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SUMMARY

Fifteen per cent of all living fishes are united in a single suborder (Labroidei) and display a dazzling
array of behavioural and ecological traits. The labroids are considered monophyletic and members
share a pharyngeal jaw apparatus (PJA) modified for crushing and processing prey. Outside of the
explicitly functional PJA, there is no corroborative evidence for a monophyletic Labroidei. Here,
we report the first molecular phylogenetic analysis of the suborder. Contrary to morphology-based
phylogenies, our single-copy nuclear DNA data do not support labroid families as a natural group.
Our data indicate that pharyngognathy has evolved independently among labroid families and that
characters of the PJA are not reliable markers of perciform evolution. This work ‘crushes’ conventional
views of fish phylogeny and should engender novel concepts of piscine life history evolution.

1. INTRODUCTION

With more than 10000 species in over 200 fami-
lies, perciform fishes are the largest and most di-
verse order of vertebrates. The myriad of taxa, cou-
pled with astonishing variation in size, shape, ecol-
ogy and behaviour have engendered marked disagree-
ment over the phylogenetic relationships of this as-
semblage (Greenwood et al. 1966; Johnson 1993;
Johnson & Patterson 1993; Lauder & Liem 1983;
Moyle & Cech 1996; Nelson 1994). Perciform fishes
possessing a ‘crushing’ pharyngeal bite have been
accorded natural group status since the work of
Miiller and Cuvier in the 1880s (Rosen & Patterson
1990). Cuvier’s arguments about the pre-eminence
of function over form (Rieppel 1990) have sculpted
neo-Darwinian concepts of evolution and fostered
a functional approach to systematics (Kaufman &
Liem 1982; Lauder & Liem 1983; Liem & Greenwood
1981). Recently, molecular and analytical advances
have permitted the evaluation of functional morpho-
logical evolution using phylogenies independent of fo-
cal characters (Albert et al. 1992; Cunningham et al.
1992). Here, nuclear DNA sequence data offer simul-
taneous tests of fish phylogeny and the systematic
utility of functional characteristics.

The wrasses and parrotfishes (Labridae), dam-
selfishes (Pomacentridae), cichlids (Cichlidae) and
surfperch (Embiotocidae) collectively account for
15% of all living fishes (Stiassny 1994). These four
families form the suborder Labroidei (Kaufman &
Liem 1982; Stiassny & Jensen 1987). The variety of
ecological and behavioural attributes of this group
offers a panoply of unanswered questions to be-
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havioural ecologists, biogeographers and evolution-
ary biologists. Cichlids, the only freshwater labroid
family, are the paradigmatic example of trophic
specialization and adaptive radiation (Fryer & Iles
1972; Meyer et al. 1990). They occur throughout the
old and new world tropics in large species flocks.
Surfperch are viviparous, rock-reef fishes whose
temperate-limited range is unique among labroids.
Wrasses, parrotfishes and damselfishes are arguably
the most abundant organisms found in association
with circumtropical coral reefs (Sale 1991). These
reef fishes display complex social systems (nest build-
ing and protection, territoriality, harem keeping,
monogamy), change sex (both protandry and pro-
togyny) and form symbiotic relationships (associa-
tions with anemones and fishes). The unparalleled di-
versity in form, function and behaviour perpetuated
in this suborder underscores its evolutionary signifi-
cance.

The remarkable success and taxonomic proteanism
of the Labroidei are believed to reside in the key in-
novation of a pharyngeal jaw apparatus (PJA) modi-
fied to allow efficient crushing and processing of prey.
This morphological complex is thought to be respon-
sible for the dramatic radiation of these fishes into
nearly all aquatic habitats (Jensen 1990; Kaufman
& Liem 1982; Stiassny & Jensen 1987). The elements
of the PJA also are the primary taxonomic charac-
ters uniting the Labroidei (Kaufman & Liem 1982;
Stiassny & Jensen 1987) (figure 1). Unfortunately,
these traits cannot reliably be used in the construc-
tion of evolutionary hypotheses for three substan-
tial but recondite reasons. First, none of the charac-
ters are unique to labroid fishes (e.g. an undivided
sphincter oesophagi muscle is also present in Scor-
pis, Kuhlia, Toxotes, Kyphosus and Pholidichthys

