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ABSTRACT: We investigated intraspecific variability in phenotype and population genetic
structure of yellowhead jawfish Opistognathus aurifrons from 4 different locations in the Caribbean
region: South Florida (USA), Bimini (Bahamas), St. Thomas (US Virgin Islands), and Aruba. Dis-
criminant function analysis (DFA) of 9 melanistic traits in the head region resulted in clear
separation between Bimini and the other 3 populations. South Florida, St. Thomas, and Aruba
slightly overlapped in patterning, with St. Thomas forming the transition between South Florida
and Aruba. DFA of 17 morphometric characters elucidated differentiation among the 4 populations
with some overlap between populations. Analysis of concatenated cytochrome c oxidase subunit I
(COI) and mitochondrial control region (mtCR) sequences revealed substantial differences among
O. aurifrons populations (pairwise ®gr = 0.185-0.566), although there was a lack of reciprocal
monophyly. Differences in patterning and morphometrics constituted different phenotypes that
predominated in each location, with high levels of genetic differentiation between sampled
populations. Bimini was most divergent in phenotype, while Aruba was most divergent in genetics.
As such, variations in phenotype and genetics are not congruent for O. aurifrons investigated in
this study.
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INTRODUCTION

The degree of genetic connectivity and resulting
genetic structure over a given geographic area is
highly dependent on the species’ realized dispersal
given ecological and biogeographical barriers (Bo-
honak 1999, Palumbi 2003, Avise 2004, Trakhtenbrot
et al. 2005). Marine fishes with longer pelagic larval
durations (PLDs) are likely able to disperse into
larger and more distant areas of settlement relative
to those with shorter PLDs (Shanks 2009). Based on
passive particle models, Roberts (1997) suggested
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that there is large-scale connectivity among many
species across the Caribbean and adjacent seas, indi-
cating that recruitment for a given area might be
dependent on adjacent locales. As such, genetic
homogeneity would be expected over vast distances
(Warner 1997).

Although the abilities and behaviors of larval fishes
(reviewed by Leis 2006), such as detection of terres-
trial noise and chemical cues (Simpson et al. 2005,
Dixson et al. 2008), extensive swimming abilities
(Stobutzki & Bellwood 1997), and vertical distribu-
tion (Cowen & Castro 1994), can have large influ-
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ences on recruitment, oceanographic patterns on
both the geographic and temporal scales can also
contribute to recruitment processes (Cowen et al.
2000, Bradbury & Snelgrove 2001, Schirripa & Col-
bert 2006, Galarza et al. 2009). Longer PLDs can lead
to extensive dispersal (Shanks 2009), and this could
cause extensive gene flow and diminished levels of
population genetic structure. However, PLD has
been found to be only weakly correlated to and a
poor predictor of population subdivision (Bowen et
al. 2006a, Weersing & Toonen 2009). In the presence
of high potential for dispersal, adaptations to specific
environments (Rocha et al. 2005) or color cues (Taylor
& Hellberg 2003) may lead to strong genetic struc-
turing due to nonrandom mating. However, a series
of studies on hamlets Hypoplectrus spp. found that
even in the presence of assortative mating among
many drastically different color forms, genetic
structuring is weak or almost completely absent
(McCartney et al. 2003, Ramon et al. 2003, Puebla et
al. 2007).

Coloration in animals has important ecological
functions and has been the focus of much research
(e.g. Seehausen & van Alphen 1998, Hanlon et al.
2010). However, our understanding of the processes
leading to specific patterning is still limited. In model
organisms, specific genes that can result in mutant or
aberrant color forms have been identified (Iwashita
et al. 2006, Watanabe et al. 2006), and more complex
melanistic patterns can develop from pre-existing
patterns by means of co-optive expression of a mor-
phogen at new sites (Werner et al. 2010). In addition
to patterning and coloration, animals are known to
display morphometric variability. These variations
may provide an adaptive advantage in which certain
body shapes are more aptly suited for certain tasks or
environments. Variability in morphology can occur
on both interspecific (Clabaut et al. 2007) and intra-
specific levels (Cutwa & Turingan 2000), and are sub-
ject to being phenotypically plastic or genetically
fixed (Scheiner 1993).

The yellowhead jawfish Opistognathus aurifrons
(Jordan & Thompson 1905) is a colonial opistog-
nathid that inhabits sandy and coral debris substrate
(Leong 1967, Colin 1971) and ranges across the wider
Bahamas and Caribbean region (Colin 1972, 1973,
Walder 1975). These fish construct burrows in rubbly
sediment for shelter (Leong 1967, Colin 1972, 1973).
This feature and the blue-yellow coloration make
O. aurifrons a popular species in the marine orna-
mental fish trade (Wabnitz et al. 2003), for which only
wild-caught specimens are available. With the threat
of commercial exploitation and other negative

anthropogenic impacts, there is a need to identify
and conserve intraspecific diversity of the species
(Millar & Libby 1991, Waples 1995).

