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Three of the 20 species in the genus Trachinotus, in 
the jack family, Carangidae, are found in Florida waters. 
These are Florida Pompano (T. carolinus), Permit (T. fal-
catus), and Palometa (T. goodei). Florida Pompano is a 
coastal pelagic species found in estuarine and marine wa-
ters; it spawns in multiple batches in offshore waters. Per-
mit is the largest and longest lived of the three species and 
also spawns offshore in multiple batches, near reefs. As 
adults, Permit can be found nearshore and offshore and 
are often associated with reefs, but as juveniles they are 
common estuarine inhabitants. Palometa is a marine spe-
cies, similar in size to Florida Pompano, and has the wid-
est latitudinal distribution of the three species. Palometa 
spawn in offshore waters throughout the year with two 
peaks of activity. All three species support commercial or 
recreational fisheries on both the Gulf of Mexico coast 
and Atlantic coast of Florida. Very little has been done 
to evaluate movement patterns of Trachinotus species. 
Based on a few tagging studies, it appears that Pompano 
do not travel far from coastal waters. 

The only preliminary investigation of genetic stock 
structure for the Florida Pompano population from 
Tampa Bay, FL, and Puerto Rico was based on microsat-
ellite markers developed for the Pompano. The report’s 
key conclusion was that Pompano from Puerto Rico and 
from Florida belong to two highly distinct genetic stocks. 

This study was conducted to re-examine, using dif-
ferent microsatellite markers, the genetic status of Pom-
pano stocks in Florida and Puerto Rico. The objectives 
of this study, therefore, were the following: 1) to develop 
microsatellite markers for Permit; 2) to cross-amplify the 
markers in Pompano and Palometa; and 3) to use these 
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Abstract

markers to confirm the status of Puerto Rico Pompano as 
a novel genetic stock using the methods of Bayesian pop-
ulation assignment, phylogenetic clustering, and factorial 
correspondence analysis. 

We developed microsatellite markers based on an 
enrichment protocol and identified 54 DNA segments 
that contained microsatellite loci. These loci were 
characterized in 63 specimens of Permit collected from 
Charlotte Harbor, FL, and were cross-amplified and 
characterized in Pompano specimens from Tampa Bay 
(N = 29) and Puerto Rico (N = 84) and in Palometa 
specimens from Puerto Rico (N = 37). Variability of 
microsatellite markers across these taxa showed that, 
in general, the Permit samples had more polymorphic 
loci and were more variable in all standard measures of 
genetic variation than were the Pompano and Palometa 
samples. Forty-one markers amplified in all four taxa, 
but only 35 of these were used to genotype the speci-
mens of the four taxa.

Three methods were used to investigate the relation-
ship among the taxa using the microsatellite genotype 
data obtained from the samples. The results from the 
three analytical methods, based on Bayesian population 
assignment tests, phylogenetic clustering, and factorial 
correspondence analysis of genetic relationships among 
the four Trachinotus samples, showed that Florida and 
Puerto Rico Pompano samples belong to two highly dis-
tinct gene pools. But other multiple molecular tools, par-
ticularly nuclear-DNA sequences from many introns, and 
nonmolecular tools, such as morphological and meristic 
data, should be used together to determine species-level 
categorical designation for the Puerto Rico Pompano. 



2 Seyoum et al.  

Introduction
The genus Trachinotus comprises 20 species of the 

tropical and subtropical regions of the Atlantic, Pacific, 
and Indian oceans. Commonly called Pompanos, they 
are members of the jack family, Carangidae. Pompanos 
are targeted recreationally because of their food value 
and strong fighting ability on light tackle and commer-
cially because of their food value and market value. In 
fact, Florida Pompano, Trachinotus carolinus, has been 
called Florida’s most highly valued fish (McMaster et al. 
2003). Five Trachinotus species occur in the western At-
lantic: T. carolinus, T. falcatus, T. goodei, T. cayennen-
sis, and T. marginatus. The first three species are found 
in Florida waters and are the focus of preliminary genetic 
study in this report. 

Florida Pompano 
The Florida Pompano (Trachinotus carolinus [Lin-

naeus, 1766]) is a coastal pelagic species, smaller than 
Permit (T. falcatus [Linnaeus, 1758]). It occurs in marine 
and estuarine waters from Massachusetts to northern 
Argentina (Gilbert and Parsons 1986; Díaz de Astarloa 
et al. 2000). Pompano are rare in Bahamian waters and 
scattered in the West Indies (Robins and Ray 1986). Ran-
dall (1983) reports that they are present in the Bahamas 
but prefer turbid places, like mangroves and deeper wa-
ter, and avoid clean water. The only fishery-independent 
life history study of Florida Pompano estimated size, 
age, growth, and mortality parameters and took place in 
Tampa Bay and adjacent Gulf of Mexico waters in 2001 
and 2002 (Guindon et al. 2008). Pompano appear to be 
multiple batch spawners in offshore waters (Fields 1962; 
Guindon et al. 2008). Larvae have been collected and 
described from offshore waters ranging in size from 3 to 
11 mm (Fields 1962; Finucane 1969). Young-of-the-year 
juveniles (10–150 mm standard length [SL]) are common 
constituents of the surf zone community along exposed 
sandy beaches that serve as the Pompano’s primary nurs-
ery habitat (Springer and Woodburn 1960; Fields 1962; 
Finucane 1969; Naughton and Saloman 1978; Saloman 
and Naughton 1978; Guindon et al. 2008). Based on fish 
size at the time of shoreline settlement it appears that the 
spawning season is protracted in Florida with new re-
cruits (>20 mm) arriving into the fall even though peak 
numbers occur during April or May (Fields 1962; Finu-
cane 1969; Guindon et al. 2008; Solomon and Tremain 
2009). In the more tropical waters of Brazil, Florida Pom-
pano recruit to the surf zone nursery habitats year-round, 
indicating potential year-round spawning capability (Fe-
lix et al. 2007; Mazzei et al. 2011). 

Very little has been done to evaluate movement pat-
terns in Florida Pompano or any other Trachinotus spe-
cies. Along the Atlantic Seaboard, adults are reported 
to move north in the summer (Fields 1962; Berry and 
Smith-Vaniz 1978), but patterns of their exact movement 
are relatively unknown for Florida, in either Atlantic or 
Gulf waters (Bellinger and Avault 1970). Based on very 
few tagging studies, it seems that Florida Pompano does 
not roam far from coastal waters (Berry and Iverson 
1966; Ross and Lancaster 2002).

Florida Pompano are immensely important to Flori-
da’s economy as the foundation of a highly valued com-
mercial and extremely popular recreational fish. In gen-
eral, total statewide landings are evenly divided between 
Gulf and Atlantic coasts and between recreational and 
commercial fishery sectors. For example, in 2008, 54% 
of the Florida Pompano landings was attributed to rec-
reational anglers, and 51% of the catch were on the Gulf 
coast.  

The first stock assessment of the Florida Pompano, 
Murphy et al. (1996) concluded that T. carolinus was 
growth-overfished on both coasts from 1989 to 1995, es-
pecially along the Gulf coast, where most fish were land-
ed. In the most recent assessment, however, Murphy et 
al. (2008) concluded that the fishery had changed. The 
species is no longer considered overfished because the 
population biomass estimate for both the Gulf and At-
lantic coasts exceeded the estimated size threshold for 
maintenance of a minimum stock. The assessment indi-
cated overfishing is clearly not occurring along the Gulf 
coast, although the status of overfishing on the Atlantic 
coast is less definitive. 

Permit
Permit (Trachinotus falcatus [Linnaeus, 1758]), are 

found from Massachusetts to southeast Brazil, including 
in the Gulf of Mexico, in the Bahamas, and across the 
West Indies. They are the largest and longest-lived of the 
three species, reaching 101 cm FL (fork length) and ages 
as great as 23 years (Crabtree et al. 2002). Permit, like 
Florida Pompano, are multiple batch spawners near reefs 
during spring and summer (Crabtree et al. 2002; Graham 
and Castellanos 2005). Few Permit larvae (5–11 mm) 
from offshore waters have been collected and described 
(Fields 1962). Back-calculations from daily age estimates 
using young-of-the-year otoliths approximated duration 
of the larval phase 15–20 days (Adams et al. 2006). An 
analysis of ten years (1991-2000) of fishery-independent 
monitoring data from Charlotte Harbor, Florida showed 
two distinct settlement events occurred in May–June 
and Sept.–Oct. (Adams and Blewett 2004). New recruits 
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(<40 mm SL), however are present year-round in seine 
samples from the Florida Keys (Crabtree et al. 2002; 
Adams et al.et al. 2006), possibly indicating year-round 
spawning or larval transport from more tropical loca-
tions. Newly recruited Permit in the Florida Keys and 
Belize are 20 mm SL and are approximately 30 days old 
(Adams et al. 2006). Nursery areas are typically low-en-
ergy (Adams and Blewett, 2004) or medium-energy 
windward beaches (Adams et al. 2006) that can be found 
in estuarine systems or high-salinity surf zones (Finucane 
1969; Mazzei et al. 2011). Adult Permits may be found 
inshore, nearshore, or offshore and often are associated 
with reefs. A citizen-based tagging program called Proj-
ect Permit is under way to evaluate the range and distri-
bution of Permit in Florida (Kathryn Guindon, personal 
communication 2015). Permit support a minor commer-
cial fishery relative to Florida Pompano. Landings data 
show Permit are caught on both the Gulf and Atlantic 
Coasts, and most commercially harvested Permit are re-
ported bycatch because of the net limitation laws in Flori-
da.  It is the recreational fishery that contributes the most 
to Permit landings. For example, in 2008 recreational 
anglers accounted for 87% of Florida’s catch. In general, 
total Permit landings (combined from both sectors) show 
the fishery is much smaller than that of its congener, the 
Florida Pompano. However, there is growing concern 
among some public that future recreational fishing pres-
sure on Permit will increase since several other reef fish 
species are becoming more restricted and Permit can still 
be harvested. The last statewide stock assessment on 
Permit concluded that there were not enough life-histo-
ry data to conduct a biological assessment of the species’ 
status (Armstrong et al. 1996). While more recent formal 
assessments have not been done, the FWC continuously 
monitors the species’ landings and Fish and Wildlife Re-
search Institute status and trend reports (2012) which all 
indicate that Permit landings are stable.