© 1997 The Royal Society

1011 TEX Paper



1012 J. T. Streelman and S. A. Karl

(a)
Pomacentridae
Cichlidae
Embiotocidae
Labridae

(b) Cichlidae

Embiotocidae

Pomacentridae

Labridae

Figure 1. Hypothetical labroid relationships according to
(a) Kaufman & Liem (1982) and (b) Stiassny & Jensen
(1987). Characters supporting labroid monophyly are for:
(a) united or fused fifth ceratobranchials resulting in a
single functional unit, true diarthrosis between the upper
pharyngeal jaw and the basicranium without an interven-
ing part of the transversus dorsalis anterior muscle, the
presence of an undivided sphincter oesophagi muscle; and
for (b) a neurocranial apophysis of ventrally projecting
and rounded form, a muscular sling suspending the lower
pharyngeal jaw from the neurocranium, a lower pharyn-
geal jaw with a well developed ventral keel onto which
is inserted a portion of the transversus ventralis VI mus-
cle, presence of a m. transversus pharyngobranchialis II
division of the transversus anterior muscle complex, first
basibranchial situated partially below the axis of the basi-
hyal and remaining elements of the basibranchial series.

(Johnson 1993)). Second, all labroids do not pos-
sess all characters (e.g. the muscular sling suspending
the lower pharyngeal jaw is lacking in some poma-
centrids (Johnson 1993; Stiassny & Jensen 1987)).
Third, there is no independent, corroborative evi-
dence for a monophyletic Labroidei outside of the ex-
plicitly functional PJA (Gobalet 1989; Johnson 1993;
Lauder 1983; Lauder & Liem 1983; Liem 1973; Liem
& Greenwood 1981; Liem & Sanderson 1986; Nelson
1967; Richards & Leis 1984; Stiassny & Jensen 1987).
In short, the taxonomic support for this suborder is
based solely on the PJA, the function of which is
to reduce and process prey. The alternative explana-
tion of parallel evolution in a common environmental
regime cannot be excluded without an accurate phy-
logenetic scaffolding on which to trace behavioural
and ecological changes. A discussion of the PJA as
a key innovation similarly hinges on a phylogenetic
hypothesis independent of pharyngeal characters. To
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Table 1. Tazxa of fishes included in this study and geo-
graphic information for the Cichlidae

order: Scorpaeniformes
Scorpaenidae Sebastes sp.

Cottidae Scorpaenichthys marmoratus

order: Perciformes

Percidae Perca fluviatilis

Embiotocidae Amphistichus rhodoterus
Micrometrus minimus
Damalichthys vacca

Pomacentridae  Abudefduf sazatilis
Dascyllus trimaculatus
Dascyllus aruanus

Pomacanthidae Pomacanthus arcuatus

Acanthuridae Acanthurus chirurgus

Labridae Halichoeres maculipinna
Sparisoma chrysopterum (Haiti)
Sparisoma chrysopterum (Florida)
Sparisoma radians

Cichlidae:

India Etroplus maculatus

Madagascar Paretroplus polyactis
Ozylapia polli

Neotropics Astronotus ocellatus

Crenicichla sazxatilis

West Africa Pelvicachromis pulcher

Hemichromis bimaculatus

Pan-Africa Oreochromis leucostictus
Tilapia zillit
Tylochromis polylepis
East Africa Boulengerochromis microlepis
Julidochromis regani
Lamprologus brichardi
Neolamprologus compressiceps
Astatotilapia calliptera
Serranochromis robustus
Tropheus moorii
Cunningtonia longiventralis
Enantiopus melanogenys
Cyprichromis leptosoma
Labidochromis caereuleus
Astatoreochromis alluaudsi
Haplochromis sp.
Pseudotropheus tropheops

this end, we have examined labroid monophyly with
single-copy nuclear DNA (scnDNA) sequence data
gathered from a variety of percomorph taxa (table 1).