Like all reported opistognathids, Opistognathus
aurifrons is a paternal oral brooder, and pelagic lar-
vae are released at hatch (Leong 1967). Laboratory
rearing has revealed that larvae become competent
between 15 and 21 d post hatch (DPH; Young 1982,
Wittenrich 2007, A. Ho unpubl. data). For demersal
eggs, DPH is fundamentally equivalent to PLD, and
based on passive particle advection velocities (Shul-
man & Bermingham 1995, Taylor & Hellberg 2003),
O. aurifrons larvae can potentially disperse between
400 and 500 km per generation. Thus, there is a
potential for long-range dispersal and a high degree
of genetic connectivity among O. aurifrons popula-
tions. Although potential for long-range dispersal is
present, Bohlke & Thomas (1961) noted geographi-
cally linked differences in patterning and morpho-
logy, which can be indicative of genetic subdivision
and local adaptation, although phenotypic plasticity
and genetic drift cannot be ruled out. Bohlke &
Thomas (1961) attributed the differences among pop-
ulations to reduced genetic exchange, although prior
to our study, no one has examined the population
genetics of O. aurifrons.

Understanding the genetic structure and morpho-
logical attributes of a population(s) for a given spe-
cies is crucial to aid in our understanding of dispersal
patterns, genetic connectivity, and the process of
speciation. The goals of this study were to (1) charac-
terize the structure of melanistic patterning, (2) char-
acterize morphological structure, (3) characterize
genetic structure, and (4) determine whether there is
a correspondence between melanistic patterning,
morphological structure, and genetic structure in
Opistognathus aurifrons.

MATERIALS AND METHODS
Sampling

Opistognathus aurifrons were collected from the
following 4 locations between the months of June
and August 2009: South Florida, USA (24.983°N,
80.420°W (Key Largo) and 25.715°N, 80.098°W
(Key Biscayne, Miami)); Bimini, Bahamas (25.590° N,
79.315° W); St. Thomas, US Virgin Islands (18.318° N,
64.990° W); and Aruba (12.852°N, 70.057° W; Fig. 1).
Fresh muscle tissue for genetic analysis was stored at
—80°C, while specimens were fixed in 10 % formalin
and subsequently stored in 70 % ethanol.
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Fig. 1. Planimetric map of western Atlantic and Caribbean

illustrating sampled sites: (a) South Florida, USA, (b) Bimini,

Bahamas, (c) St. Thomas, US Virgin Islands, and (d) Aruba

(see 'Materials and methods’ for latitudes and longitudes).

Major surface current patterns adopted from Roberts (1997),

where arrow tail length is roughly proportional to current
strength

Melanistic patterning

Formalin fixation and ethanol storage does not
alter or degrade melanistic patterning in Opisto-
gnathus aurifrons (Bohlke & Thomas 1961), and sam-
ples were analyzed for melanistic patterning after
fixation. Preliminary analysis of all collected samples
revealed various melanistic characters that differed
among the populations. We examined 7 melanistic
traits in the head region (Table 1). Due to potential
asymmetry, both left and right laterals of traits 1 to
6 were measured, resulting in 13 traits in total.

Specimens were thus scored for each of the 13
melanistic traits, and these traits were subjected to
discriminant function analysis (DFA) using PASW
Statistics 18.0.0 (SPSS) with the a priori groups South

Florida (n = 44), Bimini (n = 9), St. Thomas (n = 31),
and Aruba (n = 30), for a total sample size of N = 114.
Prior to running the DFA, traits entered were sub-
jected to a tolerance test. Traits (left branchiostegal
ray dusking, right preoperculum edging, right oper-
culum edging, and eye band) failing the tolerance
test were excluded from the DFA in order to guard
against matrix ill-conditioning. In addition to assess-
ing grouping based on a priori expectations (location
of origin), groupings based on sex and sexual matu-
rity (juveniles/adults) were investigated across and
within each a priori group. Sample size for Bimini
was substantially smaller than that for the other 3
locations due to sample availability.