Palometa 
Palometa (Trachinotus goodei, D.S. Jordan & Ever-

mann 1896) is a marine species and has the widest latitu-
dinal distribution of the three congeners found in Florida. 
They are found in coastal waters from Massachusetts, 
east to Bermuda, and south to Argentina, including the 
northern and southern Gulf of Mexico (McEachran and 
Fechhelm 2005) and the Caribbean Sea. In Florida and 
other parts of its range, this fish is predominantly en-
countered as juveniles, along clear, sandy beaches, as it 
is in other locations (Nero and Sealey 2005; Felix et al. 
2007; Mazzei et al. 2011). Juveniles seem to prefer habi-
tats with a high abundance of microcrustaceans and low 

coverage of vertical seagrasses or macroalgae (Nero and 
Sealey 2006). As adults Palometa are associated with 
reefs and so are more often encountered in deeper wa-
ters. Maturity has been reported at 300 g for males and 
350 g for females and at ages of 1–1.5 years (Thouard 
et al. 1989). This is more similar to the data for Florida 
Pompano than to those for Permit, a much larger species 
(Crabtree et al. 2002). Spawning habitat is offshore wa-
ters, and spawning season has been reported as May–
June in Cuba (Adams and Blewett 2004). In Martinique 
spawning occurs year-round, with two peaks, in August 
and February (Thouard et al. 1989), and in Brazil juve-
niles recruit to sandy-beach surf zones year-round (Fe-
lix et al. 2007; Mazzei et al. 2011), so we can infer either 
that spawning is year-round in Brazil or that specimens 
recruit to Brazilian nursery habitats throughout the year. 

The species is considered a game fish throughout 
much its range, and reef-associated adults off a Brazil-
ian coastal island have been documented in catches us-
ing hook and line, spear, and by trolling (Pinheiro et al. 
2010). In Florida it is typically bycatch for anglers tar-
geting Pompano along east-coast beaches and is rarely 
caught along the Gulf coast. The species does support 
a minor commercial fishery and aquaculture projects 
(Thouard et al. 1989; Alvarez-Lajonchère and Ibar-
ra-Castro 2012). No fishery stock assessment of the pop-
ulation has been done. 

Phylogenetic relationships among  
the three Trachinotus species

Phylogenetic analysis based on molecular data among 
seven species of Trachinotus (cytochrome b sequences; 
Reed et al. 2002) and trends for acrocentric chromosome 
and mapping of multiple sites of 5S and 18S rDNA sites 
(Jacobina et al. 2012) shows that the three Trachinotus 
species considered here are closely related; T. goodei ap-
pears as the most derived species (evolutionarily recent), 
and T. carolinus as basal. 

The only other genetic study involving these three 
species is a preliminary report on the genetic population 
structure of the Pompano, T. carolinus (Tringali et. al., 
2006), based on 13 microsatellite markers developed for 
the species (Seyoum et al. 2006). The report concluded 
that Pompano from Florida and Puerto Rico were highly 
distinct populations. This distinction could signal a di-
vergence event in process and spurred reinvestigation of 
this radiation. 

The objectives of this study were as follows: 1) to de-
velop microsatellite markers for Permit; 2) to cross-am-
plify the markers in the Permit’s congeners Pompano and 
Palometa; 3) to illustrate how markedly microsatellite 
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markers further define the genetic stock separation be-
tween Florida and Puerto Rico Pompano using the meth-
ods of Bayesian population assignment, phylogenetic clus-
tering and factorial correspondence analysis. The markers 
developed for the permit could also be used in future stud-
ies: (1) whether Permit and Palometa found in Florida and 
Puerto Rico also have a similar analogous evolutionary 
radiation with corresponding different gene pools as in 
the Pompano: (2) population structure of the Permit and 
(3) population structure of the Florida Pompano.

Methods

Sample collection and DNA extraction
Specimens were collected for three species in the ge-

nus Trachinotus; Permit from Florida in 2013, Pompa-
no from Florida and Puerto Rico in 2005, and Palome-
ta from Puerto Rico in 2005. Fin clips the size of half a 
dime were snipped and preserved in 70% ethanol. Total 
DNA was isolated from approximately 500 mg of fin-clip 
tissue using Puregene DNA isolation kits (Gentra Sys-
tems Inc., Minneapolis, MN) and rehydrated in 50 µl of 
deionized water. 

Development of microsatellite markers 
Nuclear DNA from liver tissue of a single Florida Per-

mit collected in Tampa Bay was purified via density-gra-
dient ultracentrifugation using the method of Lansman 
et al. (1981). This step maximizes efficiency by exclud-
ing the mitochondrial DNA (mtDNA) mass from the total 
DNA precluding interference during the development of 
microsatellite markers during +enrichment. We generally 
followed the enrichment protocol of St. John and Quinn 
(2008) for identifying DNA segments that contained mi-
crosatellite loci. A few additional steps were included in 
this protocol in some of the steps to facilitate efficiency. 
Ten µg of the purified nDNA was digested with Sau3AI 
restriction enzyme according to the manufacturer’s pro-
tocol (New England Biolabs, Ipswich, MA) to fragment 
nDNA into 500–1500-bp (base pair) fragments with 
5′ overhangs. Four µl of the digested DNA was electro-
phoresed on a 1% agarose gel to verify optimum di-
gestion, which was verified as a smear in the region of 
500–1500 bp in size. Digestion was optimized by varying 
digestion time, concentration, and type of enzyme (we 
used Sau3AI) before continuing the process. The digest-
ed DNA fragments were phenol-chloroform–extracted 
(Sambrook et al. 1989), precipitated in ethanol, and re-
suspended in deionized water. The resuspended nDNA 

was run through a 2% agarose low-EEO (electroendos-
mosis, flow of solvent in the electric field during electro-
phoresis) allowing shorter electrophoresis runs and high 
mechanical resistance for easier handling). The portion 
of the gel containing fragments between the regions cor-
responding to a DNA ladder of 300- to 1500-bp sizes was 
cut and the fragments eluted using Spectra/Por-2 dialysis 
membrane tube (Thermo Fisher Scientific Inc.) in the fol-
lowing method. 

The spectra Por-2 membrane dialysis tube was 
washed thoroughly with deionized water, tightly clipped 
at one end and filled with the same buffer as that used 
as for the electrophoresis. The gel containing the 300- to 
1500-bp fragments was cut out in a shape that would fit in 
the spectra Por-2 membrane tube, leaving a buffer-filled 
space at one end, which was then tightly clipped. These 
membrane tubes were placed in an eletrophoretic buffer 
rig, with the buffer-filled end placed toward the anode, 
and current run through them for 2–3 hours. Movement 
of the fragments out of the gel and into the buffer can be 
checked periodically with a UV light. When this is com-
pleted, the buffer is collected in a tube and phenol-chloro-
form–extracted, ethanol-precipitated, and resuspended in 
deionized water. Two to 3 µg of DNA fragments would be 
required for optimal success of the enrichment protocol. 

The resuspended DNA fragments were incubated 
with 10 U mung nuclease (10,000 U/ml; New England Bi-
olab) at 30°C for 45 minutes to remove the 5′ (five-prime 
end) overhang and purified using the QIAquick puri-
fication kit and eluted in 50 µl of sterile distilled water 
(SDW). The elute was dephosphorylated using 10 U calf 
intestinal phosphatase (10,000 U/ml; NEB, New England 
Biolabs) for 1 hour at 37°C, purified using a QIAquick 
purification kit and eluted in 30 µl of SDW. Sca linkers 
(ScaF: 5′-CAGTGCTCTAGACGTGCTAGT-3′ and phos-
phorylated ScaR: 5′-p*ACTAGCACGTCTAGAGCAACT-
GAAAA-3′) were prepared in large quantity by annealing 
the single-stranded linkers together to make them dou-
ble stranded. This was done by mixing equal volumes of 
ScaF and ScaR to make up a 10-µM concentration and 
heating the mixture for 5 minutes at 94°C and reducing 
the temperature by 10°C twice in a half-hour interval to 
74°C and then by 3°C every half hour to room tempera-
ture overnight in an Eppendorf thermocycler. The pre-
pared double-linker was aliquoted into smaller volumes 
and stored at −20°C; aliquots were thawed and used as 
necessary. The eluted nDNA fragments were ligated to 
the double linker with T4 DNA ligase (NEB) overnight 
with 10U ScaI restriction endonuclease (10,000 U/ml; 
NEB) in a 30-µl reaction 15× (16°C for 30 min/37°C for 
10 minutes) in a thermocycler. The Sca linkers were spe-
cifically designed to ligate to the blunt-ended fragments. 
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The efficiency of the linker-ligation was tested via PCR 
using 1 µl of the linker-ligated product with only the 
forward primer for 25 cycles at 58°C annealing tempera-
ture. A run of the PCR product in a 2% gel should give 
a smear in the 300–1500-bp region similar to that in the 
run from which the fragments were initially excised. The 
linker-ligated fragments were then divided into four ali-
quot volumes denatured at 95°C for 10 minutes and each 
aliquot hybridized to one of four 3′-biotinylated oligonu-
cleotide (oligo) probes [(AC)11, (AG)13, (CAG)6, (GATA)8] 
(Life Technologies, Carlsbad, CA). The hybridization 
captured DNA fragments with microsatellite sequences 
complementary to the oligo (probes). 

