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GENETIC ANALYSIS OF WHITE MARLIN
(TETRAPTURUS ALBIDUS) STOCK STRUCTURE

John E. Graves and Jan R. McDowell

ABSTRACT

The genetic basis of stock structure of white marlin (Tetrapturus albidus Poey,
1860) was inferred from analyses of five tetranucleotide repeat microsatellite loci
(n = 214) and the mitochondrial (mt)DNA control region (n = 99) of white marlin
from four geographic regions in the Atlantic Ocean. Considerable genetic variation
was present in all collections for all molecular markers. Analysis of replicate collec-
tions taken in different years from three regions revealed no significant differences
in the distribution of allele frequencies among years within regions. The value of
global F-statistics for both multilocus microsatellite data and mtDNA control re-
gion sequences approached significance (0.0022, P = 0.057, and 0.0163, P = 0.069,
respectively). Pairwise comparisons of regional collections based on microsatellite
data revealed one significant comparison (western North Atlantic vs western South
Atlantic), as did pairwise comparisons of mtDNA control region values (western
North Atlantic vs Caribbean), and inferences from analysis of molecular variance
(AMOVA) differed between mitochondrial and nuclear markers. However, there
was a general trend for increased genetic divergence with increased geographic
separation for both sets of markers. While these results are consistent with current
management of white marlin as a single stock, the observation of significant hetero-
geneity warrants further analysis.

White marlin (Tetrapturus albidus Poey, 1860) are distributed throughout the
tropical and subtropical waters of the Atlantic Ocean and adjacent seas, occurring
between 45°N and 45°S (Nakamura, 1985). The species supports a directed recre-
ational fishery throughout its range and is also targeted by localized artisanal fisher-
ies; however, the majority of white marlin fishing mortality results from interactions
with the pelagic longline fishery that targets tunas and swordfish. While white mar-
lin represent a minor by-catch of this fishery, the sheer number of longline hooks
deployed on an annual basis results in substantial white marlin mortality (ICCAT,
2003).

White marlin catches increased dramatically with the inception of the high seas
pelagic longline fishery in the early 1960s, peaking at 4911 metric tons (mt) in 1965
(ICCAT, 2005). Over the next few years, catches of white marlin rapidly declined to
about 2000 mt, and between 1970 and 1995, the reported annual catches of white
marlin fluctuated between 1000 and 2000 mt. Since the mid 1990s, reported catches
of white marlin have gradually decreased to about 600 mt annually.

White marlin are managed by the member countries of the International Com-
mission for the Conservation of Atlantic Tunas (ICCAT). At the 2002 white marlin
stock assessment workshop, ICCAT’s Standing Committee for Research and Statis-
tics (SCRS) used a variety of model and data set combinations to estimate population
biomass for the species. As expected, these methods provided a wide range of results
regarding stock status, but the majority of analyses indicated the stock was seriously
overexploited. The continuity case assessment, which employed a model and data set
combination similar to those used in previous assessments, indicated the current
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(2000) biomass to be 12% of that needed to produce maximum sustainable yield (IC-
CAT, 2003).

Despite the economic importance of the white marlin resource and the current
depleted status of the stock, little is known about the stock structure of the species.
Historically, ICCAT’s SCRS considered two different stock models for white marlin:
a single Atlantic stock, and distinct North Atlantic and South Atlantic stocks sepa-
rated at 5°N. The two-stock model was supported by the distribution of catches of
white marlin in the early years of the fishery in areas north and south of the equator
(Uozumi and Nakano, 1994), the occurrence of seasonally displaced spawning in the
northern and southern hemispheres, and a lack of trans-equatorial movements by
tagged fish (Nakamura, 1985; Scott et al., 1990). A dividing line of 5°N was chosen
as it coincided with ICCAT statistical areas. However, the validity of the two-stock
model has been questioned as expansion of the pelagic longline fishery within the
equatorial region demonstrated the presence of white marlin in this area throughout
the year. In addition, analysis of Japanese longline data does not indicate a break in
catch per unit effort values in this region (Uozumi and Nakano, 1994). Furthermore,
long distance recaptures of white marlin tagged in the western North Atlantic dem-
onstrate movement across the proposed stock boundary at 5°N as well as trans-At-
lantic movements (Scott et al., 1990; Jaen and Jaen, 1994; Ortiz et al., 2003).