2. MATERIALS AND METHODS

(a) Marker isolation

Our approach generally follows that of Karl & Avise
(1993) with some modifications. A genomic DNA library
was constructed from a single individual of Tropheus
moorii (Cichlidae). The genomic copy number of 272
clones from the library was determined. The cloned in-
sert size was estimated by PCR amplification of the re-
combinant DNA using M13 sequencing primers (Gussow
& Clackson 1989). The average insert size was approx-
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imately 1000 base pairs (bp) in length. Of the clones
assayed for copy number, 175 (65%) appeared to be
single-copy, 71 (26%) low-repetitive, 22 (8%) moderate-
repetitive and 4 (1%) high-repetitive genomic elements.
Independence of the clones was not assessed. Recombi-
nant plasmid DNA was isolated by ‘mini-prep’ methods
from single-copy clones ranging in size from 800-1000 bp
in length (Ausubel et al. 1993). The sequences of the
first 200—600 nucleotide pairs from both ends of a cloned
insert were determined by the dideoxy chain termina-
tion method (Sanger et al. 1977) using the Sequenase
T7 DNA polymerase sequencing kit (US Biochemicals).
Flanking and opposing PCR primers from the ends of the
inserts were designed with the aid of the computer pro-
gram OLIGO 4.0 (National Biosciences, Inc.) and primers
were synthesized by CyberSyn Inc. (Camden, NJ). One
locus-specific primer pair (Tmo-4C4) successfully ampli-
fied DNA for nearly all fish species tested and became the
focus of this study. Nucleotide and inferred polypeptide
sequences from the Tmo-4C4 clone were used as queries
in BLAST searches of GENBANK (Altschul et al. 1990;
Gish & States 1993) using default parameters. Poten-
tial open-reading frames were identified in the nucleotide
sequence using the program DNA Strider 1.0 (Commis-
sariat & 'Energie Atomique, France).

(b) scnDNA sequencing

DNA was extracted from individual fish and then am-
plified with Tmo-4C4 locus-specific primers. Fifty mi-
crolitre amplification reactions contained 2 pl of total cell
DNA, 1.5 mM of MgCly, 1X reaction buffer (Promega),
5 Mg bovine serum albumin, 12.5 pmols of each primer
and 1.25 units of Taq DNA polymerase (Promega). Cy-
cling parameters were 2 min at 95 °C for one cycle, 30
cycles of 30s at 95°C, 30s at 55°C and 1 min at
72 °C with a final extension of 7 min at 72 °C. After
PCR amplification, 5 pl of the reaction mix were as-
sayed for the amount and fidelity of amplification by
agarose gel electrophoresis. Free nucleotides and unused
primer molecules from successful amplifications were re-
moved by centrifugal filtration with Millipore Ultrafree-
MC (30000 NMWL) filter units. The purified and con-
centrated DNA was sequenced according to a two phase
sequencing strategy. Sequences were obtained either by
direct sequencing of PCR products or by cloning ampli-
fied DNA (TA cloning kit; Invitrogen). In both cases,
sequencing was performed using an ABI automated se-
quencer. Sequences for all taxa and Tmo-4C4 primers
have been deposited in GENBANK under accession num-
bers U70326-U70363 and U71186.

(¢) Phylogenetic analysis

Sequences were aligned by eye using the computer pro-
gram SeqEd (Applied Biosystems). Gaps were included
for optimal alignment and to maintain putative open-
reading frames. The single region requiring a gap (an
amino acid deletion in Perca) was treated as missing data
in all subsequent analyses. Sequence data were analysed
by maximum parsimony using PAUP (heuristic searches
with random addition and MULPARS in effect (Swof-
ford 1993)) or the DNAPARS program in PHYLIP (with
random addition of sequences (Felsenstein 1989)). Boot-
strapping (200 replicates) was performed in PAUP or us-
ing the DNAPARS, SEQBOOT, and CONSENSE pro-
grams of PHYLIP. Transitions and transversions were
assigned either 1:1 or 1:2 weighting. Neighbour-joining
analysis using maximum likelihood distances with em-
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pirical base frequencies and third codon positions set at
a rate category three times that of the first and second
positions also was implemented from PHYLIP using the
programs DNADIST and NEIGHBOR. The sequences of
Tmo-4C4 are biased in favour of adenine (28.44%) and
against cytosine (19.68%); maximum likelihood distances
are more accurate than the Kimura two-parameter model
when nucleotides are not present in equal frequencies.
The program MacClade (Maddison & Maddison 1992)
was used to estimate tree-based parameters like the num-
ber of substitutions at each nucleotide site and the num-
ber of changes at first, second and third codon positions.
Absolute numbers of transitions (TS) and transversions
(TV) for all pairwise comparisons of taxa in table 1
were plotted against corrected genetic distance (maxi-
mum likelihood distances as above, DNADIST program
of PHYLIP (Felsenstein 1989)).

