Final Report: Analyzing genetic connectivity of Caribbean and Florida mutton
snapper. By Kathryn Shulzitski, Dr. Michael McCartney, Michael L. Burton.

Introduction

Riley’s Hump, in the recently created South Tortugas Ecological Reserve, is the
historical site of a spawning aggregation of mutton snapper (Lutjanus analis), perhaps the
only site in the southeastern United States. The aggregation was exploited heavily by
commercial fishermen for decades prior to the area being declared an ecological reserve
in 2001. Fishery managers hope that the population of mutton snapper will rebound now
that the area is closed to all uses, including fishing.

In Year 1of a related study, we established stations for monitoring abundance of
snappers and groupers to provide baseline estimates of abundance for comparison with
future years’ estimates in order to establish trends in populations. Protection from fishing
pressure should allow the populations to increase, leading to “spillover”, or increased
recruitment of these fishes to areas outside the boundaries of the reserves. An important
question to ask is: is the population at Riley’s Hump the source of all recruits to the rest
of the southeastern U. S? Previous detailed studies of the region’s physical oceanography
(Lee et al. 1994) show that the potential exists for the Tortugas Reserve to supply larvae
to nearby waters. The effects of the Florida Current, onshore flow of surface waters, and
the cyclonic circulation in the Tortugas gyre should combine to aid local retention and
recruitment of larvae into the Florida Keys. Additional drifter studies show that larvae
spawned in the Dry Tortugas may end up along the southeastern coast of Florida after
entrainment in the Gulf Stream (Domeier 2004, Hare'). We need to address an equally
relevant question: Where do the adult fish on Riley’s Hump come from? Is the adult
population at Riley’s Hump dependent solely on itself to replenish the population, or is
significant recruitment coming in from other upstream areas? In addition to the historical
spawning aggregation at Riley’s Hump, there are known aggregations further upstream in
Belize (Domeier and Colin, 1997). We also know anecdotally from fishermen in
Honduras (from the islands of Roatan and Utila) that aggregations of mutton snapper
have been exploited there during the spawning season for a number of years. Both of
these locations could conceivably be a source of recruits to the Riley’s Hump/Tortugas
population of mutton snapper, given oceanic circulation patterns in the region (Cowen et
al. 2002).

Proper management of a species, especially one exploited as heavily as mutton
snapper have been in the past, requires knowing the source of recruits to the fishery, and
what kind of pressure these source populations experience. In this report we present the
results of our ongoing FY03 work examining the connectivity between the Dry Tortugas
and upstream sources such as the Mesoamerican Barrier Reef system off Belize and
Honduras, as well as the connectivity of the Dry Tortugas with downstream areas along
the Florida Keys and southeast Florida. The expected outcomes of this project were 1)
knowledge about the effectiveness of marine protected areas in rebuilding exploited fish
stocks, and 2) the development of scientific information about recruitment sources and
sinks for U. S. populations of mutton snapper. This information should be useful to
management agencies such as the South Atlantic Fishery Management Council (SAFMC)

"'Hare, J. 2002. Personal commun. National Marine Fisheries Service, Naragansett, R. 1.



and the FKNMS. This project directly addressed the identified priority areas of
overfishing and threats to recruitment.

Methods

Samples

Mutton snapper from six geographic location were collected, and five locations were
used in genetic analyses (Fig. 1). We were able to collect otoliths and tissue samples
from approximately 50 mutton snapper each from spawning aggregations from Roatan
(Honduras) and Belize in April 2003. We sampled the Roatan fish at a fish house in
North Miami after they were imported by a local seafood dealer. The Belize fish were
sampled for us by collaborating personnel of The Nature Conservancy in Belize. By
sampling ourselves and contracting with fishermen, we collected samples from 40 fish
from the Dry Tortugas by spring 2004. A local commercial fisherman and marine life
collector was contracted to collect tissue samples from adult mutton snapper from the
lower Florida Keys reef tract, mostly from one location near Ramrod Key, collecting 40
specimens by summer 2004. These samples from the lower Keys were archived, but
have not yet been genotyped. We used a NMFS port agent to collect tissue samples from
50 adult mutton snapper landed by the southeast Florida headboat fishery in the summer
of 2004. However, these fish were unfortunately lost when Hurricane Frances hit
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Figure 1. Map of sampling locations. Location codes, with sampling dates
and sample sizes (N) from each location, are: BZ = Gladden Spit, Belize,
May 2003, N = 50; DT = Dry Tortugas, June 2003 to December 2003, N =
40; HN = Roatan, Honduras, April 2004, N = 53; JP = Jupiter, FL, October
2004, N = 55; PR = western Puerto Rico, September 2004 to February 2005,
N =47.




southeast Florida in September, and extended power outages and excessive heat led to
deterioration of our samples. We compensated for this loss by collecting tissue samples
from juvenile mutton snapper in the estuary, using fishery independent seine sampling, in
October, successfully procuring 50 samples over a two day sampling event, with the help
of biologists from the Florida Wildlife Research Institute’s Tequesta fisheries lab.
Additionally, we contracted with a local fisherman in western Puerto Rico for collection
of 50 specimens from the commercial fishery there, in order to obtain some eastern
Caribbean specimens. These fish were collected in fall and winter of 2004. We planned
on obtaining samples from at least one more eastern Caribbean location (e.g., Turks and
Caicos, Barbados, Trinidad and Tobago, the USVI, Cuba) but we were unable to
establish successful contacts at any of these locations.