There have been few genetic analyses of white marlin stock structure. Edmunds
(1972) analyzed variation of seven blood and tissue proteins from more than 100
white marlin collected in the mid-Atlantic Bight, Gulf of Mexico, and Caribbean Sea.
On the basis of the distribution of alleles among samples, the null hypothesis that
white marlin comprise a common gene pool could not be rejected. More recently,
Graves and McDowell (2001, 2003) employed restriction fragment length polymor-
phism (RFLP) analysis of mitochondrial (mt)DNA to evaluate stock structure within
white marlin. Analysis of 226 individuals from four geographically distant locations
in the Atlantic revealed much more variation than the earlier analysis of blood and
tissue proteins; however, the RFLP variation was distributed homogeneously across
the sampling locations. This result contrasted sharply with the significant heteroge-
neity demonstrated by the same technique among geographically distant samples
of the closely related striped marlin, Tetrapturus audax (Philippi, 1887), within the
Pacific Ocean (Graves and McDowell, 1994).

While RFLP analysis of mtDNA reveals considerable variation within white mar-
lin, there are several other classes of molecular markers with higher levels of genetic
resolution that can be used to test for stock structure. Recently, analyses of hyper-
variable gene regions such as nuclear microsatellite loci and mtDNA control region
sequences have been used to evaluate stock structure of istiophorid billfishes (Buon-
nacorsi et al., 2001; McDowell, 2002; Graves and McDowell, 2003) as well as a host of
other large pelagic fishes including bluefin tuna [Thunnus thynnus (Linnaeus, 1758)]
(Broughton and Gold, 1997; Alvarado Bremer et al., 1999; Takagi et al., 1999; Ely
et al., 2002; Carlsson et al., 2004), yellowfin tuna [Thunnus albacares (Bonnaterre,
1788)] (Appleyard et al., 2001), bigeye tuna [Thunnus obesus (Lowe, 1839)] (Alvarado
Bremer et al., 1998; Martinez et al., 2006), albacore [Thunnus alalunga (Bonnaterre,
1788)] (Chow et al. 2000; Vinas et al. 2004) and swordfish (Xiphias gladius Linnaeus,
1758) (Alvarado Bremer et al., 1996; Rosel and Block, 1996; Reeb et al., 2000). In the
present study, we surveyed genetic variation at five tetranucleotide repeat microsat-
ellite loci and the mtDNA control region within collections of white marlin from
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four geographically distant regions in the Atlantic Ocean, as well as from collections
of animals taken in the same region in different years, to evaluate the null hypoth-
esis that white marlin comprise a single, genetically homogeneous stock within the
Atlantic Ocean.

MATERIALS AND METHODS

White marlin were collected from four major geographic regions: the western North Atlan-
tic (WNA; U.S. mid-Atlantic), the Caribbean Sea (CAR; Dominican Republic and Venezuela),
the western South Atlantic (WSA; southern Brazil) and the eastern Atlantic (EA; Morocco)
between 1992 and 2003 (Table 1). Samples consisted of either heart tissue removed after cap-
ture, cooled on ice, and stored at —80 °C, or white muscle preserved in 0.25mM EDTA pH 8.0,
20% DMSO, and saturated NaCl (Seutin et al., 1991) at room temperature.

DNA was isolated using either a phenol-chloroform (Sambrook and Russel, 2001), or a pro-
teinase K-chelex extraction (Estoup et al., 1996). Five microsatellite loci originally developed
for use in the blue marlin, Makaira nigricans (Lacépede, 1802); Mn01, Mn08, Mnl10, Mn60,
and Mn90, were amplified using the parameters outlined in Buonaccorsi and Graves (2000).
Microsatellite loci were analyzed on a Li-Cor 4200 Global IR* automated sequencer (Li-Cor,
Lincoln, NE). A 50-350 base pair (bp) size standard (Li-Cor, Lincoln, NE) was loaded onto
each end and the center of each gel to determine allele sizes. To ensure identical scoring of
alleles at a locus across gels, between four and eight lanes of each run consisted of samples for
which allele sizes were known. Approximately 20% of the samples were re-run to verify that
alleles could be consistently scored. Alleles were scored using the GenImagIR 4.05 software
(Scanalytics Inc., Fairfax, VA).