3. RESULTS

PCR amplifications from individuals in this study
produced a single-sized DNA fragment. An open-
reading frame extending the entire 511 nucleotides
of the Tmo-4C4 locus was identified. The putative
reading frame was used to aid in sequence align-
ment. BLAST searches of the DNA sequence resulted
in no probable matches. Searches with the inferred
polypeptide, however, revealed several genes of high
similarity (e.g. 16 conservative changes and 23 iden-
tical amino acids over 78 residues between a region
of human titin (Labeit & Kolmerer 1995) and Tmo-
4C4). Nearly all significant matches were to muscle-
specific proteins (e.g. titin, connectin, a myosin bind-
ing protein, twitchin, myosin light-chain kinase, etc.).

Aligned nucleotide sequences for 17 taxa are pre-
sented in table 2 with Tropheus and Boulenge-
rochromis representing the Cichlidae. Other cichlid
sequences will be presented in a separate manuscript
(J. T. Streelman et al., unpublished data). Weight-
ing of transitions and transversions 1:1 or 1:2 had no
effect on the results. Phylogenetic analysis of deduced
amino acid sequences produced poor bootstrap sup-
port of relationships between families and was not in-
formative at the level of labroid evolution (however,
this feature of Tmo-4C4 might be exploited to ex-
plore deeper nodes of the fish evolutionary tree). Ex-
cluding first and second codon positions from anal-
ysis had negligible effects on tree topology but de-
creased resolution of bootstrapped trees. Third posi-
tion changes outnumbered first and second position
substitutions roughly 5:1:1 when calculated over the
most parsimonious trees. The pattern of substitu-
tions in the data did not indicate blocks of sequences
differing in their rates of mutation. Numbers of tran-
sitions and transversions regressed against corrected
genetic distances resulted in linear relationships in-
dicating that substitution saturation has not been
reached at Tmo-4C4. Parsimony and distance meth-
ods revealed similar tree topologies (figure 2a, b).

Aspects of the scnDNA phylogenetic tree repro-
duce previously supported views of perciform evolu-
tion. Placement of the Percidae and Pomacanthidae
is consistent with convention. The relationships of
major groups within the Cichlidae and the grouping
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Table 2. Aligned DNA sequences from select taxa at scnDNA

locus Tmo-4CY

(Sequences from all individuals in table 1 were included in all analyses; here Tropheus and Boulengerochromis represent

the Cichlidae. Dots represent gaps inserted in the sequence t

o maximize the alignment.)

22 44 66
Tropheus ATGAAGAGAAACGTGTTTGAGAACGACACATTAACATTTTATGCTGAGGTGTTTGGCCTACCTTCC
Boulengerochromis — ....... Aol L PP
Sparisoma radians LT .AG.GA........ AL T..TT.CC.ovvi i Tevenen.. T
S. chrysopterum FL T . AG.GAL.... ... ALT.AT..Covii A T
S. chrysopterum HT T AG.GA........ A T AT, .Cevee e R T
Halichoeres CALLLUUALGAL L A..T..GT..C.G........... AAL T
Acanthurus ... GG........ A T. . TT.GC.Cuvvte ettt A
Pomacanthus LT L ALGAL L A..T...T..C.C.TG..... Gt e e
Perca ..T.G..A..GA........ A..T...T.GC....G..... Covnniiiii C......
Scorpaenichthys ST GA.....oiiina T.GC.Covttee it Gev'vvnvn T
Amphistichus C A.CGA..C..... A...... T.G..G.TG..C..C..C......cvnn... T.oo....
Micrometrus C A.CGA..C..... Ao, T....G.TG..C..C..C.............. T.o.....
Damalichthys ..C....A.CGA..C..... A...... T.G..G.TG..C..C..C.............. T......
Abudefduf ..Co.  ALGAL L. A..T..TT.G..G........ C..Covvviiiinn, G..G...
Dascyllus trimaculatus C A..GA........ A..T.. TT.CC.G........... Covieieieeeen G......
D. aruanus C A..GA........ A, . T..TT.TC.G..G...ov vttt G......
Sebastes T AL.GA........ A.C TT.GC.GG....C..C..C........ Covvvnnnn