Development of microsatellite loci

The first portion of the molecular work on this project required the isolation and
characterization of microsatellite DNA loci from mutton snapper, since none were
previously available. Microsatellite-enriched genomic DNA libraries were created.
Genomic DNA of four adult fish from Honduras was isolated and enriched for
microsatellites by the Savannah River Ecology Lab in Aiken, South Carolina according
to the procedures of Glenn et al. (2000). We received the enrichment products and
amplified them by the polymerase chain reaction (PCR). PCR products were purified and
cloned into pGEM-T Easy vector (Promega, Madison, WI). We selected a total of 200
clones, 100 from each of 2 libraries, and sequenced these clones using Big Dye cycle
sequencing (Applied Biosystems) and analyzed the sequences on the ABI 3100
automated Genetic Analyzer at UNCW.

Sequences were screened for microsatellites (i.e. tandem repeats from two to six
base pairs in length with a minimum of six repeat units) in Sequencher 4.2 (GeneCodes)
and classified according to Weber (1990). Clones containing a microsatellite repeat were
targeted for PCR primer design in the web-based program Primers 3 (Rosen and
Skaletsky 2000). One primer in each primer pair was “PIG-tailed” (Brownstein et al.
1996) in order to force the A-tailing of all PCR products. This substantially reduced the
ambiguity in allele sizing that can result from the tendency of Taq polymerase to add an
A-tail to some products and not to others.

Microsatellite DNA genotyping

In initial genotyping trials, a total of ten individuals each from Honduras, Belize
and the Dry Tortugas were genotyped on the ABI 3100 using the G5 dye system, which
allows the products of four microsatellite loci from each individual to be analyzed
simultaneously in a single capillary. The forward primer (not P1G-tailed) for each locus
was fluorescently-labeled with PET, NED, 6FAM and VIC dyes. Genotypes were
analyzed against the size standard with GENESCAN 3.7 (Applied Biosystems) and
assigned to size categories in GENOTYPER 3.7 (Applied Biosystems). Genotypes of the
thirty individuals were tested for departure from Hardy-Weinberg equilibrium (HWE) at
each locus in GENEPOP (Raymond and Rousset 1995a) using an exact probability test
and a Markov chain method to obtain the unbiased exact P-value (Guo and Thompson
1992). A highly significant departure from HWE, calculated separately for each



sampling location, was considered potential evidence for the presence of null alleles and
thus that locus was dropped from the study or, in two cases, primers were redesigned.
The annealing temperature for each remaining set of primers was optimized using an MJ
Research thermal cycler with a gradient block. Genomic DNA from three individuals
exhibiting a range in genotype quality (e.g. presence of non-specific amplification) was
amplified with annealing temperatures ranging from 55 to 65°C. Primer pairs that
produced unambiguous peaks, appropriate levels of polymorphism, and conformed well
to the expectations of Mendelian markers (i.e. one or two peaks present in each
individual) and HWE were chosen for large-scale genotyping.

For large-scale analysis, approximately 245 individuals total were genotyped at
eight loci (Tables 1. 2). Amplifications were 15 ul in volume and contained 5-20 ng
template DNA, 15 mM Tris-HCI, pH 8.0, 50 mM KCl, 1.5 mM MgCl2, 2.5 mM each
dNTP, 0.5 uM each primer, and 0.75 U of AmpliTaq Gold (Applied Biosystems).
Cycling parameters began with a hot start of 10 minutes at 95°C, followed by 35 cycles
of 30 seconds at 94°C, 30 seconds at the designated annealing temperature (see Table 7),
and 60 seconds at 72°C, with a final extension of 30 minutes at 72°C. PCR products
were visualized on an ABI 3100 and analyzed with GENESCAN 3.7. In GENOTYPER
3.7, peaks were labeled and binned into size categories corresponding to allelic length in
base pairs.

Data Analysis

Each population was tested for departures from HWE at each locus in GENEPOP
(Raymond and Rousset 1995a) using a probability test and a Markov chain method to
obtain the unbiased exact P-value (Guo and Thompson 1992). In a similar manner, all
locus pairs were tested for linkage equilibrium within each population and across all
populations. Since sample sizes varied from 38 to 55 individuals, allelic richness, the
number of alleles present in populations independent of sample size, was calculated for
each population-locus combination as well as overall using FSTAT (Goudet 1995). This
calculation estimated the expected number of alleles for a sub-sample of genes equal in
size to that of the smallest sample.