Hybridization was carried out in an Eppendorf ther-
mocycler using a program that reduces the temperature 
from 80°C by 1°C every 5 min up to the annealing tem-
perature of the probe and then by 1°C every 5 min to 10°C 
below the specific annealing temperature of the probe). 
The hybridization solution contained 2 µl (100 ng of the 
DNA), 2 µl of 50-µM oligo probe (100 pmol) and 60 µl 
[(10× standard saline citrate (SSC) = (1.5M NaCl, 0.15M 
Na3C6H5O7 × H2O)]. The resulting hybridized DNA was 
captured on Streptavidin MagneSphere® Paramagnetic 
Particles (Promega) that had been washed three times in 
6× SSC, mixed gently for 45–60 min on a rocker platform 
in a blocking solution reagent (0.2% I-BlockTM reagent, 
1× TBS buffer pH 7.6, 0.05% Tween®, deionized H2O to 
100 ml) and finally washed three times with 6× SSC af-
ter the bead block. The excess unbound probe was re-
moved from the hybridized DNA by a series of low- and 
high-stringency washing (using 2× SSC and 6× SSC), and 
the enriched single-stranded DNA was eluted from the 
beads by incubation at a temperature 10°C greater than 
the hybridization temperature. This final elution was di-
vided into two aliquots. One aliquot was directly cloned1, 
while the other served as template for PCR performed us-
ing ScaF linker as a primer using the following profile: 
94°C for 5 min., followed by 15 cycles (30 s at 94°C, 30 
s at 58°C, and 30 s at 72°C), and a final extension of 5 
min at 72°C. The PCR product was purified (PCR puri-
fication kit, Qiagen) and ligated into a plasmid vector 
(Bluescript PBC KS-, Stratagene, La Jolla, California) 
that had been tailed with dTTP (Marchuk et al. 1991) to 
facilitate T-A cloning (Zhou and Gomez-Sanchez 2000) 
and transformed into competent E. coli cells (Sambrook 
et al. 1989) to produce a microsatellite-enriched library. 
For each recombinant colony, a 12.5-µl PCR reaction was 
performed as above except that the annealing tempera-
ture was 55°C, and the number of cycles was 35, with 
T3 and T7 vector primers included in the reaction in ad-
dition to the complementary sequence of each of the bi-
otinylated oligo probes. PCR products found to have two 

or more bands when run through 1.5% low-EEO agarose 
gel were reamplified using only vector primers. The PCR 
products from these reactions were cycle-sequenced from 
both directions and then visualized on an ABI PrismTM 
3100-Avant Genetic Analyzer (Applied Biosystems). The 
resulting DNA sequences were visually inspected for the 
presence of simple sequence repeats, or using the pro-
gram MSATCOMMANDER (Faircloth 2008; available at 
http://code.google.com/p/msatcommander/downloads/
list). PCR primers were designed for the putative micro-
satellite loci using OligoPerfect™ Designer (available at 
http://www.invitrogen.com/) or primer3, which is an in-
tegral part of MSATCOMMANDER (Rozen and Skaletsky 
2000). Forward primers were 5-end labelled with a fluo-
rescent dye, and loci were screened for polymorphism in 
12.5-μl multiplex PCR reactions, each of which included 
primers for three loci. Loci in a multiplex reaction were 
first confirmed for no primer dimmer formation and no 
overlapping fragment sizes. Thermocycling conditions 
were as above but employed a step-down (high to low) 
annealing temperature from 58°C for 6 cycles, 57°C for 
8 cycles, 56°C for 10, and 55°C for 10 cycles. Fragments 
were visualized on an ABI PrismTM 3130-Avant genetic 
analyzer with GeneScan 500 ROX as a size standard and 
analyzed using GENEMAPPER (version 4.0; Applied Bio-
systems Inc.).

Microsatellite genotype analysis 
Multiplex PCR reactions containing three sets of 

labeled microsatellite primers and 100 ng of total DNA 
were carried out in 12.5-μl volumes using the step-down 
reaction profile described above. One μl of PCR product 
was mixed with 12 µl of deionized (Hi-Di) formamide 
and 0.5-μl of ROX500 size standard, denatured (94°C 
for 4 m) and snap-frozen on a −20°C cold rack. Frag-
ments were visualized on an ABI PrismTM 3100-Avant 
Genetic Analyzer and genotyped using GeneMapper 
(version 4.0; Applied Biosystems Inc.). All microsatellite 
markers identified were characterized using Permit spec-
imens collected from Charlotte Harbor (N = 63). These 
markers were also cross-amplified and characterized 
using specimens of Florida Pompano from Tampa Bay 
(N = 29), Puerto Rico Pompano (N = 84), and Palometa 
from Puerto Rico (N = 37). 

Data analysis 
A file in GENEPOP data format was generated from 

fragment sizes recorded using the Microsatellite Mark-
er Toolkit add-on (version 3.1.1; Park 2001; available at 
http://animalgenomics.ucd.ie/sdepark/ms-toolkit/). GE-
NEPOP data were converted to other formats using the 
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conversion tool PGDspider (version 2.0.1.9; Lischer and 
Excoffier 2012). Pairwise genetic distances (FST) between 
samples (Weir and Cockerham 1984) were estimated with 
10,000 permutations in the program GENETIX (Belkhir 
et al. 2000). Departures from Hardy-Weinberg equilibri-
um (HWE) were determined using GENEPOP (version 3.4; 
Raymond and Rousset 1995, 2008). Sequential Bonfer-
roni corrections were applied to multiple tests of hypoth-
eses (Rice 1989). Observed (H0) and expected heterozy-
gosity (He, with and without a bias correction), averaged 
over all loci, were obtained from GENETIX (Belkhir et al. 
2000). Null allelism was investigated with the random-
ization test of Guo and Thompson (1992) and the U-test 
statistics of Raymond and Rousset (1995), using the pro-
gram ML-NullFreq (available at http://www.montana.
edu/kalinowski/software.htm). For each locus in each 
species data set, microsatellite variation was quantified 
in terms of genetic diversity, number of alleles, and allelic 
richness (a diversity measure that corrects for differences 
in sample size; Leberg 2002) using the program FSTAT 
(version 2.9.3.2; Goudet 2001)

Bayesian population assignment test 
We used three analytical approaches to examine, 

using microsatellite loci genotype data, genetic relation-
ships within each of the Trachinotus species. Bayesian 
population assignments using the program STRUCTURE 
(version 2.3.2; Pritchard et al. 2000, 2009) was used to 
detect the number of naturally occurring clusters (K) in 
the examined individuals. This method could reveal the 
presence of distinct nDNA clusters, particularly when two 
taxa are found to significantly diverge. STRUCTURE uses 
likelihood statistics to cluster individuals based on link-
age disequlibrium, between genotypes at multiple loci. 
In a Bayesian population assignment, genetically homo-
geneous groups of individuals within which linkage dis-
equilibrium is minimized are identified as a cluster. The 
number of clusters would be equal to the number of spe-
cies if two or more species are admixed. Ten replicate sim-
ulations were conducted using a 2.0 × 105 Markov-Chain 
Monte Carlo (MCMC) simulation after a 1.0 × 105 burn-in 
period for each value of K from 1 to one or two more than 
the number of potential local geographic populations in 
the data using the no-admixture model, to detect subtle 
structure (Pritchard et al. 2009) and the independent-al-
lele-frequencies option in the program to preclude over-
estimating the number of gene pools (Falush et al. 2003). 

