
The CIO amounts derived here are sensi-
tive to systematic errors in the retrieved
column 03 amounts (22). It has been sug-
gested that TOMS may underestimate 03
near the terminator. If so, the 03 loss in the
vortex during September-and thus the CIO
concentrations-could be greater than com-
puted here. This error implies that CIO
concentrations near the center of the 03
hole were greater than the values that have
yet been observed at the more equatorward
(equivalent) latitudes reached by the AAOE
aircraft.
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A Genetic Test of the Natal Homing Versus Social
Facilitation Models for Green Turtle Migration

ANNE B. MEYLAN, BR1AN W. BOWEN, JOHN C. AVISE

Female green turtles exhibit strong nest-site fidelity as adults, but whether the nesting
beach is the natal site is not known. Under the natal homing hypothesis, females return
to their natal beach to nest, whereas under the social facilitation model, virgin females
follow experienced breeders to nesting beaches and after a "favorable" nesting
experience, fix on that site for future nestings. Differences shown in mitochondrial
DNA genotype frequency among green turtle colonies in the Caribbean Sea and
Atlantic Ocean are consistent with natal homing expectations and indicate that social
facilitation to nonnatal sites is rare.

MA ARINE TURTLES OFTEN USE

nesting beaches that are hundreds
or even thousands of kilometers

removed from their foraging grounds. The
hypothesis that marine turtles return to nest
on their natal beach (perhaps guided in part
by olfaction) (1) is derived primarily from
the strong nest-site fidelity of adult females,
as revealed by repeated capture of tagged
individuals on the same beach in successive
nesting seasons (2-7). Despite the funda-
mental importance of this possibility to an
understanding of turtle life histories, the

A. B. Meylan, Department ofNatural Resources, Florida
Marine Research Institute, 100 Eighth Avenue, S.E., St.
Petersburg, FL 33701, and Department of Herpetology
and Ichthyology, American Museum of Natural History,
New York, NY 10024.
B. W. Bowen and J. C. Avise, Department of Genetics,
University of Georgia, Athens, GA 30602.

natal homing hypothesis remains unproven.
The main obstacle to testing it has been the
lack of a physical tag that persists on a turtle
for the estimated 30 or more years that
elapse between hatching and sexual matura-
tion (8). Colonial nesting and nest-site fidel-
ity are known to be especially well devel-
oped in the green turtle (Chelonia mydas) (2,
3, 4, 7); only in rare instances (9, 10) have
marked adult females been observed at a
nesting beach other than the one at which
they were originally tagged.

Hendrickson (11) and Owens et al. (12)
advanced an alternative theory for nest-site
selection that is also consistent with the
observed site fidelity ofadult females. Under
their social facilitation model, virgin (ma-
ture, unmated) females randomly encounter
experienced females on foraging grounds.
They then follow the experienced females to
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Natal homing

Rookery 1 HRookery 2 HRookery3e

Adult/subadult
feeding grounds X

Social facilitation
Fig. 1. Schematic representation of the single-
generation migratory circuits (hatchlings to sub-
adult/adult feeding grounds to nesting beaches)
expected under the natal homing versus social
facilitation scenarios offemale green turtle move-
ment. Under the natal homing hypothesis (upper
half of figure), the closed migratory circuit be-
tween each rookery and the foraging grounds
implies no mtDNA gene flow between nesting
beaches; under the social facilitation hypothesis
(lower half of figure), the open migratory circuits
imply extensive mtDNA gene flow between rook-
eries.

a nesting beach and after having a "favor-
able" nesting experience, fix on that site for
future nestings.
WVhen females from different nesting colo-

nies share foraging grounds, expectations
regarding the geographic distribution of
maternally transmitted mitochondrial DNA
(mtDNA) genotypes at the nesting beaches

are distinctly different under the natal hom-
ing and social facilitation models (Fig. 1). If
female turtles return faithfully to their natal
beach to nest, matemal lineages in different
colonies should evolve independently from
one another and accumulate mtDNA differ-
ences over time. Alternatively, under the
social facilitation model, exchange of lin-
eages among nesting colonies should result
in considerable mtDNA gene flow among
colonies.
For the genetic test reported here of the

natal homing versus social facilitation
hypotheses, green turtle populations in the
Caribbean Sea and Atlantic Ocean were
selected because they have been extensively
studied (1, 4, 13-15), migration patterns in
the area are well documented, and turtles
from at least two nesting beaches overlap on
numerous foraging grounds (Fig. 2). Re-
striction site analysis of mtDNA was used
because of its proven sensitivity in revealing
geographic population structure in other
animals (16-19). The maternal mode of in-
heritance makes mtDNA especially appro-
priate for studies of female natal homing in
marine turtles because the effects of male
migratory behavior do not confound
mtDNA phylogeographic patterns.