Morphology

Seventeen morphometric characters were mea-
sured following Bohlke & Thomas (1961) and Helf-
man et al. (2009), with modifications to suit the spe-
cies in question (Table 2). We measured each fixed
specimen with a Vernier caliper to 0.05 mm accuracy.
Additionally, we measured standard length (SL) and
17 morphometric characters expressed as a fraction
of SL. Subsequent to morphological analyses, we
identified sex by gonadal inspection. Specimens
where sex allocation was unclear were assumed to
be juveniles and were excluded from further mor-
phometric analysis to eliminate potential effects of
ontogenetic shifts in morphometrics. Thus, sample
size for morphometric analysis is less than the num-
ber of specimens collected. Seventeen morphometric
characters were subjected to DFA with the a priori
groups South Florida (n = 32), Bimini (n = 7),
St. Thomas (n = 25), and Aruba (n = 30), for a total
sample size of N = 94 and an approximately equal
ratio of males to females in each group (see Table S1
in Supplement 1, available at www.int-res.com/

Table 1. Opistognathus aurifrons. Description of 7 observed melanistic traits that were divided into ordinal categories and sub-
jected to discriminant function analysis

Trait Description No. ordinal
categories
1 Chin & gular spots Spots to the anterior and posterior of the gular folds when mouth is closed 6
2 Gular band Bands and or spots in the gular folds that are visible only when the bucco- 7
opercular cavity is expanded and the gular folds are stretched out
3 Preoperculum edging Edging of preoperculum 4
4  Operculum edging Edging of operculum 4
5 Maxillary band Line in maxillary groove 4
6 Branchiostegal ray dusking Dusking of branchiostegal rays 2
7 Eye band Band connecting eyes over the back of the head 2



http://www.int-res.com/articles/suppl/m444p275_supp/

278

Mar Ecol Prog Ser 444: 275-287, 2012

Table 2. Opistognathus aurifrons. Description of 17 morphometric characters subjected to discriminant function analysis

Distance between snout and back end of maxilla
Distance between snout and central corner of the preoperculum
Distance between snout and operculum at the height of ventral notch in the

Distance between snout and dorsal corner of the operculum
Distance between bottom of maxilla and dorsal corner of the operculum

Distance between tip of dentary and forward crease of the central gular pad
Distance between tip of dentary and crossing of the folded branchiostegal

Distance from tip of premaxilla to dorsal fin origin
Distance from tip of premaxilla to anal fin origin

Character Description
a Premaxilla-maxilla length
b Premaxilla—preopercular length
¢ Premaxilla-midopercular length
operculum
d Premaxilla-dorsoopercular length
e Maxilla-dorsoopercular length
f Maxilla width Maximum width of maxilla
g Premaxilla—eye length Distance between snout and back of eye
h Eye width Width of eye across the tear-drop axis
i Dentary—gular pad length
j  Dentary-branchiostegal fold length
membrane
k Predorsal length
1 Preanal length
m Pectoral fin length Length of median pectoral ray
n Caudal fin length Length of median caudal ray
o Caudal peduncle depth Depth of caudal peduncle
p Pelvic depth Depth at origin of pelvic fin
q Anal depth Depth at origin of anal fin

articles/suppl/m444p275_supp/). All 17 characters
passed the tolerance test. In addition to assessing
grouping based on a priori expectations, grouping
based on sex was investigated across and within
each a priori group.

Genetics

We used a Qiagen DNeasy blood and tissue kit to
extract and purify total genomic DNA from muscle
tissues. We then used polymerase chain reaction
(PCR) with methods based on Kocher et al. (1989) to
amplify 2 mitochondrial markers: 5' end of the mito-
chondrial control region (mtCR) and cytochrome c
oxidase subunit one (COI) using primer pairs CR-A
and CR-B (Lee et al. 1995) and FishF2 and FishR2
(Ward et al. 2005), respectively. Amplification was
conducted with Fisher BioReagents* exACTGene*
Core Reagents Set B (Thermo Fisher Scientific) in the
following solution: 50 pl of solution containing 5 nl
PCR Buffer B (10x), 2.5 pl of each primer (10 nM),
2.5 1l of bovine serum albumin (10 mg ml™), 3 ul of
MgCl, (25 pM), 1 pl of ANTP (10 mM each), 0.25 pl
of Tag DNA polymerase (5 U ul™), 5 nl of template
DNA, and 28.25 pl of ultrapure water. Conditions for
the PCR were an initial denaturation step of 5 min at
95°C, followed by 30 cycles of denaturation at 94°C
for 1 min, annealing at 55°C for 1 min, and extension
at 72°C for 2 min, and terminated with a final exten-
sion cycle of 10 min at 72°C. Amplified products were

purified by means of precipitation with 45 pl of 20 %
polyethelene glycol in 2.5 M NaCl, washed twice
with 80 % ethanol, dried, and resuspended in 20 pl of
ultrapure water. Purified products were sequenced at
the University of Florida using an Applied Biosys-
tems Model 3130 Genetic analyzer. Subsample sizes
of ~15 were randomly selected from the pool of
collected specimens, across adults of both sexes and
juveniles (Rosenberg & Nordborg 2002). Sample
sizes for both markers from each geographic location
were n = 15 for South Florida, n = 9 for Bimini, n = 14
for St. Thomas, and n = 15 for Aruba for a total
sample size of N = 53.

