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GEOGRAPHIC DISTRIBUTION OF MOLECULAR VARIANCE WITHIN THE BLUE
MARLIN (MAKAIRA NIGRICANS): A HIERARCHICAL ANALYSIS OF ALLOZYME,

SINGLE-COPY NUCLEAR DNA, AND MITOCHONDRIAL DNA MARKERS
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Abstract.—This study presents a comparative hierarchical analysis of variance applied to three classes of molecular
markers within the blue marlin (Makaira nigricans). Results are reported from analyses of four polymorphic allozyme
loci, four polymorphic anonymously chosen single-copy nuclear DNA (scnDNA) loci, and previously reported re-
striction fragment length polymorphisms (RFLPs) of mitochondrial DNA (mtDNA). Samples were collected within
and among the Atlantic and Pacific Oceans over a period of several years. Although moderate levels of genetic variation
were detected at both polymorphic allozyme (H = 0.30) and scnDNA loci (H = 0.37), mtDNA markers were much
more diverse (h = 0.85). Allele frequencies were significantly different between Atlantic and Pacific Ocean samples
at three of four allozyme loci and three of four scnDNA loci. Estimates of allozyme genetic differentiation (6,) ranged
from 0.00 to 0.15, with a mean of 0.08. The 6, values for scnDNA loci were similar to those of allozymes, ranging
from 0.00 to 0.12 with a mean of 0.09. MtDNA RFLP divergence between oceans (8, = 0.39) was significantly
greater than divergence detected at nuclear loci (95% nuclear confidence interval = 0.04-0.11). The fourfold smaller
effective population size of mtDNA and male-mediated gene flow may account for the difference observed between
nuclear and mitochondrial divergence estimates.
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The influence of selection, mutation rate, sex-biased mi-
gration, and effective population size on patterns of genetic
variation within a species must be considered to reconcile
data from various molecular markers. Notably different dis-
tributions of nuclear and mitochondrial DNA variation were
detected within the American oyster (Crassostrea virginica),
Atlantic cod (Gadus morhua), and green sea turtle (Chelonia
mydas). In the American oyster, the geographic partitioning
of genetic variation along the U.S. mid-Atlantic coast was
much less pronounced in allozymes (Buroker 1983) relative
to single-copy nuclear DNA (scnDNA; Karl and Avise 1992)
or mitochondrial DNA markers (mtDNA; Reeb and Avise
1990), which suggests that balancing selection affected the
allozyme polymorphisms (Karl and Avise 1992). However,
a subsequent scnDNA study detected no difference in genetic
divergence between scnDNA and allozyme loci in oysters
also taken from mid-Atlantic and Gulf locations (McDonald
et al. 1996). The discrepancy between the two scnDNA stud-
ies has led some authors to speculate that large variance in
scnDNA population divergence estimates resulted from link-
age of scnDNA loci to regions influenced by selective forces
(FitzSimmons et al. 1997a).

In Atlantic cod, highly variable nuclear restriction frag-
ment length polymorphisms (RFLPs; Pogson et al. 1995),
single-locus minisatellite (Galvin et al. 1995), and micro-
satellite DNA markers (Bentzen et al. 1996) exhibited sig-
nificant heterogeneity among populations across the North
Atlantic and across the Scotian shelf. These findings contrast
to those based on less polymorphic allozyme (Mork et al.
1985) and whole molecule mtDNA RFLP studies (Arnason
et al. 1992; but see Dahle 1991) in the same species. Dif-
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ferences in the amount of population structure detected within
and among marker classes in Atlantic cod have been attri-
buted alternatively to balancing selection on allozyme poly-
morphisms (Pogson et al. 1995), directional selection on al-
lozyme polymorphisms (Mork et al. 1985), directional se-
lection on sites linked to scnDNA loci (Pogson et al. 1995),
and increased discriminatory power in markers with higher
mutation rates (Galvin et al. 1995; Bentzen et al. 1996).

In the green sea turtle, global analysis of scnDNA poly-
morphisms suggested moderate gene flow, whereas analysis
of mtDNA indicated very restricted female gene flow. It was
suggested that enhanced male-mediated gene flow accounted
for observed differences between the two classes of markers
(Karl et al. 1992). Regional analyses of gene flow among
northern and southern Great Barrier Reef populations of
green turtles similarly revealed highly significant heteroge-
neity in mtDNA RFLPs but nonsignificant divergence in nu-
clear DNA markers. However, direct testing of differential
natal homing tendencies among sexes revealed that males
and females were equally philopatric to their natal sites.
Marker discrepancy was thus attributed to opportunistic mat-
ing along migrational pathways (Fitzsimmons et al. 1997b).

In this study, the influence of population-level processes
on different molecular markers is investigated within blue
marlin (Makaira nigricans). This species is circumtropically
distributed and inhabits pelagic waters with surface temper-
atures greater than 22°C (Rivas 1975; Nakamura 1985). Tag-
ging studies have revealed long-distance movements of in-
dividuals across the Atlantic Ocean (Scott et al. 1990; Anon-
ymous 1994), from the Pacific to Indian Oceans (J. Pepper-
rell, pers. comm. 1997), and from Atlantic to Indian Oceans
(Anonymous 1994; see Fig. 1). Although long-distance
movements are notable, the majority of reported tag recap-
tures occurred in the general vicinity of release, even after
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FiG. 1.