Population-based analyses were utilized to test the null hypothesis that all five
mutton snapper samples comprise a genetically homogenous, panmictic population.

First, in order to assess allelic and genotypic distributions across populations, an exact
probability test (Raymond and Rousset 1995b) and a log-likelihood based exact test
(Goudet et al. 1996) were performed in GENEPOP to evaluate genic and genotypic
differentiation, respectively. Both tests employed a Markov chain method to calculate an
unbiased estimate of the P-value.

A second evaluation, Wright’s (1921) fixation index, is based on heterozygote
deficiencies that result from non-random mating. As a measure of among-population
subdivision, the unbiased estimator of Fsr, 6 (Weir and Cockerham 1984), was calculated
in GENETIX (Belkhir et al. 1996-2002), as were pairwise Fsr values, and permutation
tests (1000 randomizations) were used to generate P-values. An estimator of Rgr, p
(Slatkin 1995), was also calculated using FSTAT (Goudet 1995). This analog of Fgr takes
into account allelic size by assuming alleles of a similar size are more closely related,
given that loci adhere to a stepwise mutation model (Slatkin 1995). An analysis of
molecular variance (AMOVA, Excoffier et al. 1992) based on the number of different



alleles (Fsrt) was performed in ARLEQUIN (Schneider et al. 2000). This hierarchical
analysis distributes the observed variance in heterozygosity into within population,
between population and between group components. Finally, genetic chord distance, Dcg
(Cavalli-Sforza and Edwards 1967), between each population pair was calculated in
GENETIX with permutation tests (1000 randomizations) to estimate P-values.

Individual-based analyses were also used to assess population structure in the five
mutton snapper samples. These analyses exploit more of the information contained in
each individual multilocus genotype, in contrast to population-based analyses that
primarily utilize allele frequencies and heterozygosities calculated for each population.
Two fundamentally different procedures were used to assign individuals to source
populations based on their multilocus genotypes: frequency-based and Bayesian
assignment. The frequency-based method of Paetkau et al. (1995) was implemented in
GENECLASS (Piry et al. 2004). Populations were determined a priori based on sampling
locations, and GENECLASS generated allele frequencies for each population excluding
the individual to be assigned (Waser and Strobeck 1998). The expected frequency of
each individual’s genotype at each locus across all populations was calculated and each
individual was assigned to the population from which its multilocus genotype most likely
originated. A frequency of 0.001 was designated to alleles that were absent from a
population. In order to generate probabilities rather than likelihood values, GENECLASS
performs a Markov Chain Monte Carlo (MCMC) resampling procedure with 10,000
simulated individuals (Paetkau et al. 2004).

Genotypes were also analyzed using a Bayesian population assignment procedure
implemented in the program STRUCTURE (Pritchard et al. 2000). STRUCTURE
assumes Hardy-Weinberg and linkage equilibrium and uses a MCMC algorithm to infer
population parameters that conform to these modeling assumptions. In order to
determine the number of genetically distinct clusters (K) in the dataset, individual
genotypes were used as the prior in the estimation of posterior probabilities for K = {1,
2,...5}. Five runs were performed at each value of K to ensure proper mixing in the
chain and consistent results. All runs used a burnin of 10° followed by 10° MCMC
iterations. Parameters assumed an admixture model in which individuals may have
mixed ancestry, and correlated allele frequencies which could account for similarity
between closely related populations. For each individual in the analysis, a probability of
membership in each cluster was estimated.

Results

Development of microsatellite loci

A total of 76 microsatellite repeat sequences were isolated from the enriched genomic
libraries. These included 53 di-, three tri-, 18 tetra- and two pentanucleotide repeats.
Based mostly on ease of PCR amplification and structure of the repeat, 18 loci were
chosen for dye-labeling of the forward primer (Table 1). All eighteen sets of dye-labeled
primers successfully amplified 10-30 individuals at target loci. Based on repeat motif,
number of alleles, observed heterozygosity, conformation to Hardy-Weinberg
expectations (Table 1), eight of these loci were chosen for large-scale genotyping (Table
2). Several dinucleotide loci showed unacceptable levels of stutter banding and were



discarded, and the chosen loci produced high quality unambiguous genotypes (Figure 2).
Primer sets consisting of four loci each allow for the most efficient utilization of the ABI
3100 since four dyes can be simultaneously loaded into each capillary. The loci chosen
for final application include two di- and six tetranucleotides. These loci exhibited a
range in polymorphism with 12 to 36 alleles at a locus and observed heterozygosities
from 0.700 and 1.000 (Table 2). Despite the presence of significant deviations from
HWE at La27a, this locus was chosen based on the repeat motif, relatively high observed
heterozygosity, and the ease of allele identification and sizing.