We assembled and edited sequences using Se-
quencher 4.8 (Gene Codes Corporation) and aligned
sequences using an internet implementation of
ClustalW2 set to default parameters (www.ebi.ac.uk/
Tools/clustalw2/). A partition homogeneity test (Far-
ris et al. 1994) was implemented with PAUP* 4b10
(Swofford 2003) between the COI and mtCR and
with a heuristic search using 10000 random reparti-
tions. The signals were found to be congruent (p =
0.124), and sequences were subsequently concate-
nated for further analyses. Tajima's D test (Tajima
1989), Fu and Li's D* test (Fu & Li 1993), Fu's Fs (Fu
1997), and Ramos-Onsins and Rozas' R, test for devi-
ations from neutrality against population growth
(Ramos-Onsins & Rozas 2002) were conducted using
DnaSP 5.10.01 (Librado & Rozas 2009) and tested for
significance with coalescent simulations with 10000
permutations. To test for population expansion, mis-
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match distribution analysis (Rogers & Harpending
1992) was employed with the sum-of-squared-
difference statistic (SSD) to test for conformity of the
observed to the expected distribution under a model
of sudden population expansion (Rogers 1995), and
tested for significance using 10 000 parametric boot-
strap replicates in Arlequin 3.11 (Excoffier et al.
2005). The Hasegawa-Kishino-Yano nucleotide sub-
stitution model (HKY+I+G; Hasegawa et al. 1985)
with proportion of invariant sites (I) of 0.347 and
gamma shape parameter (G) of 0.29 was identified
and optimized using the Bayesian information cri-
terion approach in jModelTest 0.1.1 (Posada 2008).
We conducted an analysis of molecular variance
(AMOVA, Excoffier et al. 1992) using an external dis-
tance matrix extracted from PAUP* using the model
identified by jModelTest with 10100 permutations
to test for significance. Contingent on results of
AMOVA, population pairwise ®gt values were calcu-
lated and tested for significant deviation from 0 with
10 100 permutations, with a standard Bonferroni cor-
rection (Rosenthal & Rubin 1984). We used Arlequin
(Excoffier et al. 2005) to conduct these analyses.
MrBayes 3.1 (Ronquist & Huelsenbeck 2003) was em-
ployed to develop a phylogeny using the HKY+I+G
nucleotide substitution model (Hasegawa et al. 1985)
and allowed to estimate the Iand G components. The
trees were rooted with 2 congeners: Opistognathus
macrognathus and O. robinsi. The analysis was con-
ducted with 2 runs of 3000 000 generations and trees
sampled every 100. Topologies of the 2 runs were
similar, and after 25 % burn-in, a consensus tree con-
sisting of 44 875 trees from the 2 runs was con-
structed using TreeView 1.6.6 (Page 1996). Polymor-
phic sites were determined using DnaSP 5.10.01, and
these sites were used to construct an unrooted
median-joining haplotype network using Network
4.6.0.0 (Bandelt et al. 1999).

RESULTS
Melanistic patterning

Although equal sample sizes are not required for
discriminant analyses, increased discrepancy in sam-
ple size lowers the effectiveness of distinguishing
between groups (McGarigal et al. 2000). Nonethe-
less, ordination and grouping results were robust and
allowed for clear interpretation (for both melanistic
patterning and morphometrics to follow). DFA
resulted in the first canonical function accounting for
70.8 % of the variance and the second for 29.1 % with

a total of 99.9% of the variance explained. The first
canonical function loaded heavily (-0.5 < coefficients
> 0.5) for right maxillary band and left gular band
on the positive axis and left maxillary band on the
negative. The second canonical function also loaded
heavily for left gular band on the positive axis, but
for right maxillary band on the negative axis
(Table S2 in Supplement 1). Differences in melanistic
patterning were sufficient to permit a high degree of
discrimination among the 4 geographic locations,
with over 92% of specimens correctly classified
(Table S3 in Supplement 1). The first function dis-
criminated primarily between Bimini and the 3
remaining locations (Fig. 2). Biminian specimens
showed the highest level in melanistic patterning
with all traits recorded scoring = category 2. How-
ever, both first and second functions were required to
discriminate among the 3 remaining sites (South
Florida, St. Thomas, and Aruba), which formed a
slightly overlapping continuum in patterning, with
St. Thomas forming a bridge between Florida and
Aruba. All South Florida specimens lacked any
melanistic patterning, showed no variability in pat-
terning, and coalesced in 1 point. Specimens from
Aruba and St. Thomas were highly variable in pat-
terning, and Aruba specimens showed melanistic
patterning only in the gular folds and included com-
plete bands, broken bands, and small spots (Fig. 3).
St. Thomas specimens showed very limited melanis-
tic patterning confined to the gular folds, with pre-
dominantly 2 spots at the anterior end of the gular
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Fig. 2. Opistognathus aurifrons. Relative positions in plots of