Range and dispersal capability of blue marlin. Light shaded areas designate species’ range (Nakamura 1974). Darker shaded

areas designate larval distribution in the Atlantic (Bartlett and Haedrich 1968; Eschmeyer 1968; Ueyanagi et al. 1970) and Indo-Pacific
(Howard and Ueyanagi 1965; Matsumoto and Kazama 1974; Nishikawa et al. 1985). Arrows indicate selected long-distance migration
routes inferred from tag- and recapture-data in the Atlantic (Scott et al. 1990; Anonymous 1994; Bayley and Prince 1994) and Indo-

Pacific Oceans (Anonymous 1996; J. Pepperrell, pers. comm. 1997).

years at liberty (Anonymous 1996). Spawning appears to oc-
cur over extensive geographic regions, based upon the dis-
tribution of larvae and adults with mature gonads (Strasburg
1969; Matsumoto and Kazama 1974). Evidence for discrete
spawning cycles near island chains also has been reported
(Hopper 1990).

Despite the circumtropical distribution and capacity for
extensive gene flow within blue marlin, mtDNA evidence
suggests limited exchange between ocean basins. Finnerty
and Block (1992) sequenced a 612-bp region of the mito-
chondrial cytochrome b gene of 26 blue marlin and detected
two divergent clades of haplotypes. These clades occurred at
significantly different frequencies in Atlantic and Pacific col-
lections. Similar findings were reported in an analysis of
whole-molecule mtDNA RFLPs (n = 114; Graves and Mc-
Dowell 1995). The RFLP data were characterized by high
levels of within-ocean variation and significant divergence
in haplotype frequencies between ocean samples. Haplotypes
comprised two divergent clades, one of which was present
only in the Atlantic at a frequency of approximately 40%.

The present study characterizes genetic variation within
blue marlin at scnDNA and allozyme loci and examines the
degree to which pronounced interocean mtDNA divergence
was corroborated by nuclear loci. Independent genetic loci
respond differently to species’ history due to stochastic ge-
netic drift, variation in mode of inheritance, and variation in
mutation rate among marker classes. Allozyme and scnDNA
nuclear loci are diploid and biparentally inherited. In contrast,
mtDNA is effectively a single locus, with haploid, maternal
inheritance resulting in a fourfold lower effective population
size than at nuclear markers. Due to lower effective popu-
lation size, the influence of genetic drift is enhanced at
mtDNA loci. Due to maternal inheritance, mtDNA provides
information only on female gene flow. Allozyme, scnDNA,
and mtDNA loci may also exhibit a broad range in hetero-
zygosity levels ‘within a single species (Angers et al. 1995;
Jorde et al. 1995; Bentzen et al. 1996), presumably due to
variation in mutation rate. It is commonly assumed that poly-
morphism at most molecular markers is selectively neutral.
However, selection may influence polymorphism at mtDNA

(William et al. 1995), allozyme (Simmons et al. 1989), or
scnDNA loci if the polymorphism is subject to functional
constraints or tightly linked to regions influenced by selection
(Pogson et al. 1995; Fitzsimmons et al. 1997a). Because se-
lection tends to act independently on individual loci, the in-
fluence of selection on an estimate of gene flow is minimized
when the estimate is based on several loci. The markers used
to estimate gene flow in this study may, therefore, differ in
apparent or realized mutation rate and susceptibility to se-
lective pressures, as well as effective population size and
mode of inheritance. From comparison of the geographic dis-
tribution of genetic variation at mtDNA and a series of nu-
clear markers, one may identify the effects of selection, ma-
ternal philopatry, effective population size, and mutation rate
on each marker class.

MATERIALS AND METHODS

Blue Marlin Tissue Samples.—Blue marlin eye, liver, and
heart tissues were obtained over several years in the Atlantic
(U.S. mid-Atlantic coast and Jamaica) and Pacific Oceans
(Hawaii, Mexico, Ecuador, and eastern Australia; Table 1).
Samples were obtained from fish landed at sport fishing tour-
naments, artisinal fisheries, and research cruises. Tissues
were dissected within eight hours of death, chilled on ice,
and subsequently frozen at —20°C. Samples were transported
to the laboratory frozen on dry ice or a commercial ice sub-
stitute and maintained at —70°C until analysis.

Allozymes.—Horizontal starch gel electrophoresis was con-
ducted following the protocols of Murphy et al. (1990) and
Shaklee et al. (1990a). After initial screening, 33 enzyme
systems were run on one of seven buffer systems resulting
in 44 presumptive loci. Enzyme nomenclature follows Shak-
lee et al. (1990b). The following loci were surveyed: Aat-1,
Aat-2, Aatm, Acoh-1, Adh, Ada-1, Cbp-1, Cbp-2, Cbp-3, Ck-
A, Ck-B, Ddh, Est-1, Est-2, Est-D, Eno, Fum, Gapdh-1, Gapdh-
2, G3pdh—1, Gedh, Gépdh—1, Gpi-1, Gpi-2, Idh, Iddh, Ldh-1,
Ldh-2, aMan, Mdh-1, Mdh-2, Mdhp-1, Mdhp-2, Mpi, Pgk, Ala-
Met, Gly-Leu, Gly-Leu-Leu, Leu-Pep, Leu-Tyr, Pgdh, Pgm,
Sod, and Xdh. Details on the buffer system used for each