Table 1. Loci targeted for fluorescent dye-labeling. N = number of individuals
genotyped per locus; Hg = expected heterozygosity; Ho = observed heterozygosity;
test for HWE deviation: *** P <(.001.

Locus Repeat motif of clone N o’;l:\rl]lq(-:l?lzrs He Ho Comments
LaA-4 (AAG);3 monomorphic
LaA-12 (CA)14 30 7 0.626 0.600

LaC-16  (TC).;1(AC)g 33 10 0.890 0.939

La8 (CA)1;GA(CA),, 31 18 0.818 0.806*** null alleles
Lal3 (AG),4CG(AG),, stutter bands
La25 (TAGA) 32 21 0.939 0.906

La34 (AC)1g 32 23 0.946 0.969

La39 (CA)11 32 13 0.835 0.906

La48 (AC)1g stutter bands
Lal8a (GGAT)sGGGT(GGAT),(AGAT),, 32 36 0.976 1.000

Lal9a (GATA), 29 12 0.848 0.345*** null alleles
La20a (AGAT)sAGGTAGAT(AGGT)4 non-specific amplification
La23a (AGAT),5 41 13 0.868 0.634** null alleles
La27a (AGAT)» 20 16 0.915 0.700*** null alleles
La27a t 20 17 0.923 0.700%***

La3la (AGAT)q5 28 15 0.894 0.536*** null alleles
La36a (TAGA),6 10 5 0.784 0.200*** null alleles
La36a t 10 7 0.789 0.400***

La45a (CCAT)45 26 12 0.883 0.962

La49a (AGAT), 22 12 0.910 0.955

iDenotes the redesigned primer sets.

Significant deviations from HWE were present at six loci (including La27a) in the form
of heterozygote deficiencies. Several explanations for this departure from HWE exist,
including population substructure and the presence of null alleles. Although tests were
conducted separately for each location, it is not unexpected to find population
substructure within a geographic sample simply due to chance events. Yet null alleles,
alleles that fail to amplify due to mutations within priming sites, are reportedly common
across microsatellite loci (Callen et al. 1993) and can occur in relatively high frequencies
(Paetkau and Strobeck 1995). In addition, the presence of null alleles could significantly
affect the results of a study. Therefore, in order to err on the side of caution, departures
from HWE within a single location were considered evidence of null alleles.
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Figure 2. Stutter banding at locus Lal3 compared to peak morphologies at loci
chosen for large-scale genotyping. (a) represents a heterozygote for two alleles, the
size of both of which was ambiguous, (b) a potential homozygote, (c) and (d)
heterozygotes at LaC-16, a dinucleotide locus, and (e) and (f) heterozygotes at La25,
a tetranucleotide locus.

To address this issue further, two loci, La27a and La36a, were chosen for primer redesign
(Table 1). A small sample of previously typed individuals was genotyped using a new set
of primers for La27a and a new forward primer for La36a. At locus La27a, one
previously homozygous individual was typed as a heterozygote with redesigned primers
and one previously heterozygous individual was typed as a homozygote. At locus La36a,
two previously homozygous individuals were typed as heterozygotes with redesigned
primers. Although the sample sizes employed were not large, this result establishes the
presence of null alleles for at least two loci in this study. The frequency of nulls was
estimated to be 0.116 and 0.330 at loci La27a and La36a, respectively (Brookfield et al.
1996).



Table 2. Mutton snapper microsatellite loci. T, = annealing temperature; N =
number of individuals genotyped; A = number of alleles; Hg = expected
heterozygosity; Ho = observed heterozygosity. Test for Hardy-Weinberg
equilibrium: * P <0.05, *** P < 0.001

Locus Repest motif of clone Primer sequences (&' to 34 Tm (*C) F’Ir;:gchttslpz)e M A Hg Ha

F: GGA GGA ACC TCC TGG AAT GT

La2g (ATC T R: GTTTGC ACT TGA AGA AR AGG GTG A &3 137-235 241 38 0842 0926
F: TGC TGA GGA GCATTTGCT TT

La39 (TGl R: GTT TAAAGT CAC ATA AAC GGG GAC T 65 143179 226 15 0802 06037
F: CCT CAC TTT TGT GTG AGA CAG C

LalBa (ATGC)GTGGATGGATAG ), R: GTTATG ATT GCT AGG AGC ATC TGG 65 186-340 239 37 0964 0.963
F: CTT AGC AAG CCA ACA AAC AAT G