We also used the admixture model for comparative 
purposes. The result file for 10 replicated runs for each 
cluster from STRUCTURE was archived into a zip file and 
uploaded to a web-based program, STRUCTURE HAR-

VESTER (version 0.56.3; Earl et al. 2012), which uses 
posterior probabilities from STRUCTURE to calculate 
LnP(D) and the magnitude change of LnP(D), that is, the 
log likelihood for each K relative to the standard devia-
tion, called ΔK (Evanno et al. 2005). Evanno et al. (2005) 
suggest that the ΔK parameter is a reliable measure of the 
relative support for each level of K. Bayesian population 
assignments were also calculated with GENECLASS2 (Co-
runet et al. 1999). Specifically, the Ranalla and Mountain 
(1997) resampling algorithm was employed with a spec-
ified assignment threshold of 0.05. Once the most likely 
number of clusters had been identified, the average pro-
portions of membership from the 10 replicated runs from 
STRUCTURE HARVESTER were aligned and summarized 
using CLUMPP (version 1.1.2; Jakobsson and Rosenberg, 
2007) under the Greedy algorithm, with 1000 replicates. 
The average proportion of each cluster and individuals in 
each of the populations under the optimal level of K was 
visualized using Excel. The average genotype membership 
across runs for the sample and individuals from CLUMPP 
was plotted using DISTRUCT (version 1.1; Rosenberg, 
2004) and the postscript visualized using Ghost View 
(available at http://pages.cs.wisc.edu/_ghost). Although 
STRUCTURE is specifically designed to explore popula-
tion structure, the optimal number of groups or number 
of clusters estimated using the method of Evanno et al. 
(2005) and STRUCTURE HARVESTER may be expected to 
be equal to the number of species. The 35-microsatellite 
genotype data were constructed for STRUCTURE-STRUC-
TURE HARVESTER ANALYSES with four taxa and with all 
possible combinations of three of the four taxa.

Phylogenetic clustering
Phylogenetic clustering results in hierarchical, non-

overlapping groups based on genetic or morphological 
similarities among taxa. It is a model-based approach that 
discerns population structure from molecular data with-
out assuming linkage equilibrium. The molecular data is 
used to estimate phylogenetic relationships of individuals 
that share a common ancestry. The analysis of minimum 
dissimilarities in phylogenetic clustering is analogous to 
minimum linkage disequlibrium in a Bayesian popula-
tion assignment. Although phylogenetic clustering can 
have serious limitations when used to analyze conspecific 
populations, it is generally a useful method for determin-
ing, whether taxa are significantly different from their 
measurable position on the branching tree they occupy, 
based on similarities and differences in their physical 
or genetic characteristics. A variety of algorithms allow 
finding similarities among taxa. In this study we used 
two algorithms, 1) Cavalli-Sforza and Edwards’ (1967) 
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chord distance (DC) and 2) Nei et al.’s (1983) distance 
method (DA). We used both DC and DA to construct neigh-
bor-joining trees because, when microsatellite markers 
have been used, they have been found to be appropriate, 
generally showing a greater probability of resulting in the 
correct branching pattern of a tree (Takezaki and Nei, 
1996). DC is a statistical method of estimation applied to 
stochastic models of evolution in which populations are 
conceptualized as points in an m-dimensional Euclidean 
space, which are specified by m allele frequencies (i.e., m 
is the total number of alleles in both populations). The 
distance is the angle between these points and is calculat-
ed as the chord distance (DC) between pairs of taxa using 
the microsatellite DNA genotypes. DA measures the num-
ber of net nucleotide substitutions per site between pop-
ulations, which is more efficient than several of the other 
available distance methods. These algorithms have been 
found to be the most appropriate applications for micro-
satellite DNA loci for studying the evolutionary relation-
ships of closely related populations (Takezaki and Nei 
1996). But we also employed the widely used FST method 
(Latter 1972) computed, using the software POPTREE 
2 (Takezaki et al. 2010), without (Nei 1973) and with 
(Nei and Roychoudhury 1974; Nei 1987) correction for 
bias due to sample size. The neighbor-joining algorithm 
(Saitou and Nei 1987) was used to cluster DC, DA, and FST 
distances calculated using TreeFit (1000 bootstrap val-
ues; Kalinowski 2009). The TREEVIEW file written from 
TreeFit was visualized using the software FIGtree (ver-
sion 1.4.1.; Rambaut 2014) (available at http://tree.bio.
ed.ac.uk/software/figtree/). Patterns of groups or clades 
observed in the phenogram indicate the relationship and 
the possible number of species. 

Factorial correspondence analysis
The third method of determining the number of taxa 

in genotype data sets factorial correspondence analysis 
(FCA) conducted using the software GENETIX (version 
4.02; Belkhir et al. 2000). FCA is a means of investigat-
ing relationships in tables, in this case, of determining 
whether a correspondence existed between rows (indi-
viduals) and columns (alleles). Each allele is considered 
an independent variable, and axes are generated based on 
the combinations of alleles that explain portions of the 
total inertia of the table. These axes are then used to plot 
the genotypes of specimens in multidimensional space. 
The alleles that exhibit the strongest nonrandom asso-
ciation among individuals contribute most strongly to 
the axes. In this analysis, the individual genotypes were 
plotted into three-dimensional space based on the genetic 
relationships observed at the polymorphic microsatellite 

locus numbers. We calculated the distance between the 
centers of mass of each pair of the four categories includ-
ed in the analysis using the three-dimensional distance 
formula d = sqrt[(x1 − x2)

2 + (y1 − y2)
2 + (z1 − z2)

2] based 
on the absolute coordinates from GENETIX. The FCA 
also gives a visual interpretation of the relationship be-
tween the species based on the distance they occupy and 
number of species based on the projected clusters the in 
three-dimensional figure. The number of novel genetic 
classes could be directly countable and equals the num-
ber of clusters, occupying different spatial positions. But 
the relationship between the closer clusters should be 
further analyzed using other molecular tools to establish 
their position as representing different categories.

Results

Microsatellite DNA assay
Fifty-four microsatellite DNA markers were devel-

oped for Permit and characterized in specimens collected 
from Charlotte Harbor (N = 63; Table 1). These mark-
ers were cross-amplified in specimens of Pompano from 
Tampa Bay (N = 29) and Puerto Rico (N = 84) and in 
specimens of Palometa from Puerto Rico (N = 37) (Table 
2). Among all 54 loci, there were 16 monomorphic loci 
across all taxa, ranging from 8 to 11 in each taxon with 
4 monomorphic loci shared across all 4 taxa. Forty-one 
microsatellite markers amplified across all taxa (Table 2) 
but six loci (Tfal-3, -4, -7, -16, - 47 and -63) were excluded 
from the final analysis because data for these loci were in-
complete among individuals in all samples. The numbers 
of loci that were monomorphic, polymorphic, or failed to 
amplify among the 4 taxa are given in Table 3. The var-
ious average genetic standard measurements over all the 
35 loci that amplified across all taxa including genetic di-
versity, numbers of alleles, allelic richness, and observed 
and expected heterozygosities are also given in Table 3. 
Variability of microsatellite DNA markers across taxa 
showed that in general Permit had more polymorphic loci 
and greater variability for all the standard measures of 
genetic variation than did Pompano and Palometa. 

Bayesian population assignment of 
individuals in the Trachinotus species 

In the Bayesian population assignment, the number 
of naturally occurring taxa was expected to be the same 
as the optimal number of clusters (K) within the exam-
ined individuals. With all four taxa in the STRUCTURE 
and STRUCTURE HARVESTER analyses, the expected 



Table 1. Characterization of 54 microsatellite DNA loci in 63 specimens of the Florida Permit (Trachinotus falcatus) from 
Charlotte Harbor, Florida.

Locus   Allele    Gen. Bank  
No. Primer Sequence (5′ " 3′) Repeat Motif Size Range Ka HO