the first 2 canonical functions of specimens collected from

4 geographic locations and subjected to discriminant func-

tion analysis of melanistic patterning. Centroid for South

Florida omitted, because these specimens displayed no
variability in patterning
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Fig. 3. Opistognathus aurifrons. Representative melanistic
patterns encountered in each geographic location. (a) South
Florida, (b) Bimini, (c) St. Thomas, and (d) Aruba. Note that
patterns provided for a given geographic location are not
mutually exclusive in reference to other locations. Aruba
and St. Thomas specimens were variable in melanistic
patterning, and illustrated patterns represent specimens
ordinated close to group centroid

folds. Some St. Thomas specimens lacked any me-
lanistic patterning and resembled Florida specimens.
We also examined ordination of sexes and sexual
maturity within the 2-dimensional space, but no dis-
cernable pattern was observed within or between
locations (data not shown).

Morphology

DFA of morphometric characters resulted in
100.0 % of the total variance explained by the first 3
canonical functions: 42.2 % for the first, 32.3 % for the
second, and 25.5% for the third. The first canonical
function loaded heavily (-0.5 < coefficients > 0.5) for
maxilla width and eye width on the negative axis and
premaxilla—dorsoopercular length on the positive.
The second canonical function loaded heavily for
premacxilla—eye length on the positive axis and anal
depth on the negative. Lastly, the third function
loaded heavily for pelvic depth and dentary—gular
pad length on the positive axis and caudal fin length
on the negative (Table S4 in Supplement 1). Al-
though all locations exhibited a high degree of vari-
ability, differences in morphometric characters were
sufficient to permit a high degree of discrimination
among the 4 geographic locations, with over 89.9%
of the specimens correctly classified (Table S3). All 3

functions ordinated in 3-dimensional space were
required to discriminate among the 4 sites (Fig. 4).
A video clip of the 3-dimensional display (Supple-
ment 2) is available at www.int-res.com/articles/
suppl/m444p275_supp/. We also examined the ordi-
nation of sexes within 3-dimensional space for each a
priori group. No discernable pattern was observed
(data not shown).

Genetics

A 650 bp region of the COI and a 379 bp region of
the mtCR were amplified. The 2 loci were found to be
congruent (p = 0.124) and were concatenated. From
the concatenated sequences, 137 polymorphic sites
were identified that contributed to 53 haplotypes;
no haplotypes were shared among individuals
(Table 3). Sequences for both loci have been de-
posited in GenBank. The accession numbers for

[aV} | A
A
c
o 2 | u AA£ A
3] * m o A 4 oa
z |= .- n Ca g LS
8 of o 08(% R & a a
2 o s
8 A South Florida O OACDA *
O
S o] mBimini CS)<> *® "o o
O 0 <
< St. Thomas 80 o
O Aruba <
¥ Centroids
-4 ;
4
o O
- 2] @0 o,
5 . owSo%gs0 A
= 0o A
§ 01 0© %5 %‘A .y
. * RGN
[v
g 21 m * g ® 8§ Y
o m AR
] o o
O _44 .
-6 T . r T
-6 -4 -2 0 2

Canonical function 1

Fig. 4. Opistognathus aurifrons. Relative positions in plots of

first 2 canonical functions (top) and first and third canonical

functions (bottom) of specimens collected from 4 geographic

locations and subjected to discriminant function analysis of
morphometrics
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Table 3. Opistognathus aurifrons. Analysis of polymorphisms of concatenated
COI and mtCR sequences in 4 populations. h: haplotype diversity; S: number
of polymorphic (segregating) sites; Eta: number of mutations; Eta(s): total
number of singleton mutations; n: nucleotide diversity; k: average number of

nucleotide pairwise differences

with Bimini need to be drawn with
caution due to lower sample size (n =
9). The highest degree of differentia-
tion was observed between Aruba
and the other 3 populations (Dgy =

Population Sample h S Eta

size

Eta(s)

k 0.468 to 0.566; Table 4). This is visual-
ized in the Bayesian phylogram by

the majority of specimens from Aruba

South Florida 15 1.000 43 45 25 0.01007 10.362 clustering outside of the rest of the
Bimini 9 1.000 47 47 35 0.01360 13.944 . s ) )

St. Thomas 14 1.000 52 56 21 001625 16.703 localities (Fig. 5) and in the median
Aruba 15 1.000 81 86 25  0.02584 26.590 joining network by 46 nucleotide sub-
Total 53 1.000 137 161 51 0.02820 28.903 stitutions between the main Aruba

