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Abstract

We infer a phylogeny of haemulid genera using mitochondrial COI and Cyt b genes and nuclear RAG1, SH3PX3, and
Plagl2 genes from 56 haemulid species representing 18 genera of the expanded haemulids (including the former inermiids)
and ten outgroup species. Results from maximum parsimony, maximum likelihood, and Bayesian analyses show strong
support for a monophyletic Haemulidae with the inclusion of Emmelichthyops atlanticus. The former inermiids did not
form a clade indicating that the highly protrusible upper jaw specialization to planktivory evolved more than once within
Haemulidae. The subfamilies Haemulinae and Plectorhinchinae, currently diagnosed by eight morphological characters,
most notably the number of chin pores and the origin of the retractor dorsalis, are also recovered from these analyses with
the Haemulinae sister to the Plectorhinchinae. Plectorhinchus is monophyletic only with the inclusion of Diagramma.
Within the Haemulinae, Pomadasys and Conodon are polyphyletic. In addition, Anisotremus is monophyletic only with
the inclusion of Genyatremus and Conodon nobilis, and Haemulon is monophyletic only with the inclusion of Xenistius.
These results suggest that further morphological and molecular studies are needed to revise the limits of several haemulid
genera.
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I ntroduction

The family Haemulidae, or grunts, include 18 genera and about 145 species (Nelson 2006) in the ill-defined order
Perciformes, suborder Percoidei (sensu Nelson 2006). Grunts are circumglobal and often prominent in both hard-
and soft-bottom nearshore tropical, subtropical, and warm temperate waters (McKay 1984; McKay & Schneider
1995; McKay 2001; Lindeman & Toxey 2003). Most are carnivorous, feeding opportunistically on a wide variety
of benthic invertebrates including crustaceans, polychaete worms, clams, and echinoids, while smaller species pri-
marily feed on plankton (Konchina 1977; Ogden & Ehrlich 1977; Williams et al. 2004).

Johnson (1981) used a number of characters to define Haemulidae and its subfamilies, Haemulinae and Plecto-
rhinchinae (Appendix 1). He proposed the superfamily Haemuloidea to include the mostly bottom feeding Haemu-
lidae and the planktivorous Inermiidae. The latter family, commonly known as bonnetmouths, contains only two
species that are reef-associated, typically small, and specialized for planktivory with highly protrusible jaws and
fusiform bodies (McEachran & Fechhelm 2005; Lindeman 2006; Nelson 2006). Johnson (1981) found that the
families Haemulidae and Inermiidae share a suspensorium similar to that of the lutjanoids in having little direct
osseous articulation and a simple symplectic but having a unique projection on the margin of the metapterygoid,
which projects posteriorly as a vertically oriented rounded flange that overlaps the medial side of the lower arm of
the hyomandibular. This, in addition to other osteological characters such as the number of branchiostegals; num-
ber of openings in pars jugularis; presence of chin pores and scales on lacrimal, snout, and preopercular margin;
absence of subocular shelf and trisegmental pterygiophores; and specializations in their infraorbitals, suspenso-
rium, and procurrent spur provide morphological evidence for a monophyletic Haemuloidea.
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The presence of enlarged sensory chin pores and the attachment of the sixth infraorbital to the skull in haemu-
lids are characters that are uncommon among percoids (Johnson 1981). These enlarged pores are also present in the
Lobotidae, Hapalogenyidae, Sciaenidae, and several other families. However, these families are easily recognized
based on the presence of other anatomical and osteological characters diagnostic of the members of those families.
Lobotidae and Hapalogenyidae, for example, have more than six chin pores, while Sciaenidae has only one or two
anal fin spines compared to three anal spines in haemulids. The number, shape, and position of chin pores also help
diagnose subfamilies and genera within Haemulidae. Plectorhinchines have four to six chin pores while haemu-
lines, including the former inermiids, possess either two chin pores, a median chin groove, or both (Johnson 1981).
While both haemulid subfamilies and some genera appear to be well defined, many haemulid genera are not well
defined and diagnosed only with superficial characters. For example, the monotypic Genyatremus was originally
erected to differentiate what is currently recognized as Anisotremus interruptus from other higher bodied species of
Anisotremus (Gill 1861), and it appears to have been only incorrectly placed in another genus and recognized as
Genyatremus luteus (Johnson 1981; Lindeman & Toxey 2003). Orthopristis (Girard 1858) was erected based on
superficial characters that are not currently used to distinguish members of the genus such as the body configura-
tion and fin meristics (McKay & Schneider 1995; Lindeman & Toxey 2003). Boridia, Conodon, Microlepidotus,
Xenichthys, and Xenistius were all designated by monotypy (Eschmeyer 1990) without extensive morphological
comparisons.

A number of recent studies that help define the limits of haemulid species and genera (Courtenay 1961; Kon-
china 1976; lwatsuki et al. 1998; Miles 1953; Ren & Zhang 2007; Rocha et al. 2008), or provide basic regional
systematic information (Konchina 1977; Roux 1981; McKay 1984; McKay & Schneider 1995; McKay 2001; Lin-
deman & Toxey 2003; Bernardi & Lape 2005) are available; however, none of these studies have attempted to infer
a phylogeny of the family Haemulidae using either molecular or morphological methods. Johnson (1981) studied
the morphology of a number of families thought to be closely related to his proposed haemuloids (Haemulidae and
Inermiidae) and suggested two additional superfamilies, the Sparoidea (including Sparidae, Centracanthidae, Nem-
ipteridae, and Lethrinidae) and Lutjanoidea (including Lutjanidae and Caesionidae), but he could not find evidence
to suggest that any of these groups were directly related to one another. He was not confident in polarizing morpho-
logical characters of Haemuloidea and therefore chose not to propose a phylogeny.