Sample sizes and localities (Table 1) were
dictated largely by permit limitations on this
endangered species. Laboratory methods are
described elsewhere (20-22). Fourteen in-
formative restriction enzymes were used in
the mtDNA digestions: Ava II, Bcl I, Dde I,
Eco RI, Eco RV, Hinc II, Hind III, Mbo I,

Msp I, Nde I, Pvu II, Spe I, Sst II, and Stu I
(23). All changes in mtDNA fragment pro-
files on gels could be accounted for by
specific restriction site gains or losses. Thus
genetic distances (base substitutions per nu-
cleotide) between mtDNA genomes were
estimated by the site approach (24).

In terms of nucleotide sequence, the
mtDNAs from the four nesting colonies
appear highly similar, sharing at least 96 of
the approximately 98 restriction sites scored
per individual. Among the 49 assayed tur-
tles, only three different mtDNA genotypes
(hereafter denoted A, B, and C) were ob-
served. The sequence divergences estimated
between genotype pairs A-B, A-C, and B-C
were P = 0.002, P = 0.001, and P =
0.001, respectively. In our assays, genotype
A differed from C by a single Spe I site loss;
B differed from C by a single Hinc II site
gain; and A differed from B by these two
restriction sites [see figure 2 of (24)].

In terms of mtDNA genotype frequen-
cies, however, three of the four rookeries
were distinct (Tables 1 and 2). Ascension
Island appeared fixed for genotype C, which
was observed at no other locality; Aves
Island exhibited in high frequency (87%)
the genotype B, which was not seen else-
where. Only the Florida and Tortuguero
samples were indistinguishable in our as-
says.

Slatkin and Maddison [(25), see also (26)]
recently introduced a method for estimating
gene flow between populations based on the
minimum number of migration events nec-

Fig. 2. Map of the Caribbean
and Western Central Atlantic
Ocean showing the foraging
grounds used by green turtles
that nest at three of the four
surveyed rookeries (the forag-
ing grounds ofthe Florida colo-
ny are unknown). Information
on the foraging grounds is de-
rived from (6, 13, 14, 30).
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Table 1. Numbers of individuals showing
mtDNA genotypes A, B, and C at the four green
turtle rookeries. Significant heterogeneity in ge-
notype frequency exists among locales (GH =
90.0, P < 0.005).

MtDNA
Location genotypes

A B C

Aves Island (Venezuela) 1 7 0
Tortuguero (Costa Rica) 15 0 0
Ascension Island (U.K.) 0 0 16
Hutchinson Island, FL (U.S.A.) 10 0 0

essary to account for an observed geograph-
ic distribution ofmtDNA haplotypes whose
phylogenetic relationships are known or hy-
pothesized. The approach yields an estimate
of Nm, where N is the size of each local
population and m is the migration rate. In
general, values of Nm much greater than 1
indicate that gene flow (or historical associa-
tions among populations, or both) have
been sufficient to prevent substantial diver-
gence at neutral loci by genetic drift. The
results of the Slatkin-Maddison approach as
applied to our data (Table 2) strongly sup-
port the contention that female-mediated
gene flow between the assayed rookeries
(with the possible exception ofTortuguero-
Florida) has been rare.
The geographic distribution of mtDNA

genotypes is largely consistent with expecta-
tions of the natal homing hypothesis and
appears to be at odds with predictions ofthe
social facilitation model. Nonetheless, sever-
al caveats should be considered before this
conclusion is accepted in unqualified form.

First, the foraging grounds associated
with the Ascension colony are not known to
overlap with those of the other colonies
studied. Thus, mtDNA gene flow between
Ascension and the other nesting beaches
could be limited primarily by natal homing

on a regional geographic scale, rather than
lack of social facilitation between adjacent
rookeries.