La27a [AGAThz R: GTTTCC AAG GTC CATTGA TCTTTAGTG 65 176-312 184 39 0933 0.856"
F: TGT CTC TTC GAAATC AAA CAC AL

La34a [AGAT)AGTG)GAGTGAGA)  RiGTTTGA GGC TTATCTGCC CCT CTC 57 230-303 238 17 0914 0008
F: AAC CAC ATC TGG CTC AAT CA

Lat5a (TCCA)s R: GTT TAG CCC CAG AGTAGG GTG AGA 62 194-254 238 15 0HA0 0BT
F: GCT GAG GCA GAA ATC ACAC

La43a (TATC) 2 (CATC)(TATC) R: GTTATG TCC ACT GAT GCC TCA ASA 85 224-312 235 19 0805 0.840
F:GGTGTT GAT TGG TCC TCTGG

LaC-16  (TC),(AC) R: GTTTGG GGT TGG TAT TCATCC AGT 56 146-164 238 10 0.853 0.834

Large-scale genotyping results
High levels of polymorphism were observed in all five populations of mutton snapper at
the eight microsatellite loci. The expected and observed heterozygosities ranged from
0.794 to 0.966 and 0.500 to 0.982, respectively (Table 3). The number of alleles detected
per locus ranged from nine to 32. As can be expected, populations with larger sample
sizes exhibited slightly increased levels of allelic diversity, with a total of 149 alleles
present in JP and only 139 in DT. Also, only two private alleles were present in DT,
while all other populations contained seven or eight. However, there were no apparent
trends towards reduced heterozygosity in populations with smaller sample sizes, and
estimations of allelic richness indicated that no single population was particularly
deficient in genetic diversity.

Seven out of 40 tests indicated significant departures from HWE (0 <P < 0.05).
Four of these significant tests occurred at locus La39, while the remaining three were
distributed across loci (Table 3). PR and BZ each exhibited significant deviations from
HWE at two of the eight loci. All locus pairs exhibited linkage equilibrium when tested
across populations. In contrast, pairwise locus comparisons within each individual
population yielded six significant tests indicating linkage disequilibrium out of a total of
140 tests (0.01 <P < 0.05). Interestingly, five of these significant tests occurred in the
PR sample.

Population Structure

Three out of 80 tests indicated significant heterogeneity in allele frequencies
between population pairs (0.01 <P <0.05). Each of these three tests included PR as
compared to JP, BZ and HN, and heterogeneity was limited to Lal8a and La39 (Fig. 3).
Tests of genotypic distributions between population pairs indicated significant
heterogeneity in two out of 80 tests (0.01 <P <0.05).



Table 3. Genetic diversity at eight microsatellite loci in five populations of mutton
snapper. N = number of genotyped individuals; A = number of alleles; A = allelic

richness; a = number of private alleles; Hg = expected heterozygosity; Ho =

observed heterozygosity; test for HWE: * P < 0.05, ** P <0.01, *** P <0.001.

Locus
Population La25 La39 Lal8a La27a La34a La45a La49a LaC-16  Overall
Belize
N 49 44 47 39 48 49 48 48
A 21 11 31 25 14 13 14 10 139
A 18.9 9.6 27.0 223 13.4 11.5 13.0 9.4 125.1
a - - 3 2 - - 2 - 7
He 0.943 0.806 0.968 0.945 0.910 0.856 0.911 0.864
Ho 0.939 0.750 0.957 0.872* 0.875 0.898 0.896 0.896*
Honduras
N 53 53 53 40 52 52 52 53
A 27 13 28 26 17 14 12 10 147
A 21.5 11.3 24.5 22.3 15.6 12.3 115 9.5 128.5
a 5 1 - 2 - - - - 8
He 0.942 0.813 0.962 0.939 0.926 0.887 0.905 0.847
Ho 0.868 0.585***  0.962 0.825 0.942 0.865 0.827 0.830
Dry Tortugas
N 38 38 38 29 38 39 38 39
A 24 11 31 19 16 13 12 9 135
A 21.8 10.3 28.1 19.0 15.4 12.0 11.3 8.7 126.6
a - 1 - 1 - - - - 2
He 0.942 0.794 0.964 0.920 0.915 0.876 0.894 0.859
Ho 0.895 0.500***  0.947 0.862 0.921 0.821 0.789 0.846
Jupiter
N 55 54 55 44 55 55 55 54
A 25 11 32 29 16 12 14 10 149
A 21.2 9.7 26.8 23.9 14.8 11.4 12.8 9.3 129.9
a 2 - 2 2 - - 1 - 7
He 0.949 0.802 0.966 0.945 0.917 0.891 0.916 0.858
Ho 0.964 0.537**  0.982 0.841 0.836 0.873 0.891 0.759
Puerto Rico
N 46 37 46 32 42 43 42 44
A 25 12 27 22 16 12 15 10 139
A 21.0 10.6 23.7 21.0 14.9 11.2 13.9 9.3 125.6
a 3 - - 1 - 1 2 - 7
He 0.934 0.771 0.956 0.937 0.911 0.873 0.908 0.846
Ho 0.957 0.622*  0.957 0.906 0.976 0.884 0.762* 0.841