Recent studies conducted on higher-level relationships of percomorphs and acanthomorphs have shown poten-
tial outgroups for haemulids on the basis of molecular characters including Dettai & Lecointre (2005; Syngnathi-
dae, Uranoscopidae + Cheimarrichthyidae + Ammodytidae, Moronidae, Drepanidae, and Scaridae + Labridae);
Smith & Craig (2007; Lutjanidae, Lethrinidae + Priacanthidae, Moronidae, and Lobotidae); Craig & Hastings
(2007; Moronidae and Cirrhitidae); and Mahon (unpublished; Dinopercidae and Drepanidae + Acanthuridae +
Ephippidae). In addition, the interrelationships of families within the putative Percoidei, the suborder to which
Haemulidae belongs (Nelson 2006), are not well understood, hence making it more challenging to define the possi-
ble sister-groups of haemulids. Hapalogenys has been classified in the Haemulidae because of the presence of chin
pores (Richardson 1844; lwatsuki et al. 2000, Iwatsuki & Russell 2006), however, the phylogenetic placement of
the Hapalogenyidae (Springer & Raasch 1995; Ren & Zhang 2007) within the haemulids has also been controver-
sial (Johnson, 1984; lwatsuki et al. 2000; Lindeman & Toxey 2003; Iwatsuki & Nakabo 2005).

The purpose of this study is to infer a genus-level phylogeny of haemulids, including a former inermiid spe-
cies, Emmelichthyops, test the validity of the two subfamilies, and provide a basis to further test hypotheses of mor-
phological character evolution and biogeography of the family Haemulidae. Here we use molecular data to help
frame questions of generic placement within Haemulidae. The markers used for this study include the mitochon-
drial Cytochrome Oxidase | (COI) and Cytochrome b (Cyt b) and three nuclear markers, Recombination Activation
Gene-1 (RAG1), SH3 and PX domain-containing 3-like protein (SH3PX3), and pleiomorphic adenoma protein-
like 2 (Plagl2) genes. A phylogeny of haemulids from most genera was inferred from maximum parsimony (MP),
maximum likelihood (ML), and Bayesian analyses of a combined total of 4731 base pairs.

Material and methods

Taxon sampling. Ten outgroup taxa were included from the families Nemipteridae (Nemipterus marginatus),
Lethrinidae (Lethrinus ornatus), Lutjanidae (Aphareus furca and Lutjanus fulviflamma), Sparidae (Sarpa salpa and
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Hapalogenyidae (Hapalogenys aya, H. kishinouyei, and H. nigripinnis). Lobotidae (Lobotes pacificusand L. suri-
namensis), another percoid family that possesses chin pores, was also included in the study. Among the ingroup
taxa, 56 species belonging to 18 genera are included among the 144 species and 20 haemulid genera (Appendix 1).
All genera of haemulids are represented except for the two monotypic genera Parakuhlia and Xenocys. Specimens
were collected by trawling, hook and line, or spearfishing. Samples were also obtained from specimens from fish
markets. Muscle tissue of the fish were dissected and preserved in 95% ethanol or DMSO solution (Seutin et al.
1990) and stored at -20°C until processed in the laboratory.

DNA isolation, amplification, and sequencing. Genomic DNA was extracted from approximately 20 mg of
tissue following the DNeasy® Kit (Qiagen) protocol and Wizard® SV 96 Genomic DNA Purification System (Pro-
mega). Primers used to amplify the mitochondrial and nuclear genes are listed in Table 1. A total of 651 base pairs
were amplified using the COI primers under the following conditions: initial denaturation at 95°C for one minute
(to activate the Takara Ex Taq HotStart™ DNA polymerase, Takara Bio Inc.), followed by 30 cycles of 95°C for 30
seconds, 52°C for 30 seconds, and 72 °C for 45 seconds; followed by a five minute extension at 72°C. Cyt b
yielded a total of 1140 base pairs, with amplification conditions similar to those of COI but with 32 cycles and
annealing temperature of 52 °C for 45 seconds. For all the nuclear genes used, nested PCRs were employed to suc-
cessfully amplify approximately 1431 base pairs of RAG1 gene, 705 base pairs of SH3PX3 gene, and 804 base
pairs of Plagl2 gene from DNA extracts, with the following amplification settings: initial denaturation at 95 °C for
one minute; 30 cycles of 95 °C for ten seconds, 56 °C to 63 °C for 45 seconds, and 72 °C for five minutes; with an
additional final extension at 72 °C for five minutes. Amplification conditions for the second set of internal primers
for three nuclear genes follow the same protocol as that of the first PCR, except with annealing temperature set to
63 °C for all three genes. A 0.2 ul of EXoSAP-IT® (USB Corporation) master mix (1:5 dilution of the enzyme) was
added for every 1 ul of PCR product to purify the target gene, carried out at 37 °C for 30 minutes and 80 °C for 20
minutes.

TABLE 1. PCR primer sequences and annealing temperatures used to amplify the five markers used. 1* indicates the first
round of nested PCR and 2™ for second round of nested PCR using the following primers for each gene.

Gene Primers Sequences Tm(°C) PCR Reference

Col COl1LBC_F 5' TCAACYAATCAYAAAGATATYGGCAC 3 52 1t Ward et al. 2005
CO1HBC_R 5 ACTTCYGGGTGRCCRAARAATCA 3' 1t Ward et al. 2005

Cytb Cytb_UniF 5" CGAACGTTGATATGAAAAACCATCGT 3’ 52 1 Orrell et al. 2002
Cytb_UniR 5" ATCTTCGGTTTACAAGACCGGTG 3’ 1 Orrell et al. 2002

RAG1 2510F 5" TGGCCATCCGGGTMAACAC 3’ 63 1t Li & Orti 2007
RAG1R1 5" CTGAGTCCTTGTGAGCTTCCATRAAYTT 3' 1t Lopez et al. 2004
RAGI1F1 5" CTGAGCTGCAGTCAGTACCATAAGATGT 3' 63 2m Lopez et al. 2004
RAGI1R2 5 TGAGCCTCCATGAACTTCTGAAGRTAYTT 3 2m Lopez et al. 2004