Second, we were unable to distinguish the
Florida and Tortuguero samples in our
mtDNA analyses (Table 1). Although this
might be attributable to high, continuous
gene flow (as under the social facilitation
model), alternative explanations can also be
advanced: (i) perhaps more refined tests
would reveal genotypic differences between
Florida and Tortuguero turtles; or (ii) per-
haps the Florida rookery has been estab-
lished very recently by turtles carrying Tor-
tuguero-like mtDNAs (15). A confounding
factor for the Florida rookery involved the
release there of several thousand 1-year-old
Tortuguero turtles during a restocking effort
conducted from 1960 to 1971 (27). The
success of this effort is unknown because
most of the juveniles were released un-
tagged, but it is possible that some of these
turtles contributed to the nests that we
sampled in 1987.
A third qualification to the conclusion of

strict natal homing in green turtles concerns
the comparison between the Tortuguero
and Aves colonies. Turtles from these nest-
ing beaches are known to share numerous
foraging grounds in the Caribbean (Fig. 2).
Among eight turtles from Aves tested, one
exhibited the mtDNA genotype A that char-
acterized all 15 Tortuguero samples (Table
1). These results yield an estimate ofNm =
0.5, with 95% confidence limit 0.0 to 2.1
(Table 2). Unless the A genotype has arisen
more than once by a convergent mutation,
its presence in both colonies must be due
either to shared descent from an ancestral
population (that is, symplesiomorphy) or to
past or ongoing gene flow. Such gene flow
could have resulted either from imperfect
natal homing or occasional social facilita-
tion.

This uncertainty raises a more general

issue concerning expectations of population
genetic structure under the natal homing
versus social facilitation hypotheses (Fig. 1).
Unless natal homing is perfect (and social
facilitation to nonnatal rookeries nonexis-
tent), these two models ofmigratory behav-
ior can converge with respect to predictions
on magnitude of gene flow between nesting
localities. In other words, occasional "mis-
takes" in natal homing, or occasional in-
stances of social facilitation, or a combina-
tion, would lead to a sharing of genotypes
between rookeries and to estimates ofNm >
0 (as is true for Aves-Tortuguero). Thus, by
hard criteria, our data cannot eliminate the
possibility that occasional social facilitation
may spread genotypes among proximal nest-
ing localities. However, since the reciprocal
exchange of even a single migrant per gen-
eration (Nm = 1) should be sufficient to
prevent the fixation or near fixation of dif-
ferent genotypes among rookeries, the high-
ly significant genotype differences among
green turtle rookeries in the Caribbean and
Atlantic strongly suggest that natal homing
predominates. We conclude that social fa-
cilitation to nonnatal sites must be rare.
Green turtles have colonized oceanic is-

lands and mainland coasts in tropical regions
around the world. Each colonization event
involved at least one breakdown in fidelity
to a nesting beach and clearly cannot be
attributed to social facilitation. Thus, natal
homing must be imperfect. However, the
striking mtDNA population genetic struc-
ture among most nesting colonies indicates
that maternal genetic exchange is quite rare.
This discovery has an important bearing on
conservation efforts. As noted by Carr (28),
if turtle rookeries are genetically distinct,
they are likely to be demographically inde-
pendent. Protection afforded to one colony
would not likely have an immediate impact
on others, and consequently, management
or recovery plans would have to be imple-
mented on a rookery-specific basis.

Table 2. Above diagonal: results of 2 x 2 tests of independence between mtDNA genotype and
nesting locality for pairwise comparisons of the assayed green turtle rookeries, with the use of the G-
statistic with Yates' correction for small sample size (29). In each test, df = 1, and probabilities (P) are
indicated. Below diagonal: estimates ofNm (and 95% confidence limits) for individual pairs of localities
by the methods described (25, 26). Multiple comparisons used to calculate the individual pairwise values
ofNm are not statistically independent. Abbreviation: NS, not significant.

Aves Tortuguero Ascension Florida

Aves G=8.1 G= 11.2 G=6.2
(P < 0.005) (P < 0.005) (P < 0.05)

Tortuguero Nm = 0.5 G = 17.0 G = 0.0
(0.0-2.1) (P < 0.005) (NS)

Ascension Nm = 0 Nm = 0 G = 59.1
(0.0-0.4) (0.0-0.3) (P < 0.005)

Florida Nm = 0.5 Nm = 0
(0.0-2.1) (0.0-0.4)
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Cloning of a 67-kD Neutrophil Oxidase Factor with
Similarity to a Noncatalytic Region of p60c-src
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Chronic granulomatous diseases (CGDs) are characterized by recurrent infections
resulting from impaired superoxide production by a phagocytic cell, nicotinamide
adenine dinucleotide phosphate (reduced) (NADPH) oxidase. Complementary DNAs
were cloned that encode the 67-kilodalton (kD) cytosolic oxidase factor (p67), which is
deficient in 5% ofCGD patients. Recombinant p67 (r-p67) partially restoredNADPH
oxidase activity to p67-deficient neutrophil cytosol from these patients. The p67
cDNA encodes a 526-amino acid protein with acidic middle and carboxyl-terminal
domains that are similar to a sequence motiffound in the noncatalytic domain of src-
related tyrosine kinases. This motif was recently noted in phospholipase C-?,
nonerythroid a-spectrin (fodrin), p2lS guanosine triphosphatase-activating protein
(GAP), myosin-1 isoforms, yeast proteins cdc-25 and fus-1, and the 47-kD phagocyte
oxidase factor (p47), which suggests the possibility of common regulatory features.