An 834 bp fragment of the mtDNA control region was amplified from subsets of 20 or more
individuals from each of the four sampling locations using the Pro-5 and 12SAR-3 primers
(Palumbi, 1996). Primers were modified to include M13 tails. Amplified products were se-
quenced on a Li-Cor 4200 Global IR? system using IRD-800-labelled forward primer M13F

Table 1. White marlin (Tetrapturus albidus) collection information, including the number of in-
dividuals assayed for variation at five microsatellite loci (microsatellites) and the mitochondrial
DNA control region sequence (mtDNA).

Microsatellites mtDNA

Western North Atlantic

Cape May, NJ 1992 14 8

Cape May, NJ 1993 20 5

Cape May, NJ 1994 22 5

Cape May, NJ 1995 18 0

Cape May, NJ 2003 0 2
Total: 74 20
Caribbean

Dominican Republic 1992 16 16

Cumana, Venezuela 1996 25 20
Total: 41 36
Western South Atlantic

Santos, Brazil 1993 45 9

Santos, Brazil 1995 18 11
Total: 63 20

Eastern Atlantic

Morocco 1995 36 23

Total 214 99
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(-=29), IRD-700-labelled reverse primer M13R (both from Li-Cor, Lincoln, NE), and an inter-
nal reverse primer designed specifically for the teleost control region (CCA TCT TAA CAT
CTT CAG TG; S. Boles, Virginia Institute of Marine Science, unpubl.). Standard chromato-
graphic curves of forward and reverse sequences were imported into the program Sequencher
4.2.2 (Gene Codes Corp., Ann Arbor, MI) aligned, and edited. A consensus of forward and
reverse sequences was created and exported to the program MacVector 7.2.3 (Oxford Molec-
ular LTD, Madison, WI). An alignment was created using ClustalW (Thompson et al., 1994),
and adjusted by eye.

The program Arlequin 3.0 (Excoffier et al., 2005) was used to calculate haplotype diversity
(h) and nucleotide diversity (i) for the mtDNA control region sequence data, and PAUP* 4.0
(Swofford, 2000) was used to generate a UPGMA tree based on the Tamura-Nei (1993) dis-
tance. DNASP 4.10 (Rozas et al., 2003) was used to estimate the nearest-neighbor statistic,
S.. (Hudson, 2000) for the mtDNA control region sequences using 10,000 permutations with
gaps excluded. The S__statistic measures how often the nearest neighbors in sequence space
are from the same locality in geographical space and is particularly appropriate when haplo-
type diversity is large and sample sizes are small (Hudson, 2000).

MICRO-CHECKER 2.2.3 (Van Oosterhout et al., 2004) was used to check for the presence
of null alleles and evidence of scoring errors due to stuttering and large allele drop-out in
the microsatellite data. GENEPOP 3.1b (Raymond and Rousset, 1995) was used to perform
exact tests (10,000 iterations; Guo and Thompson, 1992) for deviations of genotypic distri-
butions from the expectations of Hardy-Weinberg equilibrium, to calculate observed (H,)
and expected (H,) heterozygosities, and to test for heterozygote excess and deficiencies. To
control for Type I error due to replicated testing, significance of single locus Hardy-Wein-
berg values was corrected using the sequential Bonferroni method (Rice, 1989). The program
FSTAT 2.9.3 (Goudet, 1995) was used to estimate allelic richness per locus and sample (Rs) to
allow comparison of the number of alleles independent of sample size for microsatellite data.
A principal component analysis (PCA) was performed on the multilocus microsatellite data
using the program PCAGEN 1.2 (J. Goudet, unpubl., http://unil.ch/izea/softwares/pcagen.
html). Populations were ordinated according to the firstand second axes. The percent inertia
of each PCA axis and its respective P value were assessed by performing 10,000 randomiza-
tions of genotypes.