La39 LalBa

Belize Belize
04 008
03 006 I [ ]
0.2 0.04 + I
0.1 0.02
0.0 - 0.00 T I
143 147 151 155 159 163 167 171 175 179 188 200 212 224 236 248 260 272 284 296 308 320 332 344
020 Honduras 020 Honduras
015 015
010 010
005 005
0.00 0.00 —“‘I-lll'r-—llll--'-llnlr'l.ll.—.—t
-0.05 -0.05
0.10 -0.10
015 +— - - - - - T T T T 0.15
143 147 151 155 159 163 167 171 175 179 188 200 212 224 236 248 260 272 284 296 308 320 332 344
020 Dry Tortugas 020 Dry Tortugas
0.15 0.15
0.10 0.10
0.05 0.05
-0.05 -0.05
0.10 0.10
015 +— - - - - - - - - - 0,15+
143 147 151 155 159 163 167 171 175 179 188 200 212 224 236 248 260 272 284 296 308 320 332 344
020 Jupiter 020 Jupiter
0.15 0.15
010 010
005 005
0.05 -0.05
0.10 0.10
0.15 T T T T T T T T T T 0.15
143 147 151 155 159 163 167 171 175 179 188 200 212 224 236 248 260 272 284 296 308 320 332 344
020 Puerto Rico 020 Puerto Rico
015 015
0.10 0.10
0.05 0.05 i
-0.05 -0.05
0.10 0.10
0.15 015
143 147 151 155 159 163 167 171 175 179 188 200 212 224 236 248 260 272 284 296 308 320 332 344

Figure 3. Allele frequencies at two microsatellite loci in five mutton snapper
populations. The absolute allele frequencies are shown for BZ, while the other four
populations are shown as the difference with the observed distribution in BZ. For each
locus: x-axis = allele size (bp) and y-axis = allele frequencies.
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Table 4. Population structure across all populations estimated with 6 (Fst) and p (Rst).

Locus p
La25 0.000 -0.003
La39 0.000 0.005
Lal8a 0.000 -0.005
La27a -0.001 0.000
La34a -0.002 -0.008
La45a 0.003 -0.003
La49a -0.005 -0.009
LaC-16 -0.004 -0.009
Overall -0.0011 -0.0041

Table 5. Pairwise comparisons of mutton snapper populations

(P-value); below the diagonal: D¢g (P-value).

BZ HN DT JP PR
-0.0024 -0.0015 -0.0016 0.0007

BZ (0.926) (0.748) (0.844) (0.312)
0.012 0.0004 -0.0035 -0.0009

HN (0.921) (0.401)  (0.995) (0.661)

0.014 0.015

-0.0023  0.0022

DT (0.842)  (0.686) (0.878)  (0.176)
0.012  0.012  0.014 -0.0001

JP (0.792)  (0.900) (0.913) (0.468)
0.017 0.014 0018  0.017

PR (0.119)  (0.747)  (0.405)  (0.096)

. Above the diagonal: Fgr

Table 6. Analysis of molecular variance (AMOVA) among groups and populations. All

tests of F-statistics were not significant.

Sogrc.e of Degrees of  Sum of Variance Variation (%)
variation (FST) freedom squares components
Among groups 1 1.714 -0.00341 -0.13
Among populations within groups 3 6.661 -0.00357 -0.14
Within populations 485 1247.596 2.57236 100.27
Total 489  1255.971 2.56538

11



All estimates of 0 (Fst) and p (Rst) across populations were less than 0.005 and
most were zero or negative values (Table 4). Pairwise comparisons of Fst ranged from
-0.0035 to 0.0022, and all values were not significant. There was a slight trend in which
pairwise comparisons involving PR exhibited the largest, albeit still small, Fsr values; the
DT with HN comparison was the exception to this trend (Table 5). An AMOVA was
performed with PR pre-defined as one group and the remaining populations comprising a
second group. The definition of groups was based on the results of previous work that
indicated Puerto Rico as a potential intermediate population between eastern and western
Caribbean genetic clusters (Baums et al. 2005). One-hundred percent of the variance was
partitioned to the within populations component (Table 6). The same result was obtained
when the analysis was performed based on the sum of squared size differences (Rsr) and
when HN was included in the first group with PR (data not shown). Pairwise genetic
distances, Dcg, were all non-significant and ranged from, 0.012 to 0.018. Again, the
largest distances were calculated for comparisons involving PR. The only discrepancy in
this trend was the DT with HN comparison. Although the results of these population-
level analyses were not significant, the tendency of the Puerto Rican population to show
the largest differences between samples supports distinction of this geographic location.

Population Assignment

Only 35 individuals (14.3%) were correctly assigned to their source populations
(Table 7). Individuals were assigned to the population in which their multilocus
genotypes exhibited the highest probability of occurrence. However, assignment
probabilities in the data set ranged from 0.0011 to 0.9416 and, for most individuals, these
values were similar across populations. Thus, this method was unsuccessful at detecting
the origin of an individual based on its multilocus genotype and population allele
frequencies. This is not surprising given the similarity in allele frequencies across
population samples. In addition, sample size appeared to highly influence the assignment
procedure, as the two largest populations, HN and JP, received the greatest number of
assignments (Table 7).