SH3PX3 F35 5 AAAGYGARAACAAGGAGGAGAT 3 56 1t Pers. Comm. C. Li*
R1373 5" AGCGACAGYTTGTCCARCAT 3’ 1t Pers. Comm. C. Li*
F532 5" GACGTTCCCATGATGGCWAAAAT 3’ 63 2n Li et al. 2007
R1299 5" CATCTCYCCGATGTTCTCGTA 3’ 2nd Li et al. 2007

Plagl2 F9 5" CCACACACTCYCCACAGAA 3’ 58 1t Li et al. 2007
R1430 5 TCGTACTGAGGCTRGAGCTGAA 3 1t Pers. Comm. C. Li*
F51 5" AAAAGATGTTTCACCGMAAAGA 3’ 63 2m Li et al. 2007
R920 5" GGTATGAGGTAGATCCSAGCTG 3’ 2nd Li et al. 2007

Sequencing reactions were conducted in forward and reverse directions using primers for the second set of
PCR. Sequences were assembled and edited in Sequencher version 4.10.1 (Gene Codes). The trimming criteria for
sequences include trimming no more than 25% until the first 20 bases contain at least three bases with confidences
below 20% for the five-prime end and trimming until the last 20 bases contain less than three bases with confi-
dences below 20% for the three-prime end. Sequences were then trimmed according to a reference sequence for
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each gene obtained from GenBank, including COl: FJ237890 Pomadasys maculatus (Zhang & Hanner 2007), Cyt
b: EF512297 Pomadasys maculatus (Zhu et al. 2007), RAG1: EF095661 Haemulon aurolineatum (Chen et al.
2007), SH3PX3: EF033010 Lutjanus mahogani (Li et al. 2007); and Plagl2: EF033023 Lutjanus mahogani (Li et
al. 2007). Multiple alignments of sequences were performed using ClustalX (Thompson et al. 1997) using default
settings (Hall 2004).

Phylogenetic analysis. The concatenated data matrix of five genes was partitioned by gene and by codon posi-
tion, producing 15 data blocks. Each of the data blocks was initially optimized independently under a GTR + T’
model implemented in MrBayes, with two million MCMC generations and seven chains (Huelsenbeck & Ronquist
2001; Ronquist & Huelsenbeck 2003; Nylander et al. 2004). Following Li et al. (2008), the overall similarity
among data blocks was evaluated on the basis of their estimated parameter values, counting five substitution rates,
three base composition proportions, the gamma parameter (alpha), and the rate multiplier for each data block.
Using a hierarchical cluster analysis in SAS, each data partition was used as an observation, with the ten indepen-
dent parameters estimated from MrBayes as values for each observation. The resulting clustering dendrogram was
then used as a guide tree to identify the two most similar data blocks for grouping two partitions and subsequently
adding one data block at a time based on overall similarity from the guide tree until only one large data block
remained. The AIC values and Bayes Factor have proven that partitioning following the guide tree always resulted
in better partitioning scheme than randomly grouping two other partitions (Li et al. 2008). To evaluate the best par-
titioning scheme, the harmonic means for each MrBayes run was recorded to calculate and compare the harmonic
means and Bayes Factor (BF = (=InLi ) — (-InLbest)). The optimal partitioning strategy is chosen based on the best
In score (top two among all partitioning schemes for comparison) and with the fewest number of parameters. If
there is not much difference between the top two In scores, the one with a fewer number of parameters estimated
and has a fewer number of partition is preferred. The best strategy should also have a 2InBayes factor of more than
10 between that scheme and the next (stepwise) partitioning scheme. A 2In Bayes factor of > 10 is strong evidence
against the alternative hypothesis (Kass & Raftery 1995; Brandley et al. 2005; Li et al. 2008).

We used MP, ML, and Bayesian analyses to infer phylogeny. The minimal length trees were obtained using a
heuristic search and 1000 replicates of random taxon addition with tree-bisection-reconnection (TBR) branch
swapping algorithm, saving all trees per replicate. In addition to Bremer support (decay index, Sorensen & Fran-
zosa 2007), relative internal branch support was estimated with bootstrap analysis with 1000 replicates, with TBR
branch swapping and simple taxon addition. Tree statistics included the consistency index and retention index.
MrModelTest2 (Nylander et al. 2004) was used to determine the best-fit model for each of the data partitions fol-
lowing the best partitioning scheme, with models scored in PAUP* version 4.0b10 (Swofford 2002). ML was per-
formed using the partition version of the program Genetic Algorithm for Rapid Likelihood Inference (GARLI;
Zwickl 2006), with internal branch support estimated with 100 bootstrap replicates for each of the independent
search runs. The repeatability of results (recovering the same best scores and same topologies, with very similar
log-likelihood scores, at least twice) across independent search replicates indicates the number of search replicates
to be conducted. A total of eight independent search replicates were conducted for this study. Trees were collected
and scored using Mesquite (Maddison & Maddison 2007). MrBayes was also used to estimate the evolutionary
parameters using posterior probabilities (Ronquist & Huelsenbeck 2003). The Markov chain Monte Carlo parame-
ters (MCMC) for the final partitioned dataset included 10 million generations with seven chains sampling every
one thousand. Convergence was assessed using Tracer looking at the ESS value for each log-likelihood trace and
plotting the posterior probability density for the mutation rate (Rambaut & Drummond 2007) and AWTY (Are We
There Yet?) comparing split frequencies, looking at each independent trajectory, and checking for presence of or
absence of splits throughout the chain for each one to make sure that the chains are sampling particularly well
(Nylander et al. 2008). Resulting topologies for all analyses were viewed in Mesquite (Maddison & Maddison
2007) and bootstrap values from MP and ML mapped on the Bayesian topology.