The Arlequin 3.0 software package (Excoffier et al., 2005) was used to estimate Weir and
Cockerhams’s (1984) unbiased estimator of Wright’s F-statistics (F;) and ® . (an mtDNA
analogue for Fos Excoffier et al., 1992) and for hierarchical E. and D analyses (AMOVA,
10,100 permutations) on both microsatellite and mtDNA sequence data. The ® . analyses
were performed using a matrix of Tamura and Nei (1993) distances. Variance was partitioned
to individuals within temporal samples, temporal samples within geographical areas, and
among geographical areas. Arlequin was also used to determine whether increased pair-
wise genetic differentiation between samples was correlated with geographic distance using
Mantel tests. Spatial analysis of molecular variance (SAMOVA; Doupanloup et al., 2002) was
used to verify that we had identified the grouping that maximized F_,, setting the number of
groups of populations to identify (k) = 2 and 3 for the microsatellite data.

REsuLTs

MicrosATELLITE Locr.— All five microsatellite loci revealed considerable varia-
tion. For the combined data set of 214 individuals the number of alleles ranged from
14 (Mn0I) to 31 (Mn60), and mean collection heterozygosities ranged from 0.838
(EA) to 0.892 (WSA) (Table 2). The distribution of genotypes was consistent with the
expectations of Hardy-Weinberg equilibrium for each of the five loci in all nine col-
lections (data not shown) and there was no evidence for null alleles or scoring errors
at any locus. When temporal collections within the four regions were combined, 19


http://unil.ch/izea/softwares/pcagen.html
http://unil.ch/izea/softwares/pcagen.html

GRAVES AND MCDOWELL: GENETIC ANALYSIS OF WHITE MARLIN STOCK STRUCTURE 473

Table 2. Summary statistics for five microsatellite loci among white marlin collections from west-
ern north Atlantic (WNA), Carribbean (CAR), Western South Atlantic (WSA), and Eastern Atlan-
tic (EA). N is the number of individuals; A is the number of alleles; Rs is allelic richness per locus
and sample; RPT range is size range in number of repeats; H;, is expected heterozygosity; H is
observed heterozygosity; HW is probability of concordance with Hardy-Weinburg expectations.
Values in bold are significant after correction for multiple tests (initial o = 0.05/5 =0.01).

Locus
Sample MNO1 MNO8 MNI10 MN60 MNO90
WNA
N 74 74 74 72 71
A 11 22 13 19 18
Rs 9.51 20.02 10.13 15.47 14.3
RPT range 12-26 10-34 13-35 11-62 47-90
H, 0.805 0.944 0.836 0.897 0.901
H, 0.783 0.971 0.855 0.797 0.927
HW 0.239 0.418 0.803 0.035 0.526
CAR
N 41 41 41 41 39
A 10 20 12 11 13
Rs 9.75 19.59 11.59 10.86 12.84
RPT range 12-23 10-31 13-25 15-25 48-76
H, 0.840 0.948 0.820 0.890 0.902
H, 0.875 0.900 0.825 0.900 0.923
HW 0.899 0.199 0.896 0.109 0.353
WSA
N 63 63 63 63 62
A 12 26 12 25 19
Rs 11.13 23.34 10.51 19.93 15.85
RPT range 12-27 4-32 13-38 13-74 18-98
H, 0.844 0.948 0.813 0.902 0.910
H, 0.758 0.968 0.871 0.910 0.952
HW 0.006 0.577 0.791 0.273 0.898
EA
N 36 36 36 36 36
A 8 18 11 16 14
Rs 8.00 18.00 11.00 16.00 14.00
RPT range 15-22 10-43 10-21 12-30 48-90
H, 0.412 0.468 0.421 0.450 0.442
H, 0.361 0.430 0.389 0.472 0.444
HW 0.107 0.101 0.326 0.700 0.133

of 20 locus/collection combinations had genotypic distributions consistent with the
expectations of Hardy-Weinberg equilibrium. A significant departure (heterozygote
deficiency) was noted for Mn01 in the WSA collection. Genotypic data for all loci
were included in subsequent analyses.