C OMPLEMENTARY DNAs ENCODING
three oxidase components defective
in distinct forms ofCGD have been

reported; two encode subunits of the mem-
brane-bound cytochrome b-558 (1) and one
encodes p47 phagocyte cytosolic oxidase
factor (2, 3). Complementary DNA clones
encoding the p67 cytosolic factor were ob-
tained as described (2) by screening a Lamb-
da-ZAP (Stratagene) expression library con-
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taining cDNA inserts derived from HL60
cells differentiated for 2 days with dibutyryl
adenosine 3',5'-monophosphate (dibutyryl
cAMP). The library was screened with poly-
clonal rabbit antiserum B-1, which reacts
against both p67 and p47 (4, 5). Several
independent cDNA inserts encoding p67
were isolated, ranging in size from 2.2 to
0.5 kb (6).
To demonstrate that these clones encoded

a protein antigenically similar to p67, we
showed that fusion proteins encoded by two
of the largest clones specifically blocked
B-1 antibody detection of native p67 on
SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) immunoblots of neutrophil
cytosol (7). Furthermore, rabbit antibodies
to r-p67 (8) reacted specifically against a 67-
kD polypeptide in neutrophil cytosol from

all normal subjects and most CGD patients
except one who was previously characterized
as p67-deficient (Fig. la). The p67 cDNA
detected an -2.4-kb mRNA transcript in
monocytes from normal individuals and all
CGD patients examined including the one
patient with p67 protein deficiency (Fig.
lb). The p67 transcript was not detected in
uninduced HL60 cells, but a transcript iden-
tical in size to that seen in monocytes was
present in HL60 cells induced to differenti-
ate with retinoic acid for 5 days, consistent
with earlier observations indicating that p67
protein is limited to cells capable ofsuperox-
ide generation (5).

Further evidence was sought to confirm
that these cDNAs encode a functional factor
absent from p67-deficient autosomal reces-
sive CGD patients. This was accomplished
by demonstrating that r-p67 is functionally
active in a cell-free superoxide-generating
assay requiring neutrophil membranes and
cytosol (Fig. 2) (4, 9). The r-p67 partially
reconstituted nicotinamide adenine dinucle-
otide phosphate (reduced) (NADPH)-de-
pendent superoxide production by neutro-
phil cytosol from a p67-deficient CGD pa-
tient (Fig. 2b), but failed to restore activity
to neutrophil cytosols from p47-deficient
CGD patients (Fig. 2, c, d, and e). In
control experiments oxidase activity was also
partially restored when p47-deficient cyto-
sols were mixed with the p67-deficient cyto-
sol (Fig. 2f ). Several factors account for the
less than complete restoration, including
lability ofpatient cytosol, presence of inhibi-
tors in the Escherichia coli-derived r-p67 that
diminish even normal cytosolic activity (Fig.
2a) and the inherent lability of r-p67 during
isolation. (Less than maximal activity was
seen in the complementation experiment in
Fig. 2f.)
The nucleotide sequence of p67 cDNA

(clone 10) predicts a 526-amino acid pro-
tein with a calculated size of 60,900 kD
(Fig. 3a). The apparent size of the clone 10
recombinant fusion protein by SDS-PAGE
was 70 kD (6, 7). A methionine codon
occurs 25 bases from the 5' end of clone 10
cDNA within a consensus sequence that
conforms to translation initiation sites ob-
served in eukaryotic mRNAs (10). After a
stop codon at position 1579, there are an-
other 557 bases of untranslated sequence,
which include two polyadenylation signals
(underlined in Fig. 3a).
Within the predicted peptide sequence,

the COOH-terminal domain was noted for
a large number of acidic residues, bearing a
net charge of -12 in the last 65-residue
segment. Comparison ofthe deduced amino
acid sequence ofp67 with sequences record-
ed in the National Biomedical Research
Foundation (NBRF) database (version 23)
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