88 110 132
Tropheus CCCGAGGTGAATTGGTTCCGCAACAAAACCCAGCTGTTAGCGGATGACAGAGTTACTATAGAGCGG
Boulengerochromis ... e Gttt
Sparisoma radians ..T..A..C.GA...... T GAG..C...... C.GA.C.GA..G.GAA.A
S. chrysopterum FL ..T..A..C.GA...... T A...GAG..T...... C.GA...GA..G.GAA.A
S. chrysopterum HT ..T..A..C.GA...... S A...GAG..T...... C.GA...GA..G.GAA.A
Halichoeres P N ALA... .. T.T........ T..A...G.G..A......... A.C.TA..G.CAA.A
Acanthurus ..., C.GA...... T.Toeeeinenn.. A...GCG..A..C.......... AA..G...A..
Pomacanthus B G.ovtnt Toveiiiiinn.. A...G.G..A............. AA..G...A.A
Perca AL A...... Tooooiiiii, A...G.G..A..C.......... AA..G...A..
Scorpaenichthys P G..o.t. S G..A...G.G..A..C.......... AG..G...A.A
Amphistichus ¢ G..ouut Toovnnn. (¢ G.G..A..C.G...G...GTA.CG...A.A
Micrometrus AL G...... T....... G........ AG.G..A..C.G G GTA.CG...A.A
Damalichthys AL G...... T....... G..ovin G.G..A..C.G...G...GTA.CG...A.A
Abudefduf ST GG...... Tooooiiiii, A...G.G..A..CA.G........ G..G.G.A.A
Dascyllus trimaculatus .. T....... GG...... T A...G.G..T..CAG...... GG.A..G...A.A
D. aruanus B GG...... S A...G.G..A..CA....... G..A..G...A.A
Sebastes CTOLAL L. G...... P A...G.G..A..C...... C...AA..G...A.A

154 176 198
Tropheus GATGGTGACAGCATCTCACTAACAATTCAAAATGTCACTAGAGCTGATCAGGGGGAGTATATTTGT
Boulengerochromis .. e Ao C
Sparisoma radians ... T..C..... T...A....C.AG. ... c..c..C
S. chrysopterum FL ... ... ... . oL T..G..... C...A....C.AG........... . C..C
S. chrysopterum HT ... ... ... ... .... T..G..... C...A....C.AG........... Ao....... c..C
Halichoeres ... .. ... T Covvnnnn Covivnnnn C.A...... C..A..A........ C
Acanthurus ... G..T........ Gevvveeeene Covivnnnn C.A...... C..... . C
Pomacanthus ... Toooont. G.ovtt G....Cooovvinnt A...... C..... Aol C
Perca ... C..T........ [ C.ooovv AA...C..C..... ALAL....... C
Scorpaenichthys ..C..C..T.oeat G..... G..... Cc..C AA.AG..G..C..... ALA..... C...
Amphistichus LCoGo C..C..GG....T...... T...A...C..C..... Ao c..c..C
Micrometrus — ..... Govvvvvni T..C..GG....T...... T...A...C........ A..... c..Cc..C
Damalichthys — ..... Gevvvivneen C..C..GG....C...... T...A...C..C..... A... .. C..C.TC
Abudefduf LCe [ C..CA....G.AG..C..C..... A..A..C..C..
Dascyllus trimaculatus . .C.............. G. T T.C.AG..C..C..A..A..A..C..C..
D. aruanus B G..T........... C..... C.AG..C..C..A..A..A..C..C...
Sebastes ..C..C..T. ... [ C..CA....A.AG..C..C..A..A..A..C..C..C

of embiotocids with pomacentrids also reflect results
of established phylogenies (Stiassny 1991; Stiassny
& Jensen 1987; Zardoya et al. 1996). The scnDNA
data do mnot, however, corroborate several firmly
entrenched perspectives of fish evolution. The sis-
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ter group relationship of the Acanthuridae with the
Labridae is surprising since both families are from
distinct suborders (Tyler et al. 1989). This relation-
ship is not well supported (43% bootstrap support)
and may need to be revised as additional taxa are
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Table 2. (Cont.) Aligned DNA sequences from select taza at scn DNA locus Tmo-4CY
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220 242 264
Tropheus GAAGCTGTGAATTATGTTGGCGAAGCCAGAAGTGTTGCTGTAGTGGTCGTTGTATCACAGGAAGTA
Boulengerochromis .o e e Ao
Sparisoma radians P ¢ C..C..... AL T..Goovvnene. T.Govvrvvnnn. G..T..... G..C
S. chrysopterum FL LG Covvvnnns AL T..G......... T.G..... T..... Gevvvveeent C
S. chrysopterum HT B ¢ Covvvvnn Ao T..G......... T.G..... T..... Gevvvvieenn C
Halichoeres L.GLLAL L. C..C..... Ao....... Govvvvnns C.T..... A..... Gevvvvvnnen G
Acanthurus LGl A..C..... Gt C....A..G..C..... G..... G...
Pomacanthus P ¢ Covvnnnn Ao Toooo... Aol (¢ G
Perca ¢ Co.... (O ¢ T.o..... GA.......oiiit G
Scorpaenichthys B ¢ C..C..... Gt Tooo.... A....A..TG..A..... G
Amphistichus ..., G..... C..C..C..G..G..... G..C..G..CT.......... C..G..T..... G..G
Micrometrus GGl C..C..G..G..... G..C..G..CT....... T..C..G..T..... G..G
Damalichthys GoGo C..C..G........ G..C..G..CT...... C..CC..G..T..... G..G
Abudefduf C G Covvnn Aooooi... G..C..C...T.G..... [T G..... G..G
Dascyllus trimaculatus . .G........ Co... C..A........ G..... C...T.G..... Gevrvnnn G..... G..G
D. aruanus ¢ Co.... C..A........ G..... C...T.G..... Tooevnn. G..... G..G
Sebastes LGl C..C..C..Geovvvvvnnn [ (¢ D G