Replicate collections of white marlin were obtained from three regions: WNA,
CAR, and WSA. None of the pairwise F values between the four temporal collec-
tions from the WNA, two temporal samples from the CAR, or two temporal samples
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Table 3. Genetic relationships of white marlin collections. The lower matrix consists of pairwise
FST values based on microsatellite data and the upper matrix of pairwise ® . values for mtDNA
sequences based on the Tamura-Nei (1993) distances. All temporal samples combined. Signifi-
cance values (in parentheses) are based on 10,000 permutations.

WNA CAR WSA EA
WNA e 0.040 0.032 —-0.012
(0.045) (0.081) (0.802)
CAR 0.0023 - 0.011 0.005
(0.097) (0.225) (0.243)
WSA 0.0041 0.0018 - 0.02
(0.017) (0.179) (0.081)
EA 0.0043 0.0023 (0.0034) -
(0.059) (0.228) (0.059)

from the WSA was significantly different from 0 (P = 0.55, P = 0.75, and P = 0.11,
respectively). Based on the observed homogeneity among annual collections within a
region, temporal samples were combined to increase the power of subsequent spatial
analyses.

Variation across the four regional collections was consistently high and there was
a trend for slightly higher variation in the WSA than the other three geographic
samples. For example, the average allelic richness in the WSA collection was 16.15,
compared to 13.89 in the WNA, 12.93 in the CAR, and 13.40 in the EA. This trend
was also evident for each locus individually (Table 2).

The mean number of pairwise repeat differences between randomly selected al-
leles in each collection ranged from 4.35 (CAR) to 4.41 (WSA). These values were
about the same magnitude as the mean number of pairwise repeat differences be-
tween alleles randomly selected from different collections. As a result, the net (cor-
rected) pairwise differences between collections were negligible, ranging from 0
(NWA/CAR) to 0.019 (NWA/EA). F values for the combined five microsatellite loci
between collections ranged from 0 (WNA/CAR) to 0.004 (WNA/WSA and WNA/
EA). Of the six comparisons, only the value between the WNA and WSA was signifi-
cant (P = 0.017; Table 3). Global F_ values for individual microsatellite loci were all
nonsignificant while the multilocus global F. (all loci over all collections) of 0.0022
approached significance (P = 0.057).

Hierarchical analysis of molecular variance was used in an exploratory manner to
evaluate population structuring among the four collection locations for the combined
microsatellite loci. These included comparisons of North Atlantic (WNA, CAR, and
EA) vs South Atlantic (WSA), and western Atlantic (WNA, CAR, and WSA) vs east-
ern Atlantic (EA). In both cases, the component of variance attributable to between
regional groups was minimal (< 0.2227%; Table 4). Similarly, the F value between
groups was extremely small (< 0.003), although it was significantly different from 0 (P <
0.001) for the North Atlantic vs South Atlantic comparison. AMOVAs involving three
regional groupings (WNA/CAR vs WSA vs EA; WNA vs CAR/WSA vs EA; and WNA
vs CAR vs WSA/EA) also revealed low levels of between-region variance although the
value for the WNA/CAR vs WSA vs EA was significantly different from 0. Inspection
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of AMOVAS run for each microsatellite locus individually (data not shown) produced
qualitatively similar results.

The SAMOVA analysis indicated that the North Atlantic vs South Atlantic com-
parison maximized microsatellite allele genetic divergence between groups, as noted
in the AMOVA analysis described above. When the a priori number of groups was
set to three in the SAMOVA analysis F .. was maximized at 0.015 (P = 0.078) for the
WNA/CAR vs WSA vs EA comparison. This value was lower than that calculated
for the North Atlantic vs South Atlantic comparison, suggesting that a two-group
scenario is more appropriate.

We used a Mantel test to evaluate the correlation of pairwise genetic differences
between the four geographic samples with geographic distance. The correlation ap-
proached significance (P = 0.085), a result that would be consistent with an isola-
tion-by-distance model. PCA analysis of the microsatellite data indicated a lack of
genetic structuring among the four regional collections. The first principal compo-
nent explained 22.77% of the variance among the collections and was not significant
(P = 0.49).