b HE
c Accession

Tfal–01 F:CGTAAAGGAAAGGAATGAAGTTAA (GT)17 220–260 13 0.72 0.80 KJ1416385 
 R:CCTCTTCCTCTTTCTATCTCTCTTTG      
Tfal–02 F:GTTGGTAATAAAATGTGGAAATGAAA (TG)12 137–159 10 0.74 0.79 KJ416386 
 CCCTGAAGTACATAGTTCAAGCTACA      
Tfal–03 F:GGAAGGTAGAAACTAAGGAAGGAAAG (CA)27 135–167 14 0.94 0.85 KJ416387 
 R:AACATCTGCATCTGCATCTGTATAAC      
Tfal–04 F:AAGTTTAACAGTTGAATGGATCAGC (TGA)8 236 1 –– –– KJ416399 
 R:CAAGACACAGATGTGTGGATAAGTC      
Tfal–05 F:ATTAGGATGAAGAAGGAAAAGCAAA (CA)13 156–218 23 0.89 0.89 KJ205450 
 R:TCATTTATGGGGAATAATCTGAATG      
Tfal–07 F:CGTTTACTTTACTTTGGTCTCTGGT (TTA)7 178–212 11 0.83 0.84 KJ416400 
 R:AACCAATAAATTAAAGCGGCTCTC      
Tfal–10 F:CTGTCATGTATAGGCTGGAGACAA (GCC)7 90–108 5 0.25 0.25 KJ416388 
 R:AGTTTGTCAGTGAGCAACATTTCAT      
Tfal–11 F:ATGCTGGTTTATATGGGATTTCTG (TTA)7 118–128 3 0.35 0.32 KJ416389 
 R:TTTACATTAAGGAGTAATTTTTGTGGA      
Tfal–12 F:CTTTGTGTTCAATACATCCTTGAGA GT)9/(GT)7 184–186 2 0.02 0.02 KJ205454 
 R:GATATTTTACCTAATTGCGTCTCTCC      
Tfal–13 F:CATCTTGGACAATACCAACCACAG (GCA)8 158–164 3 0.13 0.12 KJ205455 
 R:GCTGAGGTGTTAAAGAGTCTGATGA      
Tfal–14 F:ACCCAAGTAAACACAACATTACACAC (CA)10/(CA)12/ 178–200 8 0.64 0.66 KJ205456 
 R:ACATCCAAGGCAGACTCCAAAC (CA)7      
Tfal–15 F:ACACTAAGCAATACAAGAGCACTCC (GT)10 131–135 4 0.44 0.60 KJ205457 
 R:TAAACCACAGAAATGCAGACAATTT      
Tfal–16 F:CTCAGTGATGAAGATGAAGATGATG (CT)20(CA)20 154 1 –– –– KJ416401 
 R:TTATGACTGAGTAAATCCAAAACAGC      
Tfal–17 F:TGGGAAGATTTACTGAACTTGATTC (TC)19 185–207 9 0.73 0.82 KJ205458 
 R:TGGGTGGTGTTTTTATTCTTTATTT      
Tfal–19 F:TTACAGGCCTATAGTGGCTGGTCT (CTT)26 (T)11 134–240 34 0.97 0.95 KJ416390 
 R:TAGCTTTTGATTATATGTGAATTGTTC      
Tfal–20 F:AGAGGGGAGAGTAGAGGAGAGTGT (GACA)3 189–245 11 0.56* 0.86 KJ416391 
 R:ATTTGAACTTTGAATGAGTCTCCTG (GATA)12     
Tfal–21 F:TGTGTGAGAAAAACATGTAGGACTG (GT)16 124–156 11 0.84 0.75 KJ416392 
 R:GAACAACATTATTTCCAGTCTGGTG      
Tfal–23 F:GAGACACTCCTATGGCTTCGTATC (TAA)7 199 1 –– –– KJ416402 
 R:AATATTACACAGCCAAATTGTACTGG      
Tfal–25 F:TACAATTGTCAACCTCATACTGACTG (GATA)22 157–213 15 0.89 0.90 KJ416393 
 R:CCTGTACCAAGGACAGCAAATATCTA      
Tfal–26 F:TGTGTTTTACAACTCTCCTCACATT (CA)7/(CA)10 215–223 3 0.24 0.24 KJ416394 
 R:TGAGCACCTTTTGTGTGATATTTTA      
Tfal–28 F:GCAAGTTAGTTTAAACAGTAGTTGTGG (TAG)6/(TAG)4 176 1 –– –– KJ416403 
 R:CAATAGTGTGAAGCTAAACTTTGTCC      
Tfal–30 F:GACAGGTCTCCTCTCTGAGCTG (GT)21 141–143 2 0.11 0.10 KJ416395 
 R:CTCGACTCTAAGTCTGGAGTGTTTC      
Tfal–31 F:GTTTCCTTCATTTCATTCTCCAGT (CA)17 131–163 7 0.68 0.66 KJ205459 
 R:CAAAAGTATGTGCATGAAAAGGATT      
Tfal–33 F:CTGTTCTCTGCAGCACTCATACACT (CA)11/(CA)22 167–185 11 0.79 0.82 KJ205460 
 R:AGTCAGGGAAAATCAGTGTGAAAT      
Tfal–35 F:AGCTGTCACCACCACCAACTT (CAG)8 160–162 2   0.00* 0.11 KJ416404 
 R:CATTCTCCTCATGGTCCGTATGT      
Tfal–36 F:CTCAATGGCTTTGACTGTAATCTTT (CA)19 105–137 15 0.88 0.85 KJ205461 
 R:AAGGACTCAAAACTCTCTGTTTTTG      
Tfal–37 F:GGAGGCATAGTATACATACCAgACG (TG)17 145 1 –– –– KJ416405 
 R:CTGAAATTTAGAAAAAGAGGAATGG      
Tfal–39 F:AAACGCATCCTCTCACATACTCAC (CT)4(AC)12/ 202–214 6 0.61 0.61 KJ205462 
 R:GCAAACACACACTCCACTCTGTTAT (TC)3/(CT)6     



Tfal–40 F:AGTGATGGAGAGCAAAAACGAAC (GT)10(GA)3 200–208 2 0.02 0.02 KJ416406 
 R:ACTGCGACTGAGTGTGTTTATATGG      
Tfal–41 F:TGTTGAGGAAGGAAGGAACTAATC (CA)12 199–203 3 0.03 0.03 KJ416407 
 R:ACATATGTGCGTTTTCCTCTGG      
Tfal–42 F:TGCAGTACCTACCAAATTACAAGTG (TG)17 174–184 4   0.09* 0.25 KJ416408 
 R:CACTCCGCTCTCATGACTGAC      
Tfal–43 F:ACAGTGATAGTTCCTGCTACAGTGG (CA)9 155–163 4 0.28 0.30 KJ205463 
 R:ACCTTCTCTGCCATCACTCATTTTA      
Tfal–46 F:ATCTCAGCAGTCCACTCTCTCTCT (CT)6/(CT)9 121 1 –– –– KJ416409 
 R:TGTAAAGGAGAAGGTTGGAGTATGT      
Tfal–47 F:CCTCCTTTCAGCTATCTTTATCTCTC (TC)7/(TC)3 214 1 –– –– KJ416410 
 R:GGACAGCGTATGAAAGGACTTAAA      
Tfal–48 AGCTGTGCGATAATATCTGATGAAT (GT)5(GA)3 115 1 –– –– KJ416411 
 R:CTGGAGAAATACCCTGTGAGTACAT      
Tfal–49 F:TGGGTGAGTGAGTGAGAGATAAAG (TG)17 146–158 6 0.60 0.57 KJ205464 
 R:TTTAAAAGCCATTGTTCTCCTCTG      
Tfal–50 F:CCACTTACCCAACACACATACTACA (GATA)18 128–194 13 0.77 0.88 KJ205465 
 R:TCATTTCTTGATTTTGTTTCTTTCA      
Tfal–51 F:GAGAAGAGAGAAAAGAGCAGAGCA (GT)19 190–210 15 0.87 0.89 KJ205466
 R:AAGCCTTTATACTTCACTCTCCTGT      
Tfal–52 F:CGTTGACGAACAATACTAAACTGTG (GATA)20 135–223 19 0.84 0.92 KJ205467 
 R:GTGACTGTGTGTTAGCCACTGC      
Tfal–53 F:AGCATGATTAGCACATTAGTCAACA (TG)11 141–145 2 0.06 0.06 KJ416412 
 R:CATCATGTCTACATTGTTTTCCAAG      
Tfal–54 F:TATACAGGCATCTCAAACTGTCTGG (AC)12/(CA)8 151–169 4 0.64 0.62 KJ416396 
 R:TTGTGATGGTTAAGGTTAGGGTAAG      
Tfal–56 F:TAGAGCAGAAAAACAACTTTCAACC (CT)10(TC)31 129–193 28   0.77* 0.93 KJ205468 
 R:R:CTGGCAAGCCAAATATATGATCTAC      
Tfal–58 F:AAACTTTGAATGCACAAAACATTTA (GTTT)2(GT)27 141–161 11 0.80 0.86 KJ416397 
 R:TGCATACAACAATATAAAACAGAGACA      
Tfal–60 F:TTTCATCTTTATACCCCGTGTTTT (TC)13 119–139 8 0.62 0.73 KJ205469 
 R:GCAGAGGGGTCTATTCTAATGACTT      
Tfal–61 F:AAATCAAATAAGTTTACTGGTCAGACA (CA)13 133–171 15 0.90 0.90 KJ205470 
 R:TGGCTATCTAATGATGTTTATCTTTC      
Tfal–62 F:ATAATTCATCCATTCAGCCTACTTG (AC)34 151–189 13 0.95 0.87 KJ205445 
 R:ACTAATCCAATTTCTAGCCGAAGAC      
Tfal–63 F:CTGAGTAATACCTGTTCCCCACAT (TG)12 173–181 5 0.48 0.46 KJ205446 
 R:CTGAAATAAGCTTTCTTTGGCTGT      
Tfal–64 F:ACATTGGCGTTGTTGTTATAGTTCT (GCA)28 120–204 23 0.92 0.93 KJ205447 
 R:GAGCAGATAACCGTCTAATCATCTG      
Tfal–65 F:CTTTTCCTGCATCCTGCTATAACC (CA)12 147–149 2   0.02* 0.98 KJ416413 
 R:TGGAGGAATGTGAACAAGTAATACA      
Tfal–66 F:CTTTCCATTCACACTCTGAACTCC (CA)10 168–174 3 0.33 0.31 KJ416398 
 R:ACTGACTGGCACAGCATAAGAGAC      
Tfal–67 F:GAGCAGATAAAAGCAGTTTGTCAGT (CA)15 203–207 3 0.05 0.05 KJ416414 
 R:CTGAGCTCAAGCTACCTCAGAATC      
Tfal–70 F:GGCATATTAACAACACACTCACAGA (CA)16 109–117 4 0.65 0.65 KJ205448 
 R:CATTTGCACAAAGTGATTTAACGTA      
Tfal–71 F:AGTAATACCTTCCTCCCCATTACAC (GT)20 164–310 54 0.90 0.97 KJ205449 
 R:CTTAACTAAGGGGATAGTGCTCGAC      
Tfal–72 F:TAGTTTTGACCCAGAAGGAATAGACT (AC)10 169 1 –– –– KJ416415 
 R:CAGTACAAATAGACATGATGCTCCTC      

     

       

       

Table 1 (continued). Characterization of 54 microsatellite DNA loci in 63 specimens of the Florida Permit (Trachinotus falcatus) from 
Charlotte Harbor, Florida.

