyses placed R. aus-
tralis in the basal position, and a clade containing R. brachyptera and R. osteochir at
the most derived position. Likelihood analyses produced a polytomic arrangement.
Bayesian analyses placed R. brachyptera in the basal position and a clade containing
R. australis and R. remora at the most derived position.

DiscussioNn

Hypotheses of the evolutionary relationships within the Echeneoidea were based
on analyses of both concatenated mitochondrial DNA sequences and concatenated
mitochondrial and nuclear DNA sequences. The hypotheses generated were largely
consistent between M-only and M + N gene phylogenies, despite potential incongru-
ence between mitochondrial and nuclear data sets. Overall, the phylogenetic hypoth-
eses generated using the three different optimality criterion (parsimony, likelihood,
Bayesian) were largely congruent. Nodal support at the superfamily, family, and sub-
family levels was very high, as measured by nonparametric bootstrapping and pos-
terior probabilities.

The taxonomic relationships presented here, observed in both concatenated M-
only and M + N phylogenies, corroborate the family-level morphology-based hy-
potheses of Johnson (1984, 1993) and molecular hypotheses of Reed et al. (2002).
These results contradict the morphology and behavior-based hypotheses of O’Toole
(2002). Furthermore, the present results disagree with specific aspects of alpha level
taxonomy hypothesized by O’Toole (2002). Below are the relevant findings, in refer-
ence to the six objectives of this study:

(1) In agreement with the work of Johnson (1984, 1993) and O’ Toole (2002), the Eche-
neoidea were resolved as a monophyletic group. The Echeneidae, Coryphaenidae,
and Rachycentridae were resolved together with strong support in all cases.

(2) The families Rachycentridae and Coryphaenidae form a monophyletic group. This
hypothesis agrees with Johnson (1984, 1993), who cited a number of synapomor-
phies relating to neurocranial development, head spination, mandibular structure,



194 BULLETIN OF MARINE SCIENCE, VOL. 84, NO. 2, 2009

and epithelial cell composition in support of this relationship. This phylogeny also
agrees with the hypotheses of Reed at al. (2002) and the work of Ditty et al. (1994)
and Ditty and Shaw (1992).

(3) In agreement with the work of Lachner (1984) and O’Toole (2002), the Echeneidae
form a monophyletic group.

(4) The subfamilies Echeneinae and Remorinae were both monophyletic, validating
the subfamilial designations. These data contradict O’ Toole (2002), who found the
subfamily Echeneinae to be polyphyletic based on analyses of 138 putatively infor-
mative osteological characters and recommended the elimination of subfamilial
designations.

(5) The genus Remora is paraphyletic based on the position of the monotypic genus
Remorina. These results agree with O’Toole’s (2002) findings. To amend this situ-
ation, O’Toole (2002) recommended that R. albescens be synonomized under the
genus Remora, which yielded a monophyletic genus comprised of five members.
Results of this study support that recommendation.

(6) The final objective, a clarification of the species-level relationships within the Ech-
eneidae, was not fully achieved due to poor resolution within the Remorinae and
potential discrepancies with the genus Echeneis.

In the analysis of combined data, two nodes were unresolved: the node defining the
outgroups N. pectoralis and C. armatus and the node defining the Remorinae. Ca-
rangoides armatus was alternately grouped with either a monophyletic Echeneoidea
or N. pectoralis. Freihofer (1978) united the five families Nematistiidae, Carangidae,
Echeneidae, Coryphaenidae, and Rachycentridae based on two synapomorphies: an
extension of the nasal canal surrounded by tubular ossifications and cycloid scales.
Johnson (1984) and Smith-Vaniz (1984) further clarified the relationships with ad-
ditional larval characters. The Carangidae were grouped with the Echeneoidea based
on three characters: the lack of a bony stay posterior to the ultimate dorsal and anal
pterygiophores, presence of two prenasal canal units, and a lamellar expansion of
the coracoid. Parsimony, maximum likelihood, and Bayesian phylogenies of the M +
N data set agree on the placement of C. armatus as a sister-taxon to the monophy-
letic echeneoid clade with a moderate (67% MP) to high (100% BI) level of support.
Parsimony analyses of the combined M-only data set agrees with this relationship.
On the contrary, likelihood and Bayesian analyses of these data resolve a highly sup-
ported monophyletic N. pectoralis + C. armatus clade. The phylogenetic relation-
ships among these taxa were undefined by O’Toole (2002). In light of the previous,
uncontested work of Johnson (1984) and Smith-Vaniz (1984), it seems highly likely
that the grouping of [Nematistiidae + (Carangidae + Echeneoidea)] is the best-sup-
ported hypothesis.

The second unresolved aspect of the proposed echeneoid phylogeny involves
the relationships within the Remorinae. Likelihood analyses of both the M-
only and M+N data sets produced an unresolved relationship among the five
member taxa. Parsimony and Bayesian analyses of both data sets agree on the
placement of R. australis as the sister group to the remaining Remorinae. The
relative positions of the remaining taxa varied among data sets and inference
methods. As such, the relationships within this subfamily are still unresolved.
To address this issue, future work should involve sampling a gene region that ex-
hibits a higher rate of sequence evolution (e.g., the mitochondrial control region).
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The level of genetic divergences between sister-species within the genus Echeneis
is surprisingly low. Pairwise sequence divergence of 0.21% (12S rRNA), 0.25% (16S
rRNA), 0.14% (ND2), and 0.66% (ITS) were estimated between the sharksucker (E.
naucrates), and whitefin sharksucker Echeneis neucratoides Zuiew, 1786 specimens.
Cursory analysis of these data suggests that these two specimens are in fact the same
species, as this level of divergence is comparable to that found between conspecif-
ics. For example, intraspecific sequence divergence between individuals of R. brac-
hyptera exhibited the following ranges: 125 (0.32%-1.16%); 16S (0.18%—1.07%); ND2
(0.43%—-1.00%) (data not shown).

There are two possible explanations for the observed levels of divergence between
Echeneis species. First, one of the samples could have been misidentified. Alterna-
tively, these two putative sister species could, in fact, comprise a species that simply
demonstrates a wider range in character states and alternate color morphs than oth-
er echeneids. Debate currently exists as to whether Echeneis is monotypic. Echeneis
neucratoides exhibits a restricted geographic distribution (western Atlantic only),
whereas E. naucrates is found worldwide. These two species are nearly identical in
external appearance and many of the putative characters used to differentiate the
two species overlap. Only one putative sample of E. neucratoides was collected dur-
ing this investigation. The specimen was identified by two separate researchers (K.
Gray, B. B. Collette) using the keys of Lachner (1984) and Collette (2003), following
standard identification procedures (including x-ray analysis of skeletal elements). On
the basis of dorsal and anal fin coloration alone (as the other identifiable features
fell within the range of both species), this specimen was identified as E. neucratoi-
des. Although tree topology is unlikely to change, even if divergence values between
these sister species were to increase to a level comparable to that seen between other
remora species, these results highlight the need for inclusion of additional individu-
als to assess the validity of these two species. Moreover, multiple individuals of each
member of the superfamily should be included, to ensure consistent and accurate
phylogenetic interpretation.
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