MTDNA CoNTROL REGION.—The mtDNA control region was sequenced from 99
individuals chosen arbitrarily to include representatives from temporal replicates
within a collection location (Table 1). The 834 bp gene region had 758 sites excluding
gaps, and 234 variable sites. A total of 90 haplotypes (Genbank accession numbers
DQ835191-DQ835281) was represented by the 99 individuals (haplotypic diversity =
0.9979, nucleotide diversity = 0.0320).

Diversity was high in all collections and the mean number of pairwise differences
between individuals randomly drawn from a collection ranged from 21.9 (WNA)
to 27.4 (WSA). These values were similar to those between randomly selected indi-
viduals from different collections. Consequently, the corrected mean pairwise differ-
ences between collection values were relatively small, ranging from 0 (WNA/EA) to
1.07 (WNA/CAR). The global @ based on Tamura-Nei (1993) distances was 0.0163,
a value that approached significance (P = 0.069). Pairwise @ values ranged from 0
(WNA/EA) to 0.039 (WNA/CAR), and only the WNA/CAR was significantly dif-
ferent from 0 (Table 3). Visual inspection of a UPGMA clustering of the 90 different
mtDNA control region sequences (Fig. 1) did not indicate an association between
similar haplotypes and collection location, nor did the nearest-neighbor statistic
(S,,) reveal a significant non-random association between mtDNA sequence similar-
ity and geographic location; S_ = 0.314, P = 0.149.

As with the microsatellite data, exploratory analyses of molecular variance were
performed to gain insight into population structuring. Comparison of North Atlan-
tic vs South Atlantic collections and western Atlantic vs eastern Atlantic collections
did not reveal a significant component of variance attributable to between group
differences. Similarly, none of comparisons involving three groups (WNA/CAR vs
WSA vs EA; WNA vs CAR/WSA vs EA; and WNA vs CAR vs WSA/EA) yielded a
significant between group component of variance (Table 4).

The SAMOVA analysis indicated that a three group comparison maximized ge-
netic divergence. The highest F . (0.013, P = 0.007) was observed in the comparison
of WNA vs EA/CAR vs WSA.
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Figure 1. UPGMA clustering of white marlin mtDNA control region sequences based on Tamura-
Nei (1993) distances.

DiscussioN
To effectively test the null hypothesis that white marlin comprise a single, homo-

geneous gene pool within the Atlantic Ocean, the molecular characters surveyed
should be sufficiently variable to allow a rigorous analysis of the spatial and temporal
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Table 4. Analysis of molecular variance (AMOVA) among regions and collections within regions
(temporal samples combined) for white marlin based on the distribution of alleles (F,) for micro-
satellite data and Tamura-Nei (1993) distances for DNA sequence data. Significance was assessed
using 10,100 permutations. WNA = western North Atlantic, CAR = Caribbean, WSA = western
South Atlantic, EA = eastern Atlantic, N = North, and S = South.

Microsatellites Source of variation (Fy) % Variation Fixation index Significance (P)
NvsS Among regions 0.27 0.00274 < 0.0001
Among colls/regions 0.06 0.0006 0.0035
Evs W Among regions 0.22 0.0022 0.2536
Among colls/regions 0.13 0.00131 0.0288
WNA/CAR Among regions 0.7 0.00698 < 0.0001
vs WSA vs EA Among colls/regions -0.36 —-0.00361 0.0155
WNA vs EA Among regions 0.04 0.00043 0.1659
vs CAR/WSA Among colls/regions 0.18 0.00181 0.2476
WNA vs CAR Among regions -0.15 —-0.00149 0.4956
vs WSA/EA Among colls/regions 0.34 0.00344 0.2502
mtDNA Source of variation (Fy) % Variation Fixation index Significance (P)
NvsS Among regions 0.69 0.00691 0.7511
Among colls/regions 1.32 0.01333 0.0691
Evs W Among regions -2.44 —-0.02437 0.75396
Among colls/regions 2.87 0.02803 0.02495
WNA/CAR Among regions -2.83 0.02826 0.83584
vs WSA vs EA Among colls/regions 3.93 0.03824 0.08931
WNA vs EA Among regions 0.14 0.00136 0.33515
vs CAR/WSA Among colls/regions 1.55 0.01556 0.03752
WNA vs CAR Among regions -0.51 —-0.0051 0.50376
vs WSA/EA Among colls/regions 2.11 0.02099 0.11267