Results

The characteristics of the five mitochondrial and nuclear genes are shown in Appendix 2. The concatenated dataset
of five loci generated a total of 4731 characters for the 66 taxa included in this study. The dataset was partitioned by
gene and by codon position yielding 15 block partitions (5 genes x 3 codon positions). Appendix 3 shows the ten
parameters estimated in MrBayes. These parameters were then employed into a hierarchical cluster analysis in
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SAS. The output from cluster analysis showing which data block should be grouped based on overall similarity
using the ten parameters estimated in MrBayes is shown in Fig.1. The resulting dendrogram from SAS is read from
left to right looking at the terminal branches, concatenating data blocks on the first node and then concatenating
data blocks on the subsequent nodes, adding one data block at a time. Table 2 also shows how the 15 data blocks
down to one data block (no partition) were clustered. Starting with 15 partitions (where all data blocks are treated
as separate), the 14-partitioning scheme has (SH3PX3_3 and Plagl2_3) concatenated as one data block, plus the
rest of data blocks (13 other data blocks, each treated as separate). The 13-partitioning strategy has (SH3PX3_3
and Plagl2_3) as one data block and (COI_3, Cyth_3) as another data block, plus the rest of data blocks (11). Data
blocks were concatenated following the dendrogram until only one data block with no partition is left. Boxed text
indicates the best partitioning schemes, with 11- and 15- data partitions, chosen by different model selection crite-
ria in this study. Although the 15 data block partitioning scheme is the best partition based on the likelihood scores,
it has 40 more parameters than the 11 data block partitioning scheme. Also, the difference between the 11- and 12-
partitioning schemes has a value of 42.82, which is more than 10 and satisfies the conventional criterion for choos-
ing the best strategy. Hence the 11-data block partitioning scheme was chosen as the best partitioning strategy
(Brandley et al. 2005; Li et al. 2008) in this study (Table 3).

TABLE 2. Comparison of log likelihoods and Bayes factors among different partitioning schemes (from one to 15 partitions).
Results show the total number of parameters; the harmonic mean of -log likelihood calculated using MrBayes; the Bayes factor
calculated by comparing model i to the model with maximum likelihood, BF = (-InLi )- (-InLbest); and the clustering of data
blocks for each partitioning scheme based on the hierarchical cluster grouping. Boxed text indicates the best partitioning
schemes chosen by different model selection criteria. Concatenated data blocks are enclosed in parentheses. S=SH3PX3;

P=Plagl2; R=RAG1; C=COlI; Cy=Cyt b. Numbers (1,2,3) after gene initials refer to codon positions 1, 2, and 3, respectively.

No. of No. of 2L nBayes

partitions parameters  Ln Factor Data block partition

1 10 -58368.64 233.16 all together

2 20 -58252.06  4483.72 (S3P3R3Cy1P1R1S1R2S2Cy2C2C1C3Cy3) and P2

3 30 -56010.2 144.62 (S3P3R3Cy1P1R1S1R2S2Cy2C2C1)(C3Cy3) and P2
4 40 -55937.89  216.44 (S3P3R3Cy1P1R1S1R2S2Cy2C2)(C3Cy3) and the rest
5 50 -55829.67  466.68 (S3P3R3Cy1P1R1S1R252Cy2)(C3Cy3) and the rest

6 60 -55596.33 110.92 (S3P3R3Cy1P1R1S1)(C3Cy3)(R2, S2Cy2) and the rest
7 70 -55540.87  221.58 (S3P3R3Cy1P1)(C3Cy3)(R2S2Cy2)(R1S1) and the rest
8 80 -55430.08 138.16 (S3P3R3Cy1P1)(C3Cy3)(R2S2Cy?2) and the rest

9 90 -55361 248.8 (S3P3R3Cy1P1)(C3Cy3)(R2S2) and the rest

10 100 -55236.6 418.44 (S3P3R3)(C3Cy3)(R2S2)(Cy1P1) and the rest

11 110 -55027.38  -145.08 (S3P3R3)(C3Cy3)(R2S2) and the rest

12 120 -55099.92  42.82 (S3P3R3)(C3Cy3) and the rest

13 130 -55078.51  -48.68 (S3P3)(C3Cy3) and the rest

14 140 -55102.85 256.78 (S3P3) and the rest

15 150 -54974.46 all separate

In the limited outgroup comparisons of this study, Hapalogenys is sister to Lobotes. In addition, the lutjanids
are sister to haemulids. A monophyletic Haemulidae, including the former inermiids, is well supported in all analy-
ses (with a Bremer support of 66, bootstrap value of 100 for MP and ML and a posterior probability of 1.0 in
Bayesian analysis) (Fig. 2). The phylogenetic position of Haemulon vittatum (formerly in Inermia) first reported in
Rocha et al. (2008) is confirmed. In addition, Xenistius californiensis is also nested within Haemulon. Emmelich-
thyops is sister to Microlepidotus brevipinnis and these, sister to Isacia. These three species are sister to Orthopris-
tis.

PHYLOGENY OF HAEMULIDAE Zootaxa 2966 © 2011 Magnolia Press - 41



COL_1
COIL 2
Cytb 1 -
Plag2 1 }
RAGI_3
S —
Plagl2 3
RAGI_1
SH3PX3 1 —

Cytb_2
SH3PX3 2

00 05 1.0 15 20 25 30 35 40 45 50 55
Distance Between Cluster Centroids
FIGURE 1. Clustering diagram showing overall similarity among 15 data blocks of the full data set (5 genes x 3 codon posi-
tions) using SAS. Each block is indicated at the tip of terminal branches by gene name and codon position. Each node shows
clustering terminal branches (data set) based on hierarchical clustering algorithm using a Bayesian approach.

Partitions

TABLE 3. Models selected by MrModelTest2.0 (Nylander 2004) under the AIC criterion for the optimal 11-partition scheme
for Bayesian analysis, with —InL values and number of parameters for each data block.