Opistognathus aurifrons are JF297840 to JF297892
for COI and JF297893 to JF297945 for mtCR (Table S5
in Supplement 1). The accession numbers for O.
macrognathus are JN193388 and JN193390, and for
O. robinsi are JN193389 and JN193391 (COI and
mtCR, respectively). Concatenated sequences did
not significantly deviate from a neutral model of evo-
lution using Tajima's D test and Fu and Li's D* tests
(Table S6 in Supplement 1). However, South Florida
was found to deviate significantly using both Fu's Fg
and Ramos-Onsins and Rozas' R,, while Aruba,
Bimini, and St Thomas were found to deviate signifi-
cantly by either Fu's Fs or Ramos-Onsins and Rozas'
R,. Furthermore, mismatch distributions for all pop-
ulations and pooled data did not detect any signifi-
cant differences between the observed and expected
distribution under a model of sudden population
expansion (Table S6).

As revealed by AMOVA, 46.02 % of variance was
significantly partitioned among populations for the
concatenated COI and mtCR loci (i.e. ®gp = 0.4602;
among SSD = 410.4, V, = 9.59, df = 3,52, p < 0.0001
based on 10 100 permutations). All pairwise ®gt val-
ues deviated significantly from 0 at p < 0.0005 level
after Bonferroni correction. A substantial degree of
differentiation was observed among all populations,
with Bimini to St. Thomas showing the smallest
amount (dst = 0.185; Table 4), although comparisons

Table 4. Opistognathus aurifrons. Matrix of pairwise ®gr
values for concatenated COI and mtCR loci. Statistical sig-
nificance of observed values of pairwise ®gr was tested by
comparison with 10100 generated permutations of geno-
types of populations. *p < 0.0005 after Bonferroni correction

South Florida Bimini St. Thomas
Bimini 0.317* -
St. Thomas 0.384* 0.185* -
Aruba 0.566* 0.468* 0.506*

cluster and the other populations
(Fig. 6). The topology of the phylo-
gram was highly similar to the haplotype network.
Three specimens from Aruba and 1 from South
Florida clustered with other locations (Figs. 5 & 6).
Bimini and St. Thomas displayed multiple intermixed
clusters, with 1 cluster sharing specimens from both
Bimini and St. Thomas (Figs. 5 & 6).

DISCUSSION
Melanistic patterning

In accordance with Bohlke & Thomas (1961) and
Walder (1975), melanism in Opistognathus aurifrons
was found to vary with geographic origin. The most
pronounced differences observed in the present
study were between South Florida specimens that
lacked any melanistic patterning and Bimini speci-
mens that were heavily patterned, consistent with
the findings of Bohlke & Thomas (1961). Not surpris-
ingly, these 2 color forms were characteristic of type
specimens of O. aurifrons and Gnathypops bermu-
dezi (Howell-Rivero 1936; species deemed invalid,
and synonymized with O. aurifrons by Bohlke & Tho-
mas 1961). Aruba and St. Thomas specimens formed
slightly overlapping groups. Furthermore, we found
that some St. Thomas specimens were identical in
melanistic patterning to South Florida specimens,
supporting the findings of Bohlke & Thomas (1961)
that US Virgin Island specimens are intermediate to
specimens from Florida and the Bahamas. With the
additional Aruba location in our study, it is evident
that the color form of Aruban specimens is intermedi-
ate to those of St. Thomas (US Virgin Islands) and
Bimini (Bahamas; Fig. 3). Although there is some
overlap in ordination for melanistic patterning, the
DFA scatter plot and high degree of correct classifi-
cation by predictive DFA support the presence of dif-
ferences in melanistic patterning among populations.
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. South Florida
Bimini
j St. Thomas