Locus   Allele    Gen. Bank  
No. Primer Sequence (5′ " 3′) Repeat Motif Size Range Ka HO

b HE
c Accession No.



Table 2.  Cross amplification of 54 Permit microsatellite DNA loci for the Florida and the Puerto Rico Pompano (Trachinotus 
carolinus) and the Puerto Rico Palometa (T. goodei). Forty-one loci amplified across all taxa.

 Pompano (T. carolinus) Palometa (T. goodei) 
 Tampa Bay (n = 29) Puerto Rico (n = 84) Puerto Rico (n = 37)
 Allele size     Allele size    Allele size 
Locus range Ka     HO

b HE
c range Ka HO

b HE
c range Ka HO

b HE
c

Tfal–01 238–262 10 0.60 0.69 226–262 5 0.50 0.56 240–260 11 0.90 0.88
Tfal–02 133 1 –– –– 133 1 –– –– 112–170 17 0.48 0.92
Tfal–03 117–151 10 0.83 0.86 113–149 6 0.59 0.61 129–147 8 0.49 0.61
Tfal–04 167–223 3 0.00* 0.5 217–223 2 0.04 0.3 199–206 2 –– 0.05
Tfal–05 –– –– –– –– –– –– –– –– 170–175 5 0.56 0.67
Tfal–07 170–200 13 0.92 0.87 178–192 7 0.57 0.57 –– –– –– ––
Tfal–10 –– –– –– –– –– –– –– –– 96–124 9 0.58 0.64
Tfal–11 118 1 –– –– 118 1 –– –– 118 1 –– ––
Tfal–12 192–198 3 0.40 0.38 192–198 3 0.53 0.51 168–198 6 0.58 0.53
Tfal–13 ––  –– –– –– –– –– –– –– –– –– –– ––
Tfal–14 –– –– –– –– –– –– –– –– 166–180 7 0.73 0.77
Tfal–15 131–205 22 0.96 0.87 145–187 12 0.85 0.8 127–133 2 0.05 0.05
Tfal–16 150 1 –– –– 146–150 3 0.04 0.06 146–169 3 0.60 0.54
Tfal–17 189–213 6 0.71 0.63 189–193 3 0.37 0.44 165–183 6 0.48 0.57
Tfal–19 124–136 5 0.21 0.26 127–136 3 0.01 0.13 115–124 6 0.48 0.44
Tfal–20 –– –– –– –– –– –– –– –– 221–300 15 0.97 0.89
Tfal–21 110–148 9 0.80 0.78 118–148 8 0.71 0.80 115–117 2 0.97 0.92
Tfal–23 185 1 –– –– 185 1 –– –– 199 1 –– ––
Tfal–25 176–264 22 0.48* 0.94 200–276 14 0.3 0.84 242–294 12 0.94 0.90
Tfal–26 225–229 3 0.60 0.59 225–229 3 0.17 0.17 220–286 5 –– ––
Tfal–28 167–198 4 0.32 0.35 167–169 2 0.18 0.27 165–199 5 0.51 0.47
Tfal–30 137–139 2 0.04 0.04 137–141 2 0.22 0.20 141–151 4 0.15 0.15
Tfal–31 –– –– –– –– –– –– –– –– 109–117 4 0.69 0.53
Tfal–33 133–163 12 0.96 0.88 133–181 11 0.47 0.86 109-117 4 0.53 0.52
Tfal–35 136–144 2 0.17 0.15 136 1 –– –– 145–235 7 0.65 0.60
Tfal–36 93–131 8 0.68 0.72 93–133 8 0.64 0.72 109–143 13 0.95 0.85
Tfal–37 136 1 –– –– 136 1 –– –– 145 1 –– ––
Tfal–39 ––  –– –– –– –– –– –– –– –– –– –– ––
Tfal–40 ––  –– –– –– –– –– –– –– –– –– –– ––
Tfal–41 –– –– –– –– –– –– –– –– 199–205 2 0.06 0.05
Tfal–42 180-210 5 0.33 0.37 168-200 3 0.01 0.03 192–210 8 0.79 0.77
Tfal–43 ––  –– –– –– –– –– –– –– –– –– –– ––
Tfal–46 123 1 –– –– 123 1 –– –– 121 1 –– ––
Tfal–47 183 1 –– –– 183–218 2 0.00 0.22 214–216 2 0.23 0.2
Tfal–48 183-211  3 0.043 0.043 183 1 –– –– 197-217 8 0.85 0.78
Tfal–49 136–138 2 0.2 0.24 136–140 3 0.56 0.55 146–150 3 0.40 0.38
Tfal–50 ––  –– –– –– –– –– –– –– –– –– –– ––
Tfal–51 202–210 6 0.65 0.69 136–210 4 0.40 0.43 186–204 8 0.55 0.54
Tfal–52 ––  –– –– –– –– –– –– –– 232–300 13 0.77 0.88
Tfal–53 133–149 3 0.48 0.58 133–145 2 0.46 0.41 141 1 –– ––
Tfal–54 159–263 20 0.81 0.86 165–233 9   0.30* 0.77 169–253 6 0.84 0.80
Tfal–56 113–153 17 0.88 0.90 123–177 5 0.45 0.50 87–89 2 0.03 0.03
Tfal–58 97 1 –– –– 97 1 –– –– 137–161 9 0.5 0.86
Tfal–60 ––  –– –– –– –– –– –– –– 115 1 –– ––
Tfal–61 133 1 –– –– 133 1 –– –– 135–149 8 0.61 0.72
Tfal–62 131–231 19 0.96 0.9 155–197 9 0.68 0.75 123–145 9 0.56 0.49
Tfal–63 179–183 3 0.16 0.15 179–185 2 0.02 0.02 185–191 4 0.18 0.17
Tfal–64 120–204 20 0.88 0.93 124–224 11 0.69 0.70 114–171 18 0.87 0.89
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Table 2 (continued).  Cross amplification of 54 Permit microsatellite DNA loci for the Florida and the Puerto Rico Pompano 
(Trachinotus carolinus) and the Puerto Rico Palometa (T. goodei). Forty-one loci amplified across all taxa.

 Pompano (T. carolinus) Palometa (T. goodei) 
 Tampa Bay (n = 29) Puerto Rico (n = 84) Puerto Rico (n = 37)
 Allele size     Allele size    Allele size 
Locus range Ka     HO

b HE
c range Ka HO

b HE
c range Ka HO

b HE
c

Tfal–65 151 1 –– –– 151 1 –– –– 159 1 –– ––
Tfal–66 188–210 9 0.67 0.7 198–202 3 0.42 0.40 107–188 8 0.58 0.71
Tfal–67 136–233 6 0.50 0.65 227–231 2 0.29 0.37 169–243 12 0.67 0.69
Tfal–70 111–127 7 0.52 0.49 111–125 5 0.57 0.54 101–111 4 0.57 0.56
Tfal–71 134–142 4 0.52 0.52 134–142 4 0.58 0.58 134–140 4 0.18 0.21
Tfal–72 161 1 –– –– 161 1 –– –– 169 1 –– ––

n = number of individuals; Ka = number of alleles;  HO
b = observed heterozygosity;  HE

c  = expected heterozygosity

Table 3. Average standard measures of genetic diversity for three species of the genus Trachinotus overall 35 Permit microsatellite loci 
amplified across all taxa. The numbers in brackets are values for all 54 microsatellite DNA loci. 

 Permit (T. falcatus) Pompano (T. carolinus) Palometa (T. goodei)
 Tampa Bay Tampa Bay Puerto Rico Puerto Rico
MP 31 [45] 31 26 [30] 24 [30] 24 28 [40]
MM 4  [9] 9 [11] 11 [11] 7 [8]
MNA  [0]     [13]    [13]    [6]
Ka 12.9 11.9 5.5 7.5
Kr 12.2 10.5 4.9 5.2
HO 0.63 0.53 0.46 0.51
HE 0.63 0.59 0.48 0.55
Gd 0.65 0.55 0.56 0.51
FIS 0.047 0.076 0.156 0.107
 MP = number of polymorphic microsatellite markers; MM =  number of monomorphic microsatellite markers;  MNA = number of 
microsatellite markers that did not amplify;    Ka = average number of alleles over all loci; Kr = average number of allelic richness over 
all loci; HO = average expected homogzygosity over all loci; HE = average expected  heterozygosity over all loci; G.D = average genetic 
diversity over all loci; FIS = fixation index over all loci    

optimal number of clusters was K = 4. But contrary to 
this expectation, the observed optimal peak was K = 2 
(ΔK = 302; Figure 1A), at which Permit and Palometa 
were combined in one cluster and Pompano from Flor-
ida and Puerto Rico were combined in the second clus-
ter (Figure 2A, K = 2). At K = 3 in this analysis (ΔK = 
3; Figure 2A, K = 3), the four samples were divided into 
three clusters, Permit in one, Palometa in one, and Pom-
pano in the third in 9 out 10 replicates, but in 1 out 10 the 
cluster was the same as K = 2. At K = 4 (ΔK = 4; Figure 
2B), four clusters corresponded to the 4 taxa in 9 out 10 
replicates, but in 1 out of 10, it was the same as K = 3. 
Therefore, K = 3 and K = 4 did not adequately explain 
the data, and the Bayesian population assignment did not 
differentiate the samples to the expected 4 clusters. In the 
combination of three taxa that included Permit and the 
two Pompano taxa, the expected optimal peak was K = 
3, but the observed optimal peak was at K = 2 (ΔK = 375, 
Figure 1B). The expected peak K =3 appeared at a much 

lower peak (ΔK = 36). In this three-taxon analysis at the 
optimal peak K = 2, Permit and Pompano were clearly 
separated in all 10 replicates. At the lower peak K = 3, the 
Pompano from Florida and those from Puerto Rico were 
in different clusters in all 10 replicates, indicating that 
these two samples were of highly different genetic stocks. 
But K = 3 was not the best explanation of the data. In 
the second three-taxon combination with Palometa and 
the two Pompano samples, again the expected peak was 
K = 3, but the observed optimal peak was K = 2 (ΔK = 
224; Figure 3A), and the expected K = 3 appeared at a 
lower peak (ΔK = 61; Figure 3A). This result was virtu-
ally the same as that for the previous three-taxon com-
bination with Permit and the two Pompano taxa. The 
only difference was that the expected K = 3 was more 
pronounced in the latter analysis. When only one of the 
two Pompano samples were combined in a three-taxon 
combination, STRUCTURE-STRUCTURE HARVESTER 
analy sis produced, a single optimal K = 3 (ΔK = 427, 