Partition Data blocks Model chosen by MrModeltest2.0 -InL No. of parame-
ters

1 SH3PX3_3.Plagl2_3.RAGL_3 GTR+G 11765.6377 9

2 COl_3.Cyth_3 GTR+I+G 28687.7891 10

3 RAG1_2.SH3PX3_2 GTR+I+G 2035.7582 10

4 Col_1 GTR+I+G 946.9229 10

5 COl_2 F81 350.0114 3

6 Cyth 1 GTR+I+G 3815.7031 10

7 Cyth_2 GTR+I+G 1661.8229 10

8 RAG1_1 GTR+I+G 2196.0671 10

9 SH3PX3_1 JC+G 641.6643 1

10 Plagl2_1 HKY+G 563.8015

11 Plagl2_2 F81 460.4087

Two well-supported clades (Bremer support of 56) corresponding to the subfamilies Plectorhinchinae and Hae-
mulinae were recovered in this study (Fig. 2). Within Plectorhinchinae, Parapristipoma is sister to a clade contain-
ing the members of the genus Plectorhinchus, with the inclusion of Diagramma pictum. In addition to the
Haemulon plus Xenistius clade noted above, a number of putative haemuline genera appear to be para- and poly-
phyletic. Species of Pomadasys are recovered in three separate clades and the genus is polyphyletic. Within the
haemuline assemblage, a clade (Pomadasys ) containing Pomadasys perotaei, P. incisus, and O. olivaceus is sister
to the rest of the haemulines. Several Pomadasys, including P. striatus, P. argyreus, P. maculatus, P. kaakan, and P.
stridens (Pomadasys I1) plus Brachydeuterus were clustered in a separate clade, and is sister to the remaining hae-
mulines. A clade containing additional species of Pomadasys (Pomadasys I11), Boridia, Conodon serrifer, Xenich-
thys, and Haemulopsis and the clade containing species of Orthopristis, Isacia, Emmelichthyops, and
Microlepidotus is sister to a clade containing Anisotremus and Haemulon. Anisotremus is monophyletic with the
inclusion of Conodon nobilis. Conodon, therefore, is polyphyletic. Genyatremus is monophyletic, and the clade
containing the three species included in this genus was also recovered by a recent morphological analysis (Tavera
et al. 2011), albeit branch ordering within the clade is different.
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Discussion

The interrelationships of haemulids. Previous molecular studies on higher-level percomorphs and acan-
thomorphs have shown possible outgroups for haemulids but did not provide morphological evidence to support
their relationship. The outgroup sampling for this study is not exhaustive and obviates definitive statements about
sister taxa of the Haemulidae. However, our results do confirm recent conclusions that Hapal ogenys is not a mem-
ber of the Haemulidae (Springer & Raasch 1995; Ren & Zhang 2007). The presence of short barbels or furlike
papillae on the chins of hapalogenyids and antrorse spine before the first dorsal fin spine separate them from the
haemulids. There is also some support (a clade supported by a decay index of 4, 100% bootstrap for MP and ML
and a posterior probability of 1.0 for Bayesian analysis) that Lobotes may be sister to Hapalogenys (Fig. 2) based
on the molecular data and some morphological characters such as the rounded shape of the caudal fin, absence of
distinct canines on palatine and vomer, and the presence of more than six sensory pores on the chin. The possession
of sensory chin pores, however, does not appear to be a synapomorphy for haemulids plus Hapalogenys and Lobo-
tes, since our analysis recovers lutjanids as sister to haemulids. More comprehensive taxon sampling of perciform
fishes is required to further test this relationship.

The intrarelationships within haemulids. The monophyly of Haemulidae is only well supported if the for-
mer inermiidsare included. The placement of this species within Haemulidae is not surprising given the many syn-
apomorphies that are shared among them. Johnson (1981) presented a list of shared meristic and osteological
characters between “inermiids” and haemulids and also noted the differences between them, most notably the
highly protrusible jaws of Haemulon vittatum (formerly Inermia vittata) and Emmelichthyops atlanticus. He noted
that the neurocranium bears little resemblance to the typical haemuloid type, which gives way to its modification
for the reception of the extremely long ascending processs of the premaxillary, which is a specialization for plank-
tivory. He believed that this degree of morphological and ecological divergence to other haemulids warrants famil-
ial recognition. Rocha et al. (2008) recovered Inermia vittata nested within Haemulon and proposed that Inermia
should be recognized as Haemulon vittatum based on both cladistic pattern and genetic sequence divergence. They
further hypothesized that the disparity in external morphology between Haemulon and Inermia can be attributed to
the morphological specializations brought about by rapid ecological shifts. The specialization to plankton feeding
is also seen in other haemulines, such as in some species of Anisotremus, Orthopristis, Pomadasys, Haemulon, and
Xenigtius, although these genera do not possess a highly specialized jaw similar to that of Haemulon vittatum and
Emmelichthyops. Similarly, Emmelichthyops appears to have adapted to planktivory. However, unlike Haemulon
vittatum (which is nested deep within the well-supported genus Haemulon), Emmelichthyops is on a long branch
within a poorly supported clade (low bootstrap, posterior probability, and Bremer support) that includes Isacia,
Microlepidotus, and Orthopristis (Fig. 2). A more precise phylogenetic placement for this species will require
exhaustive sampling in the Orthopristis-Haemulopsis clade and rigorous morphological comparisons. This study
supports the hypothesis by Rocha et al. (2008) of the placement of Haemulon vittatum and also now provides
molecular evidence for the placement of Emmelichthyops in Haemulidae. It is important to note that the placement
of these two species in the subfamily Haemulinae is also supported by the following morphological characters: two
chin pores and low vertebral, pleural, and epipleural rib counts. Therefore, we recommend that the family Inermii-
dae should no longer be treated as valid.
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FIGURE 2. The tree represents a 50% majority rule consensus of the Bayesian topology (numbers represent the posterior prob-
ability of the clades), with bootstrap values from MP and ML mapped onto the topology. MP, ML, and Bayesian analyses pro-
duced similar topologies (MP: TL = 12,869, consistency index Cl = 0.2372, retention index Rl = 0.4450; ML: Ln Likelihood =
-54309.4503) with differences mostly on nodes with low bootstrap support. The numbers on branches are MP and ML boot-
strap values and posterior probabilities from Bayesian analysis, respectively. Asterisks indicate a bootstrap value of 100% for
MP and ML and 1.0 for Bayesian analysis. Nodes with less than 50% bootstrap value are marked with an X if the clade had less
than 50% support in any of the MP, ML, or Bayesian analyses.