D Aruba

Fig. 5. Opistognathus aurifrons. Rooted
50% majority-rule consensus phylo-
gram from the Bayesian analysis based
on HKY+I+G substitution model of con-
catenated COI and mtCR sequences.
Tree is rooted by 2 congeners, and root
branch length reduced by 50% based
on O. robinsi. In addition to the clade
credibility values provided, each clade
is highlighted by a box flanking the
clade. Patterns in the boxes highlight
the location of origin for specimens in
that clade. Abbreviation definitions and
geographic locations are as follows:
AUA: Aruba; BAH: Bimini, Bahamas;
KL: South Florida (Key Largo sub-site);
MIA: South Florida (Key Biscayne,
Miami sub-site); VI: St. Thomas, US
Virgin Islands
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Fig. 6. Opistognathus aurifrons. Unrooted median joining haplotype network based on concatenated COI and mtCR se-
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Coloration in animals has been shown to serve
many functions, including mate recognition (See-
hausen & van Alphen 1998) and warning signals
(Schuler & Roper 1992, Marples et al. 2005). Melanis-
tic patterning observed in Opistognathus aurifrons
was limited to the head region. Head pigmentation,
in particular factors that loaded heavily in the DFA,
viz. gular and maxillary bands, in all specimens with
the exception of those from Bimini, would only be
effectively visible during agonistic displays, court-
ship displays, and brooding in males (Colin 1972,
Walder 1975). Consequently, these markings may
serve as a means of signaling (Colin 1972). For exam-
ple, during courtship displays, the urohyal and hyoid
complex are stretched down (Colin 1972) as the male
curls around the female; in reciprocity, the female
acknowledges the male's advances by also stretching
down the urohyal and hyoid complex (DeLoach &
Humann 2007). The markings are clearly visible dur-
ing these actions and could serve to function as a
mate selection criterion either as female choice with
genetic correlation (Lande 1980) or by means of
mutual selection of the ornamentation (Kraaijeveld et
al. 2007). In contrast, Walder (1975) proposed that
melanistic markings observed in Bimini specimens
are used as a defense mechanism by flashing the
head markings (agonistic displays described by Cott
1966 [as cited by Walder 1975], Colin 1972).

Morphology

Morphometrics are useful in discriminating among
the 4 sampled populations, although overlap be-
tween locales was evident. Unlike melanistic pat-
terning, the apparent divergence of Bimini speci-
mens with respect to the other sampling locations is
not as pronounced (Fig. 4). Thus, one can infer pro-
portional and incomplete differentiation between the
4 sampled locales. Considering that premaxilla—
dorsoopercular length was the major contributing
character on the positive axis (coefficient = 0.996),
South Florida fish have proportionally larger heads
compared to specimens from Bimini. Aside from pro-
portionally smaller heads, Bimini specimens showed
a widening of the maxilla (negative axis). Although
sexual dimorphism in jaw morphology is present
among jawfishes (Smith-Vaniz 1972, Anderson &
Smith-Vaniz 1976, Hess 1993), no dimorphism was
observed in this or a previous study (Hess 1993) for
Opistognathus aurifrons. Unlike some fishes that dig
burrows using their bodies (e.g. snakeblenny Lum-
penus lampretaeformis: Atkinson et al. 1987), O. au-

rifrons excavates exclusively with its mouth (Colin
1973). The observed differences in head size and
morphology are likely reflective of their burrowing
capacity, or the capacity to manipulate a particular
substratum, i.e. rubble or soft sediment, and not oral
incubation, as large broods have been observed to
spill out of the oral cavity (A. Ho pers. obs.). Further-
more, a wider maxilla might serve to increase robust-
ness of the jaw apparatus or provide additional
support for articulation of existing elements to the
benefit of burrowing activities. However, what as-
pects of the burrowing behavior or environmental
conditions are driving these morphometric differ-
ences are unclear, as is the nature of this variability,
i.e. whether it is a plastic response. Nonetheless,
osteological and biomechanical studies would aid in
elucidation of specific functions, if any, of observed
differences in morphometrics.

Genetics

We found high levels of genetic diversity as
expected given that mtCR is known to have high lev-
els of substitution rates among teleosts (Alvarado
Bremer et al. 1995, Nesbg et al. 2000, Bargelloni et al.
2003, Domingues et al. 2005). A comprehensive view
of AMOVA and pairwise ®gt, phylogram, and haplo-
type network analyses for the concatenated se-
quences showed marked diversity and genetic struc-
ture among Opistognathus aurifrons populations.

Although the Aruba melanistic morph is very
similar to the South Florida and St. Thomas morphs,
the main genetic break was observed between Aruba
and the other 3 locations, South Florida, Bimini, and
St. Thomas. The geographic distance between Aruba
and other locales along with the Caribbean current
may be serving as a barrier; however, the Aruba hap-
lotypes 9, 11, and 13 are far outside the Aruba lineage
(see Fig. 6) and suggest recent dispersal events. A
second genetic break was observed between South
Florida and the 3 remaining sites. Although it has
been suggested that the Gulf Stream may form a bar-
rier for larval transport across the Straits of Florida,
this is not always the case (Paris et al. 2005, Rocha et
al. 2005), in particular with haplotype 39 located out-
side the South Florida branch. Nonetheless, genetic
subdivision across the Straits of Florida has been
noted in slippery dick Halichoeres bivittatus and has
been attributed to ecological partitioning into sub-
tropical (Florida) and tropical (Bahamas) habitats
(Rocha et al. 2005), and provides an alternate scenario
for the divergence of Opistognathus aurifrons across



284 Mar Ecol Prog Ser 444: 275-287, 2012

South Florida and Bimini. Bimini and St. Thomas ex-
hibited significant differentiation (although ®st was
lower in contrast to the other locations pairs), and a
potential barrier to ongoing gene flow between these
locales would be the Mona Passage, reflective of what
has been observed in Elacatinus (Taylor & Hellberg
2006). Accordingly, the 4 locations of O. aurifrons ex-
amined constitute 4 populations that are, to a greater
or lesser degree, genetically isolated with evidence of
low levels of migration.