Figure 1.  Mean likelihood L (posterior probability) L(K) and ΔK values in relation to the number of clusters (K) 
from STRUCTURE HARVESTER 10 replicate runs of each value of K (from 1 to 6): (A) for data with four samples 
each from Permit, Palometa, Florida Pompano and Puerto Rico Pompano showing  a single optimum cluster at K 
= 2 (ΔK = 302); (B) with three samples each from Permit, Florida Pompano and Puerto Rico Pompano showing a 
hierarchical structure with optimum value at K = 2 (ΔK = 376)  and a second smaller peak at K = 3 (ΔK = 36).

A B

Figure 2. Species delineation of Trachinotus taxa using Bayesian model–based assignment tests according to 
posterior probability produced by STRUCTURE-STRUCTURE HARVESTER of CLUMPP output of 10 replicate runs 
for only Figure 1A:  2A, K = 2 (ΔK = 302) the single optimum modal value; 2A (K = 3) and 2B (K = 4) though both 
have ΔK = 0 in Figure 1A, the CLUMPP output indicate the presence of three and four clusters (species) respectively.  
In Figure 2A, K = 2 and K = 3, indicate taxa: 1 = Permit, 2 = Palometa, 3 = Florida Pompano, 4 = Puerto Rico 
Pompano.   

A

B



A

Figure 3. Mean likelihood L (posterior probability) L(K) and ΔK values in relation to the number of clusters (K) 
from STRUCTURE HARVESTER 10 replicate runs of each value of K (from 1 to 6): (A) for data with three samples 
each from Palometa, Florida Pompano, and Puerto Rico Pompano showing a hierarchical structure with optimum 
value at  K = 2 (ΔK = 224)  and a second smaller peak at K = 3 (ΔK = 61); (B) with only Pompano samples showing a 
single optimum cluster at K = 2 (ΔK = 1148).

B

A

B

Figure 4. Unrooted neighbor–joining phenogram topologies estimated from distance methods (A) Cavalli-Sforza 
and Edwards’ chord distance (DC) and (B) and Nei et al.’s DA distance from Permit 35 microsatellite DNA loci. 
Topologies of DA and FST were similar and are not shown here.
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with Florida Pompano; and ΔK = 328; with Puerto Rico 
Pompano) (no figure shown). Here there was complete 
agreement between observed and expected K values. Fi-
nally, when only the two Pompano samples were STRUC-
TURE-STRUCTURE HARVESTER analyzed, the Florida 
and Puerto Rico samples were strongly classified in two 
clusters (K = 2; ΔK = 1148; Figure 3B). 

Phylogenetic clustering 
The neighbor-joining phylogenetic trees construct-

ed based on DC (Figure 4A) and DA (Figure 4B) showed 
slightly different topologies of phylogenetic tree network. 
Both topologies showed four major branches with dif-
ferent branching length including the partitioning of the 
Florida and Puerto Rico Pompanos, indicating that the 
Pompano samples are composed of highly differentiated 
populations. The difference stems from the DC method, 
which puts the Florida Pompano closer to Palometa-Per-
mit, and the Puerto Rico Pompano basal (oldest). The es-
timated distance between these taxa from the DC and DA 
are given in Table 4. Takezaki et al. (2008) stated that the 
branching pattern of a tree constructed with microsatel-

lite DNA was generally the most reliable for DA. The pat-
tern from the DA distance (Figure 4B) does not indicate 
which taxon is the most derived (recent) or basal (oldest), 
and this information cannot be verified without an out-
group, that is an additional taxon that could serve as a 
basis to analyze the tree. 

Factorial correspondence analysis (FCA) 
In three-dimensional plots produced from the FCA re-

sults (Figure 5), the simultaneous expression of the genet-
ic signal contributed by each allele is visualized (as in the 
plot based on Pompano microsatellite data in Tringali et 
al. 2006). It is apparent that Florida and Puerto Rico Pom-
pano, both classified in the species T. carolinus, were pro-
jected in tight clusters well separated from each other and 
from Permit and Palometa clusters. The pairwise spatial 
distances calculated between the centers of mass of each of 
the taxa in the plot (Table 4) indicated that T. goodei or T. 
falcatus was the most divergent and that the Florida Pom-
pano was basal. But the FCA does not depict the relation-
ships among the taxa according to evolutionary hierarchy, 
and the relation of derived-basal could not be determined. 

Figure 5. Three-dimensional plots of factorial correspondence analysis results for the four taxa in the genus Trachino-
tus species genotyped with 35 polymorphic Permit microsatellite DNA loci. 
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Discussion

Microsatellite variation
A high rate of polymorphism, high abundance, and 

pervasive distribution throughout the genome of almost 
all organisms have made microsatellites one of the most 
popular markers in population genetics. The develop-
ment costs and technical challenges in the construction 
of enriched libraries (clones containing short tandem re-
peats) could be compensated for by applying markers de-
veloped for one species to the study of congeners or other 
species of the same family. But due to the well-document-
ed phenomenon of ascertainment bias (deviations from 
the expected theoretical result due to sampling processes 
used to find and estimate population-specific allele fre-
quencies) the maximum information that can be derived 
from microsatellite markers is limited to the organism 
from which they were developed. Although markers de-
veloped for one species may amplify in others, their vari-
ability appears to wane in cross-amplified species. The 
gradual decrease of variability is probably proportional 
to relative distance of relationship between the donor and 
recipient organism; the more distantly related the organ-
isms, the less variable the markers. As expected, Permit 
from which the markers were developed showed more 

genetic variation for all the genetic parameters measured 
than did the congeners. This phenomenon, known as mi-
crosatellite bias, has been reported for simple genetic pa-
rameters in congeners (Forbes et al. 1995). Thus the use 
of a small number of markers from one species may be 
inadequate in the study of the genetic population struc-
ture of related species. For example, the use of 6 highly 
polymorphic markers in the Sheepshead (Archosargus 
probatocephalus), originally developed for other sparids, 
showed no differentiation between the Gulf and Atlantic 
samples (Anderson et al. 2008). But markers developed 
de novo for the Sheepshead showed the Sheepshead is 
fragmented into three clusters within the Gulf and At-
lantic regions (Seyoum et al. in preparation). Perhaps the 
use of a large number of sparid markers may reveal the 
presence of fragmented structure in the Sheepshead.

One of the most important uses of amplifying micro-
satellite markers among congeners is in species and hy-
brid identification. For example, the four loci that were 
monomorphic across all taxa, though identical between 
Permit and Palometa, were of different sizes from those 
of the Pompano samples. These loci can be effectively 
used to distinguish Pompano samples from those of Per-
mit or Palometa and also to assess whether interspecific 
hybridization occurs between these species.

Bayesian population assignment test
Bayesian population assignment is a powerful tool 

that can discriminate differentiation among populations 
between which gene flow has been curtailed. By exten-
sion, the model-based individual assignment tests could 
be used to delineate species (Noble at al. 2010). It should 
clearly and consistently identify the significant differenti-
ation in Pompano samples. It did so, however, only when 
the Pompano samples were analyzed separately. When 
all the congeners were included, however, this method 
did not operate to give four clusters in either the no-ad-
mixture model or the admixture model. (There was no 
difference in the results obtained from these models.) In 
these analyses several possible combinations of samples 
were considered in the STRUCTURE-STRUCTURE HAR-
VESTER analyses, and the expected K values were not 
observed in all combinations that included both Pompa-
no populations and one or two of the other congeners. 
The observed and expected K values were the same only 
when one of the Pompano populations was excluded. 
The expected K values were not realized in these analyses 
because the Permit microsatellite markers could not dis-
criminate between the two Pompano populations with 
absolute clarity, probably a result of microsatellite bias. 
In the presence of all four populations the Permit micro-

Table 4. Estimates of Cavailli-Sforza and Edwards’ (Dc) 
chord distance, uncorrected FST genetic distance [in 
brackets] and values of factorial correspondence analysis 
representing the distance between the centers of the clus-
ters of each pair of  taxa in the 3-dimensional FCA plot 
(in parentheses) {below diagonal}, and NEI et al.’s DA 
distance and corrected  FST genetic distance [in brackets] 
{above diagonal} between four pairs of  the four Trachi-
notus samples.  Distance values were estimated based on 
the 35 Permit microsatellite genotypes.