partitioning of genetic variation. In the present study, the five nuclear microsatellite
loci and the mtDNA control gene region exhibited high levels of variation. In fact,
using these molecular markers, no two fish shared the same genotypes at all six loci.
This level of variation is considerably greater than that reported in previous genetic
analyses of white marlin stock structure, which surveyed proteins (Edmunds, 1972)
and mtDNA restriction fragments (Graves and McDowell, 2001, 2003). However,
with increased levels of variation, larger sample sizes are required to determine al-
lele frequencies with the same degree of precision. Thus the power of some analyses
in the present study, especially those involving the smaller temporal samples, is con-
strained by limited sample sizes.

The temporal stability of genetic variation was evaluated in three of the four sam-
pling regions, including four collections from the WNA, two from the CAR, and
three from the WSA. Significant heterogeneity was not observed in the distribu-
tion of microsatellite allele frequencies among the temporal collections at any of the
three locations; however, as noted above, the small sample sizes of most temporal
replicates limited the power of the analyses to reveal differences among annual col-
lections. A previous analysis of white marlin stock structure using a less variable
molecular marker, found no significant heterogeneity of mtDNA/RFLP haplotypes
between fairly robust annual collections (n = 28 and 35) from southern Brazil (Graves
and McDowell, 2001). As significant differences were not found among temporal rep-
licates within a region in the present study, the annual collections were combined
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to increase the statistical power of subsequent analyses of the spatial distribution of
genetic variation.

Together, the various analyses of the microsatellite and mtDNA control region
data reveal some significant spatial heterogeneity among geographically distant col-
lections of white marlin, but there is a lack of concordance among the two classes of
molecular markers and different types of genetic analyses. One of the six pairwise
comparisons of the combined five microsatellite loci resulted in a significant F_ val-
ue (WNA vs WSA) and one of the six mtDNA control region sequences comparisons
resulted in a significant ®_ value (WNA vs CAR). Neither the global microsatellite
F,, nor global mtDNA control region ®_ values were significantly different from
0, although both values approached significance. Exploratory clustering of region-
al collections resulted in two significant AMOVAs for the microsatellite data, the
North Atlantic collections (WNA, CAR, and EA) vs the South Atlantic (WSA) and
WNA/CAR vs WSA vs EA. In contrast, the same groupings for the mtDNA control
region data resulted in non-significant AMOVAs (P = 0.75, P = 0.84, respectively).
The SAMOVA analysis indicated that of the possible groupings, microsatellite allele
genetic divergence was maximized in the North Atlantic vs South Atlantic com-
parison. In contrast, mtDNA control region genetic divergence was maximized in
a three group comparison involving the WNA vs CAR/EA vs WSA. Together, these
results suggest that if population structuring exists, it is relatively weak and difficult
to discern with the current sample sizes. O’Reilly et al. (2004) noted a negative cor-
relation between microsatellite allele variation and F values. Thus the high levels of
microsatellite polymorphism in this study coupled with relatively small sample sizes
may have hindered detection of significant differences. Similarly, the power of the
SAMOVA analysis to retrieve the appropriate number of groups is decreased when
the differences between groups are weak (Doupanloup et al., 2002). Whether the lev-
els of heterogeneity observed in this study are the result of sampling error, isolation
by distance, or discrete stocks that were mixed at the time of sampling, cannot be
determined at this time. Analysis of larger sample sizes is clearly warranted.