The marine fish diversity of the Caribbean has been
largely influenced by recent dispersal but also by his-
torical biogeographic processes (Floeter et al. 2008,
Lessios 2008), and genetic structure observed in the
present study partly conforms to recent dispersal
events in particular in light of support for a model of
sudden population expansion, with an arguable ex-
ception of Aruba. Although Tajima's D and Fu and Li's
D~ tests suggest that the concatenated sequences for
all populations are neutral, Fu's Fs (Fu 1997) and
Ramos-Onsins and Rozas' R, tests, which are more
powerful (Ramos-Onsins & Rozas 2002), support
either a selective sweep or recent population ex-
pansion (Table S6). The analysis of mismatch dis-
tributions resulted in SSD values that were not
significantly different from expected unimodal distri-
butions under a model of sudden population expan-
sion (p > 0.42 for all distributions), even though there
is a large divergence between Aruba the other popu-
lations. Analysis of mismatch distributions is known to
be highly conservative (Ramos-Onsins & Rozas 2002).

The genetic structure observed over short
(~100 km) and long (>1500 km) distances in this
study is in sharp contrast to some other species with
similar life histories as Opistognathus aurifrons. Pop-
ulations of Azores chromis Chromis limbata over the
extent of the Azores, Canaries, and Madeira (eastern
Atlantic islands) exhibit a comparable geographic
distribution to the distribution of the sampling sites in
this study, yet very little genetic structure was en-
countered with almost complete homogenization
across the archipelagos (Domingues et al. 2006). Sim-
ilarly, C. multilineata, which is ubiquitous across the
Caribbean and Southern Atlantic, shows similar pat-
terns to C. Iimbata in the Caribbean, but shows
marked structure across the Caribbean and Southern
Atlantic basins (Rocha et al. 2008). However, Atlantic
pygmy angelfishes Centropyge spp. that exhibit dis-
tinct coloration patterns associated with distinct geo-
graphies across the Caribbean and Southern Atlantic
are genetically homogenous, at least mitochondrially
(Bowen et al. 2006b). Nevertheless, our findings are
similar to those found in Elacatinus spp., where over

short distances marked genetic structure is observed
and coincides with morphological differences (Taylor
& Hellberg 2003, 2006). The sharknose goby Elacati-
nus evelynae exhibits multiple color forms, and
abrupt boundaries occurred around the islands of the
Bahamas and between Puerto Rico and the Virgin
Islands. Genetic structure and PLD (~22 d) observed
in E. evelynae show that even with lack of geophysi-
cal barriers, mate recognition characters can rapidly
evolve as long as larvae are retained over successive
generations (Taylor & Hellberg 2003). Drastic differ-
ences in coloration appear to be able to evolve
extremely fast. Hamlets Hypoplectrus spp. exhibit
distinct color morphs and are known to mate assorta-
tively (Puebla et al. 2007), although mitochondrially,
Hypoplectrus are unresolved and suggestive of
recent speciation (McCartney et al. 2003, Ramon
et al. 2003). If observed patterning differences ob-
served in O. aurifrons do serve as mate recognition
characters, then it is probable that polymorphisms in
genes controlling patterning are driving phenotypic
differences, even though mitochondrial loci were
incompletely sorted (Palumbi et al. 2001, Avise 2004).

Congruence

Close geographic proximity of South Florida to
Bimini compared to St. Thomas and Aruba is con-
trasted by differences in color patterning, and to
some degree morphology among the populations.
The degree of phenotypic variation is disproportion-
ate to the degree of genotypic variation (e.g. Aruba
specimens were more divergent in genotype but
intermediate in phenotypic morph). This lends sup-
port to the premise that melanistic phenotype in
Opistognathus aurifrons is labile and thus unlikely to
be useful for developing a phylogeny.

Nonetheless, results of DFA revealed marked dif-
ferentiation between the sites studied (South Florida,
Bimini, St. Thomas, and Aruba) based on analysis
of both melanistic patterning and morphometrics.
Marked genetic structure was found for all 4 sites
studied. High levels of differentiation and 4 morphs
based on melanistic patterning and morphometrics
indicate that each population is distinctive, although
not completely, as overlap in phenotypes was ob-
served. Bimini exhibited the most melanification,
while Aruba was most divergent in genetics (pair-
wise ®gt, phylogram, and haplotype network). As
such, variations in phenotype and genetics are not
proportional and are incongruent for Opistognathus
aurifrons investigated in the present study.
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