286 308 330
Tropheus AGGTTTACACCGGTCCCACCTGCTGTCTCCCATCAGCACGTCATGAAGTTTGATGTGGAGGAAGAT
Boulengerochromis ... .. .. O
Sparisoma radians C....C.TG....CT..... G..C...A.......... T..Geo Gt C
S. chrysopterum FL — ..... C.TG..A.CT..... Ao, Aol TG iGeer e C
S. chrysopterum HT ... .. C.TG..A.CT..... Ao, Aol T..G...Goovii i C
Halichoeres ..., C.TG..A.C...... A...... Aol T..Goo.Gevvne i
Acanthurus .AA.CC.TG..T.C...G......... AT..... A.T..G...G.oovvviiin A..... C
Pomacanthus ..AL.C.TG..C.C.oevvvvvnn. Aol T..G...G.ovvvivnnnnt. A.o.... C
Perca ... CCTG..T.C...T......... Ao, G...G...G...oivi.. -
Scorpaenichthys ... C.TG..T.CT............ Aol T..G...G....... Covvninnnnnn
Amphistichus ..., C.TG....CT........ Co.lAiiii i, G...G....C....iin... G..C
Micrometrus ..., C.TG....CT........ C...A. ..ol G...G....C....i.n. G..C
Damalichthys ... C.TG....CT........ C...A............. G.C.G.A..C........... G..C
Abudefduf ... C.TG....CT........ CoTAu ... G oGoeeeeee G..C
Dascyllus trimaculatus .. ... CCTG..A.CT....... GC...A.......... T..G...G Covivninninn G
D. arvanus ... CCTG..T.CT........ C...A... ..o T..T...G Covivninninn G
Sebastes ..., C.TG..T.C G..... C Ao, T..G...G....ovvit. G..C

352 374 396
Tropheus GACTCTTCTCGTTCACCATCTCCTCAAGAGATTCTGCTTGAAGTAGAGCTGGATGAAAATGAAGTC
Boulengerochromis ... ... ..o .. Tt e e e e e e e
Sparisoma radians ~ ..... Gevvnnn T..T..A..G..G..A..C........ G..G...T.A........... G..G
S. chrysopterum FL. ... .. (¢ T..T..A..G..G..A........... G..... AT.A. ... ... ... G..G
S. chrysopterum HT ... .. (¢ T..T..A..G..G..A........... G..... AT.A........... G..T
Halichoeres ... ... ..., T..T..C..A..... Ao T..A. ... C..G..G
Acanthurus ... . P T..... C..... G..A oo TA........ C..G..G
Pomacanthus ... o L. T..T..C..... G..... A..... Covinvnnn Aol G..G
Perca ... T..C..A..... G...ovvii e Covvvvnt AT.......... C..G..G
Scorpaenichthys ... ..., G..T..T..C..... G..A........ Covivnnnn Ao.o.o.o... T.C..G..G
Amphistichus ..., C..... C..T........... G..... C..... G..... G..A........... C..G..G
Micrometrus ..., C..... C..T..... Coen G..... Co.... G..... G..A........ C..G..G
Damalichthys — ..... C..... C..T..... Coo... G..... C..... G..... G..A........... C..... G
Abudefduf ... Coviennn T..... C..... Govieeen C..... [T S G..G
Dascyllus trimaculatus ..T..C........ T..G..A..... G.Coovvnn. Coo... G..A........ G..C..G..G
D. aruanus LToCo e T..... C..... G..ooviii G..... G..A........ G..C..G..G
Sebastes L. T..Goovven Govvvnennns G..... G..A........... C..C..G