STRUCTURE identified a single genetic cluster with a posterior probability of
1.0 (Table 8). Thus, in the absence of prior information regarding the origin of individual
genotypes, posterior probabilities of the parameter, K, do not support the presence of
genetic structure within the sample of 245 individuals. When the assignment procedure
was implemented using five clusters, individuals from each population were assigned
equally well to all five (Table 9). A similar result was obtained assuming two clusters for
the assignment (Table 9). Again, this result is not particularly unexpected based on the
results of previous tests indicating that the populations conformed well to expectations of
Hardy-Weinberg and linkage equilibrium.

12



Table 7. Individual assignments of the frequency-based test. Values represent the
number (%) of individuals from the source populations in each assigned population.
Bold-faced values denote assignment to populations of origin.

Assigned Population

Source Population BZ DT HN JP PR Total

Bz 3(6.0) 7 (14.0) 16 (32.0) 23 (46.0) 1(2.0) 50 (20.4)
DT 4 (10.0) 5 (12.5) 13 (32.5) 15 (37.5) 3(7.5) 40 (16.3)
HN 6 (11.3) 11 (20.8) 10 (18.9) 21.5(40.6) 4.5(8.5) 53 (21.6)
JP 9(16.4) 11 (20.0) 18 (32.7) 14 (25.5) 3 (5.5 55 (22.4)
PR 5(10.6) 6 (12.8) 19 (40.4) 14 (29.8) 3(6.4) 47 (19.2)
Total 27 (11.0) 40 (16.3) 76 (31.0) 87.5(35.7) 145(5.9) 245

Table 8. Probability of the number of populations (K) inferred by STRUCTURE. Log
P(X|K) = In probability of the data and log P (K|X) = posterior probability.

K log P(XIK) P(KIX)
1 -9631 1.0
2 -9914 ~0.0
3 -10409  ~0.0
4 -10544  ~0.0
5 -11850  ~0.0

Table 9. Proportion of membership of each pre-defined population in clusters inferred by
STRUCTURE assuming two genetic clusters (a) and five genetic clusters (b).

Population ID Two inferred clusters Five inferred clusters

| Il | 1 1] v \
Bz 0.500 0.500 0.204 0.199 0.198 0.200 0.200
HN 0.500 0.500 0.215 0.186 0.203 0.187 0.209
DT 0.500 0.500 0.192 0.208 0.198 0.207 0.195
JP 0.500 0.500 0.201 0.200 0.200 0.200 0.199
PR 0.500 0.500 0.198 0.207 0.195 0.204 0.197
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Discussion
The null hypothesis, that sampled mutton snapper populations constitute a single
panmictic population, cannot be rejected based on the genetic pattern observed at eight
microsatellite loci across 245 individuals. Analyses ranging from population-based F-
statistics to individual-based assignment indicate that population genetic substructure is
absent from the five sample locations, ranging across approximately 2000 km.

A lack of genetic differentiation across large distances is not unique to mutton
snapper populations. Heist and Gold (2000) obtained similar results with five
microsatellite loci across 1500 km of the Gulf of Mexico for the red snapper, Lutjanus
campechanus. Genetic diversity was slightly higher in the present study; however, values
of F- and R-statistics were similar for both red and mutton snapper populations. Larval
dispersal has long been recognized as a homogenizing force in marine systems. The
pelagic larval duration (PLD) of mutton snapper is 27 to 37 days based on otolith
settlement marks (Lindeman et al. 2000), similar to that of the red snapper (28 to 30 days,
Heist and Gold 2000). This 4- to 5-week period of time spent in the water column may
facilitate long distance dispersal and, thus, genetic homogenization.

In contrast to the outcome of the present study, microsatellite loci have often been
recognized for their ability to reveal subtle genetic structure. As was previously
discussed, populations of the gorgonian coral, Pseudopterogorgia elisabethae, exhibited
significant structure across small geographic distances at six microsatellite loci
(Gutierrez-Rodriguez and Lasker 2004). Yet it must be noted that the life history of these
brooding corals is quite distinct from that of mutton snapper, which broadcast gametes in
large offshore spawning aggregations, resulting in relatively long-lived pelagic larvae.
Significant genetic structure was also detected using microsatellites in the elkhorn coral,
Acropora palmata (Baums et al. 2005). Although these corals broadcast gametes into the
water column, complex inshore currents coupled with a five- to 20-day PLD may
facilitate local retention. Thus, based on life history characteristics alone, it is not
surprising that the five mutton snapper populations exhibited genetic homogeneity.
However, it is important to recognize several caveats to the conclusion of panmixia for
mutton snapper populations based on the present study.