The morphological basis for Haemulinae and Plectorhinchinae (Johnson 1981) is also corroborated by our
molecular analyses. The Plectorhinchinae recovered here includes well-supported clades (Bremer support of at
least 12 and high bootstrap and posterior probability) for all species of Parapristipoma and Plectorhinchus. How-
ever, the paraphyletic Plectorhinchus includes Diagramma. These two genera are very similar in appearance exter-
nally and differ mostly in dorsal-fin ray counts, scale counts, and shape of the swimbladder (Smith 1962; McKay
2001). Final disposition of species within the clade containing all Plectorhinchus, including Diagramma, should
await a more exhaustive sampling of these species and re-examination of morphological characters. It is interesting
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to note that the colorful Indo-Pacific coral reef Plectorhinchus + Diagramma form a clade within a clade that
includes mostly drab species, including the only member of this group found in the Atlantic.

The clades recovered within the Haemulinae call into question the monophyly of a number of genera (Fig. 2).
Pomadasys is polyphyletic and found in three separate clades that correspond roughly to different biogeographic
regions. Haemulinae clade | is composed of Pomadasys found in the eastern Atlantic (although one is also found in
the Indian Ocean). Clade Il is composed of Pomadasys from the Indo-West Pacific and the eastern Atlantic Brachy-
deuterus. Clade Il includes only species found in the Americas (New World): two eastern Pacific Pomadasys plus
eastern Pacific/western Atlantic Orthopristis, eastern Pacific Isacia, Haemulopsis, Xenichthys, Microlepidotus and
Conodon, and the western Atlantic Boridia. If new morphological information corroborates the polyphyly of
Pomadasys, this and the other genera in these basal haemuline clades will need to be reclassified. The distinct or
nearly distinct geographic distribution of these clades suggests interesting biogeographical relationships that war-
rant further study.

Two haemulid clades are confined to the New World and are composed primarily of Haemulon and Aniso-
tremus. As noted above, the Haemulon clade is paraphyletic with the inclusion of Xenistius californiensis. Jordan
& Gilbert (1882) diagnosed X. californiensis using several meristic and anatomical characters such as having an
oblong body; a moderate, very oblique terminal mouth, with the lower jaw strongly protruding; soft parts of verti-
cal fins densely scaled; the two dorsal fins are almost separate; caudal fin forked; and most notably, having the soft
dorsal fin shorter than the spinous dorsal fin and composed of 11 or 12 rays and anal fins also short, with second
and third anal spines high. These characters are also diagnostic of the members of the genus Haemulon (Courtenay
1961). The recognition of Xenistius under Haemulon is supported by our independent and combined analyses of
five genes (MP, ML, and Bayesian) and we conclude that X. californiensis should be treated as Haemulon californ-
iensis.

Similarly, the limits of genera within the ‘Anisotremus’ clade also need to be redefined. Anisotremus was
erected without morphological justification (Gill 1861) by monotypy (Eschmeyer 1990) and subsequently recog-
nized to encompass other high-bodied haemulids with black bars (McKay & Schneider 1995; Lindeman & Toxey
2003). The molecular analysis appears to support this ill-defined genus with the inclusion of Conodon nobilis. Here
we follow the taxonomic suggestions of Tavera et al. (2011) and classify the former Anisotremus dovii and A. pac-
ifici in the genus Genyatremus. We also use the name Genyatremus cavifrons to refer to the species historically
identified as G luteus, as suggested by Tavera et al. (2011). The molecular and morphological evidence indicates
that further comprehensive examination of osteological and other morphological characters of the members of this
clade may result in a revision of generic assignments. The monophyly of Conodon is also rejected in this study.
Conodon nohilis, inhabiting the western Atlantic, is clustered within the Anisotremus clade as noted above while C.
serrifer is clustered together in a clade with eastern Pacific species, including Xenichthys xanti, Haemulopsis leu-
ciscus, H. axillaris, and H. nitidus. Aiming to avoid future reversals, we defer taxonomic rearrangement of these
genera to a future study with better taxon sampling and a more detailed morphological analysis.

The current study presents the first nearly comprehensive phylogenetic hypothesis of haemulid genera. The
monophyly of the family and subfamilies and distinct clades within the subfamilies are well supported in all analy-
ses (Bremer support of 56, bootstrap values above 95% and posterior probability of 1.0). This phylogeny calls into
question the validity of some haemulid genera and leaves a number of other questions unanswered. The placement
of Xenocys and Parakuhlia within the Haemulidae remains unresolved until specimens become available. How-
ever, morphology indicates that their subfamilial designation is Haemulinae. Defining the limits and relationships
of the questionable genera will require detailed morphological examination to test and refine the current phyloge-
netic hypothesis. The molecular data largely corroborate the morphological data that define the family, subfamilies,
and some genera. It also appears that the specialization to “extreme” planktivory evolved separately in some hae-
mulines. A closer examination of the feeding apparatus of the “inermiids” may uncover fundamental differences
that support alternative sister species relationships. Detailed morphological examinations are warranted given the
results of this study, as are more tests that may help shed light on the biogeographical history of the Haemulidae.
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APPENDI X 1. List of species and the accession number of haemulid specimens (56), including outgroups (10).