added to the tree. Embiotocids and pomacentrids do
not group with labrids and cichlids as previously be-
lieved (Stiassny & Jensen 1987). These families not
only fail to cluster with other members of the sub-
order Labroidei (rejecting monophyly), but appear
as basal members of the tree along with fishes of
an entirely different order (cottids and scorpaenids).
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This relationship is upheld in both parsimony and
distance analyses. Ironically, we included the cottids
and scorpaenids as outgroup taxa. The association
of these fishes with the embiotocids and pomacen-
trids markedly contradicts traditional taxonomic un-
derstanding (Lauder & Liem 1983; Moyle & Cech
1996) and suggests that both Scorpaeniformes and
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Table 2. (Cont.) Aligned DNA sequences from select taza at scnDNA locus Tmo-4CY,

418 440 462
Tropheus AAAGAATTTGAGAAACAGGTGAAGATCATCACCATACCTGAATACACAGCTGACAATAAGAGTATG
BoulengeroChromis .o e e e e
Sparisoma radians ... G..... Teeiii i Tooiiiiin, Covvvnn C..... C
S. chrysopterum FL ... .. . o oo Tt Teoiiieenn Covvvnn C.G...vn..
S. chrysopterum HT  ..... ¢ Teee i Teoiiin Covvvnn Covvvnnnnn
Halichoeres e C..G..G..... G..A ... C
Acanthurus L ... A..C........ T..... C..... Govvieeeee C..... C
Pomacanthus ..., G..... T..... T..... T..... G.ooov et C..... C..... C
Perca Lo G...A..T........... T..T..... (¢ S C..... C..A..C
Scorpaenichthys G T..Teeiinnn. T..A..G..... C..C..... C..... C
Amphistichus ..., (¢ € T..T..... G..... G..C..... Covunn C
Micrometrus ..., Govvvnvnt Govevnie e T..T..... G..... G..C..... C..... C
Damalichthys ... (¢ P Govvi e T..T..... G..... G..C..... C..... C
Abudefduf ... C..... G..... | S T..... G..... G..C..... Co.... C
Dascyllus trimaculatus — .............. G..... Covieeiiie e T..... G..... G..C..... C..... C
D. aruanus A.G...A G..A..C.......... ... AT..... G..... G..C..... C..... C
Sebastes ... G...... T T..C..G..... (¢S C..... C

484 506
Tropheus ATCATATCTCTGAATGTGTTACCAAGTATTTATGAGGAGGGTGCTGTGG
Boulengerochromis ... Gev et
Sparisoma radians ~ ..... T..A...G....T..... Gevvvvvn Covivnnnn G..C..
S. chrysopterum FL —  ..... T..A...G....T..... (¢ D Covivnnnn G..C..
S. chrysopterum HT ... .. T..A...G....T..... G...ovins (G G..C..
Halichoeres ... ..., T..G....A........... AL A ... A A
Acanthurus LT T T G CC.Geveneeiaaenn A
Pomacanthus ... T..G..... Covivninieenn Covvnn A.C..... T
Perca L.l T..G....T..... Geveee e c..C
Scorpaenichthys ... ... T.AG.......... G..... Aol C..C
Amphistichus ... ... Gevvrvnnnn G...C.C..C........... C
Micrometrus ..o ... Govvveevnns G...C.C..C........ c..C
Damalichthys ... oL, Govvvevnnn G...C.C..C........ C.T.....
Abudefduf ... Covvvn G.C..... G..Gove e C.
Dascyllus trimaculatus G....C...... G.ovtt e G..Geo i Covvvnt
D. aruanus ... Covvvn G..... C.G..Govvviinininnene, Covvvnnn
Sebastes ..., T..G..... C.G..G........ Covvnnnn C..C.G..

Perciformes may be paraphyletic (Johnson & Pat-
terson 1993). Nonetheless, additional outgroup taxa
are necessary before a firm conclusion can be drawn
concerning the monophyly of these orders.