The range of mutton snapper across the Caribbean, in particular its large
spawning aggregations, was not sampled in its entirety. According to the only other
study employing microsatellite markers to a similar geographic range, genetic
differentiation was partitioned into eastern and western Caribbean clusters (Baums et al.
2005). Samples of elkhorn coral from Puerto Rico and Mona Island were intermediate
between the two clusters. Mutton snapper populations belonging to the eastern cluster
were not sampled, so we cannot evaluate divergence between eastern and western
Caribbean populations. Interestingly, however, there was a non-significant trend in
which PR was the most distinct of the five populations. This is apparent in the
involvement of PR in all significant tests for deviations from H-W and linkage
equilibrium, and for heterogeneity in allelic and genotypic distributions. The trend is also
present in pairwise estimates of Fsr and genetic chord distance. Due to the tendency of
larval dispersal to homogenize populations, the longer larval duration of the mutton
snapper relative to that of elkhorn coral may cause genetic structure to be more subtle in
the former. This being the case, the slight and non-significant differentiation of PR may
be consistent with the results of Baums et al. (2005). However, no definitive conclusions



can be made without the addition of eastern Caribbean populations to the mutton snapper
dataset.

Although microsatellites have proven to exhibit high resolution in numerous
studies, their application remains hindered by the disproportionate effect of very small
levels of migration on genetic divergence (Slatkin 1987). Thus, the results of genetic
surveys can greatly inflate estimations of dispersal between populations that are
demographically closed on an ecological scale. This issue of scale is apparent in the
conflicting results of studies employing alternative markers to measure local retention.
For example, significant levels of natal homing were revealed for weakfish along the
eastern coast of the United States (Thorrold et al. 2001). Sixty to 81 % of individuals
returned to spawn in the estuary of their birth. However, previous genetic studies
employing allozymes and mtDNA failed to detect any genetic structure in weakfish
sampled across a similar range. Thus, although genetic markers exhibit homogeneity
among mutton snapper populations, alternative markers (e.g. elemental signatures or
artificial tags) may reveal significant levels of local retention around spawning sites.

Management and Conservation Implications

The genetic similarity of mutton snapper populations revealed at eight
microsatellite loci implies free gene flow between populations. Hence, because the
genetic composition of each sample was so similar, it is impossible to discern between
the relative contributions of Puerto Rico, Belize, Honduras and the Dry Tortugas as
source populations for the Jupiter sample. Thus we cannot rule out the possibility that the
DTER serves as a significant source of recruits to the southeastern United States. Yet
based on the results of this study we cannot confirm that is does. It is logical to assume
that the nearest source population (i.e. Dry Tortugas) supplies the majority of recruits to
southeast Florida; however, in the absence of better resolved genetic structure, this will
remain unknown. Future attempts to estimate the relative contributions of mutton
snapper spawning aggregations to adult populations may include an increase in the
number of loci employed. This would be quite feasible given that one valuable product
of this study is enriched genomic libraries that contain countless other microsatellite loci.
An alternative strategy would involve a large increase in sample size. The addition of
individuals could increase the resolution by revealing more rare alleles that are confined
to particular locations. The development of alternative markers, such as single nucleotide
polymorphisms (SNP) or nuclear sequences, is also possible, though much more
expensive and time-consuming. Finally, the implementation of mark-recapture studies
using artificial tags could reveal the degree of site fidelity exhibited by adults as well as
the geographic range of adults that utilize a particular aggregation. This avenue of
research would also be feasible, as numerous adults could be marked at once in the
spawning aggregation.

Future Directions for Understanding Connectivity

The apparent genetic distinctiveness of the Puerto Rico population (Fig. 3)
suggests that additional genetic surveys in mutton snapper, and in other carefully selected
fisheries species, would be of great value. In particular, studies that survey both the
Antilles and Mesoamerica; that is, both the eastern and western Caribbean, are an
important next step. Such work should survey genetic variation at microsatellite loci for
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a variety of species sampled from across the Caribbean basin. Shulman and Bermingham
(1995) used mitochondrial DNA restriction fragment length polymorphism and found
significant population structure in 3 reef fish species. Future work with newer high
resolution markers should enable the detection of the more subtle population structure
that can be expected for species with high dispersal potentials. The goal of such a study
would be to understand the dominant dispersal corridors, most likely driven by the major
surface current patterns, and hence to predict connectivity between potential MPA sites
across the Caribbean. Species exhibiting a range of dispersal potentials, in particular
species with minimal pelagic larval durations (PLDs), should also be incorporated into
this work. The range of estimated PLDs surveyed in Shulman and Bermingham (1995)
averaged from 15 to 81.5 days. In order to increase the potential for evaluating genetic
connectivity, future work should include commercially valuable species but also fishes
with very low dispersal powers (e.g. gobies). Such species could be used as “indicator
species” to infer broad patterns of connectivity that are likely to also influence
demographic connectivity between populations of commercially targeted species, like
snappers and groupers.
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