Accession GenBank Accession Numbers
Number
Species (Voucher) Col Cythb RAG1 SH3PX3 Plagl2
Ingroup
Subfamily Plectorhinchinae
Diagramma picta ODU 3219 HQ676758 HQ676699 HQ676637 HQ667185 HQ667252
Parapristipoma octolineatum ODU 3220 HQ676781 HQ676726 HQ676666 HQ667214 HQ667281
Parapristipoma trilineatum ODuU 3221 HQ676782 HQ676727 HQ676667 HQ667215 HQ667282
Plectorhinchus
chaetodonoides SAIAB 78103 HQ676783 HQ676728 HQ676668 HQ667216 HQ667283
Plectorhinchus cinctus Photo voucher HQ676784 HQ676729 HQ676669 HQ667217 HQ667284
Plector hinchus diagrammus SAIAB 77791 HQ676785 HQ676730 HQ676670 HQ667218 HQ667285
Plectorhinchus gibbosus SAIAB 77941 HQ676786 HQ676731 HQ676671 HQ667219 HQ667286
Plector hinchus | essonii ODU 3225 HQ676787 HQ676732 HQ676672 HQ667220 HQ667287
Plectorhinchus macrolepis ODU 3226 HQ676788 HQ676733 EU167861.1 HQ667221 HQ667288
Plector hinchus schotaf ODU 3228 HQ676790 HQ676735 HQ676674 HQ667223 HQ667290
Plectorhinchus sordidus ODU 3229 HQ676791 HQ676736 HQ676675 HQ667224 HQ667291
Plectorhinchus vittatus SAIAB 78102 HQ676789 HQ676734 HQ676673 HQ667222 HQ667289
Subfamily Haemulinae
Anisotremus davidsonii SI10-04-181 HQ676749 HQ676689 HQ676626 HQ667172 HQ667239
Anisotremus interruptus ODU 3232 EU697525.1 HQ676690 HQ676628 HQ667174 HQ667241
Anisotremus scapularis ODU 3234 HQ676751 HQ676692 HQ676630 HQ667176 HQ667243
Anisotremus surinamensis KU 30405 HQ676752 EU697500.1 HQ676631 HQ667177 HQ667244
Anisotremus taeniatus ODU 3235 EU697527.1 HQ676693 HQ676632 HQ667178 HQ667245
Anisotremus virginicus USNM 343868 FJ582849.1  EU694336.1 EU167810.1 HQ667179 HQ667246
Boridia grossidens ODU 3237 HQ676754 HQ676695 HQ676634 HQ667181 HQ667248
Brachydeuterus auritus ODU 3238 HQ676755 HQ676696 EU167811.1 HQ667182 HQ667249
Conodon nobilis KU 30150 HQ676756  HQ676697  HQ676635  HQ667183 HQ667250
Conodon serrifer ODU 3239 HQ676757  HQ676698  HQ676636  HQ667184 HQ667251
Continuted ...
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... Continuted

Species

Emmélichthyops atlanticus
Genyatremus cavifrons
Genyatremus dovii
Genyatremus pacifici
Haemulon aurolineatum
Haemulon carbonarium
Haemulon chrysargyreum
Haemulon flaviguttatum
Haemulon flavolineatum
Haemulon macrostomum
Haemulon melanurum
Haemulon plumierii
Haemulon scudderii
Haemulon steindachneri
Haemulon vittatum
Haemulopsis axillaris
Haemulopsis leuciscus
Haemulopsis nitidus
Isacia conceptionis
Microlepidotus brevipinnis
Orthopristis chalceus
Orthopristis chrysoptera
Pomadasys argyreus
Pomadasys branickii
Pomadasys incisus
Pomadasys kaakan
Pomadasys maculatus
Pomadasys olivaceus
Pomadasys panamensis
Pomadasys perotaei
Pomadasys striatus
Pomadasys stridens
Xenichthys xanti

Xenistius californiensis

Outgroups

Family Hapal ogenyidae
Hapalogenys aya

Hapal ogenys kishinouyei
Hapalogenys nigripinnis

Family Lethrinidae

No. (Voucher)
ODU 3265
ODU 3240
ODU 3231
ODU 3233
USNM 349060
UF 119735
USNM 349061
ODU 3242
USNM 327584
Photo voucher
ODU 3244
USNM 327585
ODU 3246
ODU 3247
USNM 349224
ODU 3248
ODU 3249
ODU 3250
ODU 3251
ODU 3252
ODU 3253

KU 27052
ODU 3254
ODU 3255
ODU 3256
ODU 3257
ODU 3074
Photo voucher
ODU 3259
ODU 3260
SAIAB 65239
ODU 3262
S1062-706-44A
S1064-830-44A

MUFS 23038
MUFS 23603
ODU 3264

col
HQ676759
HQ676760
HQ684719
HQ676750
HQ676761
EU697531.1
EU697532.1
EU697533.1
EU697534.1
HQ676762
HQ676763
EU697540.1
EU697542.1
HQ676764
HQ676771
HQ676765
HQ676766
HQ676767
HQ676772
HQ676777
HQ676779
HQ676780
HQ676793
HQ676794
HQ676795
HQ676796
HQ676797
HQ676798
HQ676799
HQ676800
HQ676801
HQ676802
HQ676804
HQ676805

HQ676768
HQ676769
HQ676770

Cytb RAG1
HQ676700  HQ676638
HQ676701  HQ676639
EU694296.1  HQ676627
HQ676691  HQ676629
HQ676702  HQ676640
EU697504.1 HQ676647
HQ676703  HQ676641
HQ676704  HQ676642
EU697507.1  HQ676643
HQ676705  HQ676644
HQ676706  HQ676645
HQ676707  HQ676646
HQ676708  HQ676648
HQ676709  HQ676649
HQ676716  HQ676656
HQ676710  HQ676650
HQ676711  HQ676651
HQ676712  HQ676652
HQ676717  HQ676657
HQ676722  HQ676662
HQ676724  HQ676664
HQ676725  HQ676665
HQ676738  HQ676677
HQ676739  HQ676678
EF439221.1  HQ676679
HQ676740  HQ676680
AF240748.1  HQ676681
HQ676741  EU182626.1
HQ676742  HQ676682
HQ676743  HQ676683
HQ676744  HQ676684
HQ676745  HQ676685
HQ676747  HQ676687
HQ676748  HQ676688
HQ676713  HQ676653
HQ676714  HQ676654
HQ676715  HQ676655