The observed level of genetically based stock structure within the white marlin
contrasts with the high levels of heterogeneity observed among collections of striped
marlin in the Pacific Ocean. RFLP analysis of mtDNA demonstrated significant
spatial partitioning of genetic variation among geographically distant collections of
striped marlin (Graves and McDowell, 1994), but not in white marlin (Graves and
McDowell, 2001, 2003). More recently, analysis of striped marlin microsatellite loci
and mtDNA control region sequences demonstrated significant heterogeneity be-
tween collections from throughout the Pacific Ocean for both classes of molecular
markers (McDowell and Graves, in press). This included highly significant global F_,
and @ values, and consistent differences for both classes of molecular markers in
many of the pairwise comparisons. While principal components analysis of micro-
satellite data did not indicate any discernable population structure in white marlin,
a similar analysis revealed considerable structuring in striped marlin. In white mar-
lin, the first principal component explained 22.77% of the genetic diversity and was
not significant. Whereas in striped marlin, the first and second principal compo-
nents were significant and explained 29.81% and 20.86% of the variance, respectively.
White marlin and striped marlin are very closely related genetically (Finnerty and
Block, 1995; Graves and McDowell, 1995) and a large difference in levels of popula-
tion structuring within each species was not expected. Whether the difference in
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levels of population structuring results from a much greater range for striped marlin
in the Pacific Ocean relative to the white marlin in the Atlantic Ocean, or behavioral
differences between the two species, cannot be determined at this time. Addition-
al information on the movements and spawning site fidelity of these two species is
needed to understand the reasons for differences in stock structure.

The results of this study and previous studies of white marlin stock structure (Ed-
munds, 1972; Graves and McDowell 2001, 2003) are not inconsistent with the null
hypothesis that white marlin exhibit sufficient gene flow throughout their range to
prevent the accumulation of significant genetic divergence. However, as one cannot
prove the null hypothesis, it is possible that genetically based stock structure exists
and as a result of sampling error, uninformed sample design, or a lack of statistical
power due to limited sample sizes, we were unable to detect those differences. The
occurrence of significant heterogeneity in some of these present analyses, and the
near significance of some others, indicates that further investigation is warranted.

White marlin are not abundant in most areas of the Atlantic, and obtaining even
modest sample sizes requires considerable effort. However, as noted above, larger
sample sizes are required to increase the power of genetic analyses, and this is espe-
cially important for studies using hypervariable molecular markers. Increased num-
bers of microsatellite loci will also enhance the power of future analyses. In addition,
a greater consideration should be given to sample design. If discrete stocks of white
marlin exist, it is likely that they are separated (either spatially or temporally) at the
time of spawning. Therefore, to have the greatest chance of elucidating stock struc-
ture, if it exists, it would be prudent to collect animals in spawning condition or
larvae from known spawning areas (Graves et al., 1996; Carlsson et al., 2004, Bowen
et al,, 2005).

The results of the present study of white marlin stock structure, as well as previous
aforementioned studies, are consistent with the hypothesis that there is sufficient
gene flow throughout the Atlantic to prevent the accumulation of significant genetic
differences. White marlin are highly migratory animals, and as such, are capable of
interacting with conspecifics over a large geographic range, a behavior that would
promote gene flow. Conventional tagging of white marlin, conducted primarily in
the western North Atlantic, has demonstrated trans-Atlantic movements of some
individuals, but also a strong pattern of seasonal site fidelity for others. In addition,
considerable connectivity has been shown between white marlin in the Gulf of Mex-
ico, the U.S. mid-Atlantic and Venezuela, as well as between Venezuela and Brazil
(Scott et al.,, 1990; Jaen and Jaen, 1994; Ortiz et al., 2003). Tagging of white marlin
captured outside of the western North Atlantic will be necessary to elucidate move-
ments among other geographic locations within the Atlantic, but the vagility of this
species provides a means to facilitate genetic connectivity throughout the Atlantic
Ocean.

Understanding the stock structure of white marlin is necessary for proper assess-
ment and management of the species. In previous assessments, ICCAT has con-
sidered both two stock and single stock models for white marlin. The results from
highly variable microsatellite loci and mtDNA control region sequences surveyed
in the present study, as well as proteins (Edmunds, 1972) and mtDNA restriction
fragments (Graves and McDowell 2001, 2003) surveyed in previous studies, are most
consistent with a single, Atlantic-wide stock of white marlin. The genetic inference is
supported by the geographical distribution of the species over time (Uozumi and Na-
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kano, 1994), its high vagility (Ortiz et al., 2003), and the fact that spawning is broadly
distributed in both space and time (Nakamura, 1985). Thus, at the present time, the
biological and genetic data suggest that a single, Atlantic-wide stock of white marlin
is most appropriate for the purposes of management. This is contribution number
2782 of the Virginia Institute of Marine Science.
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