  Permit Palometa Florida Puerto Rico 
   Pompano Pompano

Permit 0 0.736 0.8499 0.871 
  [0.450] [0.521] [0.561]

Palometa 0.7244 0 0.8912 0.8897 
 [0.465] [0.536] [0.576] 
 (293)   

Florida 0.8174 0.8408 0 0.2781 
Pompano [0.537] [0.557]  [0.205] 
 (917) (1036) 

Puerto Rico  0.8286 0.8379 0.3808 0 
Pompano [0.568] [0.588] [0.233]  
 (419) (722) (700)  

All distance values were statistically highly significant (P < 0.005).                     
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satellite markers could not differentiate not only between 
the two Pompano populations but even between Permit 
and Palometa samples such that it combined Permit and 
Palometa in one cluster and the two Pompano popula-
tions in a second cluster as the best explanation of the 
data. This is possibly again due to ascertainment bias, 
which is indicated in terms of microsatellite marker sizes. 
For example, there were four microsatellite loci that were 
monomorphic in all four taxa. The sizes of these were 
identical in Permit and Palometa, but are different in the 
Pompano; three of these were larger in size than in the 
Pompano samples. Consistent differences in microsatel-
lite marker size have been shown to exist between related 
species (Amos 2000), and, although it is not immediately 
clear whether this explains the observed result of K = 2 in 
the four-taxon STRUCTURE-STRUCTURE HARVESTER 
analyses, the four monomorphic loci indicate why Per-
mit-Palometa are in one cluster and the Pompano taxa 
in the second cluster. The microsatellite markers selected 
from Permit specifically represent the genealogical his-
tories of the Permit genome and could not represent the 
genealogical histories of congener genomes with absolute 
measure, thus failing to properly classify divergent but 
closely related taxa. Even though the expected optimal 
peaks were not observed in the four-taxon Bayesian pop-
ulation test, under the assumption of K = 4, the predomi-
nant K in the 10 replicate runs was 4. Hence the Bayesian 
population assignment delineates the number of natural-
ly occurring taxa in the background, in the presence of 
the taxon from which the markers were selected. We do 
not know exactly how this bias phenomenon functions 
or whether ascertainment bias (see Eriksson and Manica 
2011; Li and Kimmel 2013) is operating in the assignment 
test. It appears that markers developed for one species 
can only adequately represent the genealogical histories 
of that species much better, losing their efficiency in re-
vealing evolutionary histories in other species, probably 
proportionally to the distance of the species in relation-
ship to the microsatellite source taxon. This phenomenon 
probably also operates in a dual fashion, with a combined 
effect of bias toward one taxon from which the markers 
were selected and bias against other taxa leading to the 
masking of secondary peaks in a manner analogous to 
reverse microsatellite bias (Hogan et al. 2009). Further-
more, the magnitude of the forward and reverse micro-
satellite biases could be accentuated by the relative dis-
tance between the taxon microsatellite marker source 
and its congeners. But if the marker source is from one of 
two closely related taxa and if the other taxa in the clade 
are distantly related, the bias would have no effect in the 
assignment test. 

Differentiation of Pompano samples could not be 
verified when Permit and Palometa were present in the 
analyses. But when Permit was coupled with Palome-
ta and only one of the Pompano taxa was present in 
a three-taxon combination, an optimal K = 3 was ob-
tained. In the three-taxon analysis of the Pompano sam-
ples with either Permit or Palometa, K = 3 was obtained 
though at a lower peak, in which all 10 replicates defined 
the Pompano samples in different clusters. K = 3 was not 
the optimal peak in these analysis, apparently because 
the Permit from which markers were selected was func-
tioning as a distant out group and could not adequate-
ly define the closely related Pompano taxa through the 
Bayesian population test. This occurrence seems to be 
analogous to the suggestion that phylogenetic analysis is 
susceptible to random biases introduced by too-distant 
out-group taxa (Kirchberger et al. 2013). The selected 
Permit markers could be too centered in the Permit ge-
nome, and, external to this center, they may introduce 
random biases that identification of the two closely re-
lated Pompano taxa could not be revealed with abso-
lute clarity in the assignment test. When only two taxa 
are involved, however, the Bayesian population test is 
an excellent method of delineating species, particularly 
if the taxa are sympatric (Noble et al. 2010). In species 
delineation involving only two taxa, regardless of where 
the microsatellite markers were selected from, there can 
be no microsatellite bias, and the Bayesian population 
test functions properly, as seen when only Florida and 
Puerto Rico Pompano were treated together with Per-
mit microsatellite markers. 

Florida and Puerto Rico Pompano populations are 
allopatric, so the differentiation between them could 
be due to isolation by distance and geography, but the 
Bayesian population assignment test in which Pompano 
samples were considered separately revealed that Flori-
da and Puerto Rico Pompano individuals were assigned 
to different clusters with >99% confidence probability, 
indicating the existence of two distinct gene pools. 

Phylogenetic clustering and FCA
Traditionally, phylogenetic trees among numerous 

taxa have been constructed from mtDNA sequences from 
a single region such as 16S rRNA, COI, or Cyt B. Later 
these mtDNA regions may have been replaced or fortified 
by sequences from nDNA such as introns or internally 
transcribed spacer (ITS) sequences. A tree constructed 
for a group of species based on a single locus from a ho-
mologous (orthologous) sequence sampled from different 
species is called a gene tree. It represents the life histo-
ry of the gene through time of adaptations as it evolves 
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through duplication, loss, and nucleotide substitution. 
Although it is a part and linked, it may not reveal the 
evolutionary pathway of the species involved. A species 
tree is the life history of the organism through time of ad-
aptations) (Szöllosi et al. 2013). Gene trees from different 
regions of the genome may undergo different historical 
events and may differ from one another and from that 
of the species tree (Degnan and Rosenberg 2006). The 
assumption that the species tree can be estimated by the 
most common tree among several gene trees can be high-
ly misleading. Instead, by combining all the information 
on the genes, a reliable estimate of the historical pathway 
of the species can be obtained. A species tree, therefore, 
is the historical conglomerate of many gene trees blended 
into one. For this purpose microsatellite markers can pro-
vide an abundant number of loci and thus abundant his-
torical information. By combining the results from many 
loci, one can obtain a more precise and statistically pow-
erful means of comparing populations (species), result-
ing in a better measure of the evolutionary history of the 
species. With some limitations, microsatellite markers 
have been used to determine evolutionary relationships 
among organisms that diverged several million years ago 
(Richard and Thorpe, 2001). The number of loci needed 
for accurate estimation of the evolutionary pathway of 
populations varies from 30 (Takezaki and Nei 1996) to 
hundreds (Pollock et al. 1998). The majority of popula-
tion studies, however, have been done with only six loci 
(Koskinen et al. 2004). This is far less than the lower limit 
of 30 and automatically cannot adequately expose inher-
ent genetic properties, particularly fine population-ge-
netic structure. Although for practical purposes a fixed 
number of loci should not be advanced, in general, the 
more loci employed, the better the estimate of the evolu-
tionary pathway of populations. 

Although microsatellite loci lose their efficiency as 
a reliable estimation of the species tree because of high 
mutation rate and the potential of homoplasy, they have 
been used to resolve phylogenies of taxa that diverged 
as long as 30 million years ago (Ochieng et al. 2007). In 
the present study the phenogram constructed from the 
microsatellite-marker data decidedly showed a highly 
significant differentiation between Florida and Puerto 
Rico Pompano samples. A strong indication in the sep-
aration of these taxa to a higher level than a stock is 
also evident from the measure of the DC tree between 
Florida and Puerto Rico Pompano. The result we found 
in the phylogenetic analysis among the Trachinotus spe-
cies from the DC was similar in terms of most derived 
(Palometa–Permit) and basal (Pompano) with that of 
Jacobina et al. (2012) and Reed et al. (2002) phyloge-

netic relationships among these species. The result of 
the FCA was probably the most direct and observable 
evidence that Florida and Puerto Rico Pompano clusters 
occupy closer but clearly different spatial positions as 
that of the other species in the three-dimensional space. 
The number of clusters (sample clouds) visible on the 
three dimensional figure was four, indicating that there 
are four taxa with three recognized Trachinotus spe-
cies, one of which, the Pompano, is divided into two, 
closer clusters (sample clouds).

Conclusion
The results from the three analytical methods based 

on the Bayesian population assignment tests, the phylo-
genetic clustering, and the factorial correspondence anal-
ysis of the genetic relationships among the four samples 
of the three Trachinotus species showed that Florida and 
Puerto Rico Pompano samples belong to distinct genet-
ic populations. Preliminary observation has shown that 
Pompano exhibit considerable intraspecific variability 
in body depth, and photographic evidence suggests that 
specimens from Puerto Rico may possess anterior mor-
phometric differences (especially head size and shape) 
from those of Pompano in coastal U.S. waters (M. Trin-
gali, pers. comm.).

To warrant a specific designation of the Puerto Rico 
Pompano above the highly distinct genetic population 
level, however, other multiple molecular, particularly 
nDNA sequences from many introns and nonmolecular 
tools should be used concurrently with detailed study of 
morphological and meristic differences. 
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