SH3PX3
HQ667186
HQ667187
HQ667173
HQ667175
HQ667188
HQ667195
HQ667189
HQ667190
HQ667191
HQ667192
HQ667193
HQ667194
HQ667196
HQ667197
HQ667204
HQ667198
HQ667199
HQ667200
HQ667205
HQ667210
HQ667212
HQ667213
HQ667226
HQ667227
HQ667228
HQ667229
HQ667230
HQ667231
HQ667232
HQ667233
HQ667234
HQ667235
HQ667237
HQ667238

HQ667201
HQ667202
HQ667203

Plagl2

HQ667253
HQ667254
HQ667240
HQ667242
HQ667255
HQ667262
HQ667256
HQ667257
HQ667258
HQ667259
HQ667260
HQ667261
HQ667263
HQ667264
HQ667271
HQ667265
HQ667266
HQ667267
HQ667272
HQ667277
HQ667279
HQ667280
HQ667293
HQ667294
HQ667295
HQ667296
HQ667297
HQ667298
HQ667299
HQ667300
HQ667301
HQ667302
HQ667304
HQ667305

HQ667268
HQ667269
HQ667270
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... Continued

Species No. (Voucher) Col Cythb RAG1 SH3PX3 Plagl2
Lethrinus ornatus ODU 3266 HQ676773 HQ676718 HQ676658 HQ667206 HQ667273
Family L obotidae

Lobotes pacificus S10-98-170 HQ676774 HQ676719 HQ676659 HQ667207 HQ667274
Lobotes surinamensis MUFS 23031 HQ676775 HQ676720 HQ676660 HQ667208 HQ667275
Family Lutjanidae

Aphareus furca ODU 3267 HQ676753 HQ676694 HQ676633 HQ667180 HQ667247
Lutjanus fulviflamma ODU 3268 HQ676776 HQ676721 HQ676661 HQ667209 HQ667276
Family Nemipteridae

Nemipterus marginatus ODU 3104 HQ676778 HQ676723 HQ676663 HQ667211 HQ667278
Family Sparidae

Sarpa salpa SAIAB T29 HQ676803 HQG676746 HQ676686 HQ667236 HQ667303

* KU - University of Kansas Natural History Museum & Biodiversity Research Center; MUFS - Miyazaki University, Division
of Fisheries Sciences, Miyazaki, Japan; NMFS - National Marine Fisheries Services; ODU - Old Dominion University, Nor-
folk, VA; SIO - Scripps Institution of Oceanography, University of California San Diego, CA; UF-University of Florida;
USNM - United States National Museum, Smithsonian, Washington, D.C.

APPENDIX 2. Characteristics of the five markers amplified for haemulids. PI: parsimony-informative sites; Cl: consistency
index on the maximum parsimony tree.

Gene Length (bp) No. of constant sites No. of Pl sites Cl
Cal 651 373 245 0.1317
Cytb 1140 491 533 0.1698
RAG1 1431 870 385 0.4934
SH3PX3 705 499 144 0.3924
Plagl2 804 618 112 0.4989

APPENDI X 3. The ten independent parameters of 15 data partitions estimated in MrBayes. Data shows five substitution rates,
three base composition proportions, the gamma parameter (alpha), and the rate multiplier for each data block.

Partitions  Substitution rates Base frequencies Alpha Multiplier
AC AG AT CG CT A C G

ColI_1 0.008784 0.037748 0.010972 0.001026 0.917738 0.255555 0.299778 0.287757 0.152826 0.737942
COl_2 0.066943 0.199762 0.055384 0.372957 0.258476 0.152251 0.29242 0.14699 0.050595 3.897206
COoI_3 0.031136 0.598278 0.024153 0.036301 0.262291 0.260951 0.347737 0.105675 1.704318 3.903533
Cytb_1 0.030897 0.258985 0.127909 0.038668 0.469524 0.248913 0.288502 0.260487 0.264226 0.461773
Cyth_2 0.063066 0.111883 0.079146 0.305716 0.390546 0.201883 0.234125 0.14732  0.242983 0.116774
Cytb_3 0.017662 0.540203 0.028811 0.043114 0.29457 0.300538 0.409259 0.076177 1.596014 5.545343
RAG1_1  0.246797 0.28678 0.155622 0.060578 0.178759 0.292375 0.19692 0.324992 0.276308 0.071722
RAG1_2 0.076017 0.351014 0.044473 0.202863 0.289293 0.319457 0.219731 0.19136  0.055902 0.033625
RAG1 3  0.084378 0.378065 0.062036 0.055922 0.377017 0.199733 0.270637 0.280215 1.081466 0.312716
SH3PX3 1 0.185005 0.06549 0.117652 0.134514 0.429116 0.285949 0.273238 0.260557 0.069021 0.0314
SH3PX3_2 0.038666 0.1394 0.025615 0.264729 0.455583 0.371979 0.208033 0.149063 0.104452 0.216042
SH3PX3 3 0.079503 0.36064 0.081655 0.022731 0.399024 0.124889 0.357135 0.349235 0.814905 0.396283
Plagl2_1 0.122813 0.247637 0.165761 0.071473 0.354064 0.2451 0.366692 0.221895 0.143035 0.020862
Plagl2_2 0.193565 0.238787 0.017314 0.402834 0.080442 0.377243 0.260475 0.173244 50.15845 0.510825
Pagl2_3 0.068246 0.455123 0.098299 0.019147 0.316163 0.125713 0.326448 0.32908 0.836552 0.215836
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