4. DISCUSSION

Phylogenetic results from scnDNA locus Tmo-4C4
challenge central tenets of labroid evolution and the
traditional methods used to reconstruct it. Our data
indicate that a modified PJA has developed inde-
pendently among families of the taxon Labroidei.
The multiple evolution of this character suite weak-
ens the hypothesis that the PJA is a key innova-
tion explaining diversity in the suborder Labroidei.
Characters of the PJA do not appear to be accu-
rate markers of labroid evolution, although conver-
gence in this functional complex is no less excit-
ing. Because other perciform fishes share pharyn-
geal characters with the labroids, it has been sug-
gested (Liem & Greenwood 1981; Nelson 1967; Sti-
assny & Jensen 1987) that labroid families are part
of a larger pharyngognathous assemblage. It could
be argued that a proper test of labroid monophyly
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should include fishes from other families thought to
be pharyngognathous teleosts (e.g. Gerreidae, Spari-
dae, Kyphosidae). We counter with the notion that
the present study is not only a test of labroid mono-
phyly, but also an evaluation of functionally impor-
tant morphological characters (i.e. the PJA) in de-
termining perciform phylogeny. By sampling non-
pharyngognathous taxa we present a more extreme
examination of both conventions. Due to the appar-
ent flexibility of the PJA in ontogeny (Smits et al.
1996) and now evolution, a re-evaluation of other fish
clades defined by similar functional characters (e.g.
the neoteleosts (Lauder & Liem 1983) and sunfishes
of the genus Lepomis (Mabee 1993)) may be ap-
propriate. Furthermore, the nuclear DNA-based phy-
logeny suggests that several ecological characteristics
such as nest building, sex reversal and territoriality
appear to have evolved convergently among labroid
groups.

Although surprising, these results are not ex-
plained by substitution saturation, since both transi-
tions and transversions accrue linearly with increas-
ing corrected genetic distance. Furthermore, exper-
imental weighting of transversions up to five times
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Figure 2. (a) One of two most parsimonious trees showing familial and cichlid major group relationships. Sebastes
(Scorpaenidae) was used as outgroup. The two most parsimonious trees differed only in the relationships among the
three embiotocid taxa. Numbers at nodes represent bootstrap values from the parsimony analysis (200 replicates;
PAUP (Swofford 1993)). Labroid families are indicated by cross-hatched vertical bars.

that of transitions has no effect on labroid familial re-
lationships. We can discount selection on amino acid
sequence as an explanation for the phylogenetic pat-
tern because using substitutions at third codon po-
sitions only (i.e. synonymous substitutions) does not
alter tree topology among families. DNA sequence
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data from the mitochondrial COI gene from repre-
sentatives of each family corroborate our intrafamil-
ial groupings, but provide no support for nodes rel-
evant to labroid evolution (J. T. Streelman, unpub-
lished data). The lack of resolution at 50-150 million
years may be a general feature of mitochondrial cod-
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Figure 2. (b) Neighbour joining tree constructed from maximum likelihood distances using the DNADIST and NEIGH-
BOR programs of PHYLIP (Felsenstein 1989). Sebastes was used as outgroup. Empirical base frequencies were used
in this analysis and the rate of third position substitutions was set to three times first and second position changes.
Scale indicates maximum-likelihood distance. Note the position of the Embiotocidae and Oxylapia. Labroid families

are indicated as in figure 2a.

ing regions where third position mutation saturation
has been reached in a background of amino acid con-
servation (Cantatore et al. 1994; Meyer 1994). That
the scnDNA data support previous hypothetical rela-
tionships of cichlid major groups thought to have di-
verged at least 75 million years ago (Lundberg 1993;
Stiassny 1991; Zardoya et al. 1996) further substanti-
ates the use of this nuclear locus to investigate deep
divergence among perciform taxa. Unfortunately, the
lack of independent corroborating data from COI (or
any other locus) forces us to draw cautious conclu-
sions from this single-gene genealogy.

These results have manifold implications for per-
ciform phylogeny. The fossil record has been a dif-
ficult cipher of perciform relationships, revealing an
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uninterpretable explosion of taxa between 50 and 75
million years ago (Bellwood 1996; Carroll 1988; Pat-
terson 1993). Molecular hypotheses of teleost phy-
logeny are few (Bernardi et al. 1993; Cantatore et
al. 1994) and have not addressed perciform interfa-
milial relationships. It is possible that much of per-
ciform evolution has gone unrecorded by the fossil
record, a prospect consistent with recent molecular
analyses of other taxonomic radiations (Hedges et
al. 1996; Wray et al. 1996). The ultimate resolution
of perciform phylogeny will require continuing effort
by systematists (molecular as well as morphological),
paleontologists and ecologists, with perhaps greater
attention given to the biogeography and natural his-
tory of this diverse array of fishes.
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