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ABSTRACT: Yellowfin goby, a fish native to East Asia, was first reported in northern California (San
Francisco Bay) in 1963 and in southern California (Los Angeles Harbor) in 1979. Over the past 4
decades, it has spread to other northern and southern California estuaries, respectively. The docu-
mented expansion of yellowfin goby in California provided an opportunity to study potential founder
effects in a marine invasive fish by seeking evidence of reductions in mtDNA singleton haplotypes
consistent with an expected loss of overall genetic diversity. We obtained samples of yellowfin goby
from San Francisco Bay in northern California, from 2 small estuaries in southern California, and from
Tokyo Bay, Japan, the presumed source population. The mtDNA control region was fully sequenced
and analyzed for a total of 216 specimens, where the numbers of singleton haplotypes relative to the
total number of haplotypes in each sample were compared to predictions from a regression analysis
of singletons on total haplotypes. AMOVA comparisons among haplotype frequencies were also per-
formed. Singleton haplotypes were significantly fewer than predicted among yellowfin goby of San
Francisco Bay, indicating some loss of genetic diversity in that invasive population. Singletons were
not significantly fewer than prediction among yellowfin goby of Tokyo Bay or of southern California.
Ogrvalues were not significantly different between San Francisco and Tokyo bays, but were different
between San Francisco Bay in northern California and southern California locations, suggesting
separate introductions to California.
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INTRODUCTION

The demographic and genetic consequences of
recent population genetic bottlenecks are of interest to
marine ecologists, conservation biologists, and popula-
tion geneticists alike, with ever growing numbers of
marine species facing severe reductions in population
size (Myers & Worm 2003). Population genetic bottle-
necks are caused by significant, if temporary, reduc-
tions in genetic effective size that can cause reduction
of genetic diversity through loss of DNA polymorphism
(Tajima 1989), expressed as loss of heterozygosity (Nei
et al. 1975), or loss of alleles (Maruyama & Fuerst 1985)
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at a locus. Genetic bottlenecks are natural phenomena
that can occur over the evolutionary history of a spe-
cies, where lost diversity is eventually regenerated
through new mutations and population growth, and
where extant species exist at various interim stages in
the process (Hewitt 2000). Bottlenecks likely resulting
in loss of genetic diversity can be anthropogenically
forced through overexploitation (Hoelzel 1999, Hauser
et al. 2002) or through destruction of critical breeding
or foraging habitat (Gibbs 2001, Jager et al. 2001).
Detection of a recent genetic bottleneck from popu-
lation-genetic data requires an index sensitive to the
type of influences that accompany them. An index
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based on chromosomal alleles would be advantageous
due to the large body of population-genetic theory
available, and because models of the expected behav-
iors of nuclear alleles following a bottleneck have been
well described (Nei et al. 1975, Chakraborty & Nei
1977, Watterson 1984, Maruyama & Fuerst 1985). Alle-
les at microsatellite loci have particular utility because
of their high polymorphism (Tautz 1989) and high
mutation rate (Weber & Wong 1993). Several tests have
been created to detect genetic bottlenecks from distor-
tion of microsatellite allele frequencies (e.g. Cornuet &
Luikart 1996, Luikart et al. 1998). Recently, Garza &
Williamson (2001) described a test that utilizes the ratio
of the number of alleles to the range in allele size for
microsatellite loci. Those methods, however, require
relatively high amounts of polymorphism (at least 5
alleles per locus/5 to 20 loci) for power and new devel-
opment of those markers is labor-intensive.
Mitochondrial DNA (mtDNA) has been widely
used in population genetic studies, particularly
among marine fishes (e.g. Bernatchez et al. 1989,
Tringali & Wilson 1993, Goodbred & Graves 1996,
Gold et al. 1997, Stepien & Faber 1998, Stepien et al.
2000, Wirgin et al. 2000, Bernatchez 2001). The chief
indices of mtDNA polymorphism, nucleotide and
haplotype diversity (Nei 1987), can be determined
from RFLP analysis or from direct sequencing. The
expected reductions in those indices following a bot-
tleneck (Watterson 1984, Tajima 1989) have been
used to explain contemporary patterns of mtDNA
diversity in fishes. However, among marine fishes,
there exists such wide variation in those indices
(Bernatchez et al. 1989, Grant & Bowen 1998) that

interpretation of any single set of values for a given
population is subjective.

Luzier & Wilson (2004) recently considered the per-
centage of single-copy mtDNA haplotypes (singletons)
in a sample as a potential index for identifying transi-
tory reductions in female genetic effective size. Their
approach was based on the recognition that when
female effective size (Ng) falls dramatically, effectively
creating a population-genetic bottleneck, the propor-
tion of mtDNA singleton haplotypes recoverable from
sampling will fall below what is usual for large stable-
size populations at mutation-drift equilibrium (Kimura
& Crow 1964). Among marine fishes, the usual haplo-
type distribution is one of few in medium to high fre-
quencies, with most occurring in low frequencies or in
single copy numbers (Luzier & Wilson 2004).

To further examine the relative occurrences of single-
tons in natural populations of marine fishes, we re-
assembled data from genetic studies for 13 species that
used mtDNA control region sequences as a genetic
marker (Sang et al. 1994, Bowen & Grant 1997, Stepien
1999, Stepien et al. 2000, Riginos & Nachman 2001,
Dawson et al. 2002, Kai et al. 2002, Ovenden & Street
2003, Stefanni & Thorley 2003), from fish populations
believed or known to be very large (Table 1). Once
again, we found the large majority of all discovered
haplotypes to be singletons. A least-squares regression
similar to that of Luzier & Wilson (2004) revealed that
the number of singletons increased in proportion to
total haplotypes discovered with increasing sample
size (Fig. 1). If the samples from the prior studies were
indeed drawn from large populations at mutation-drift
equilibrium that had not lost genetic diversity from

Table 1. Occurrence of singleton mtDNA control region haplotypes in natural populations of marine fishes. Sample size (N) is the

number of fish sequenced in each study. Hr: total number of haplotypes discovered in each study; Hs: number of singleton haplo-

types discovered. Haplotype (h) and nucleotide (rn) diversity are calculated for the entire data set in each study. Data are those
used to generate the regression line of Fig. 1

Species N No. bases Hr Hg Hs/Hr h T Source

sequenced
Sardinops spp. 81 500 78 77 0.987 0.998 0.051 Bowen & Grant (1997)
Pomatoschistus minutus 51 762 38 31 0.816 0.980 0.011 Stefanni & Thorley (2003)
Pomatoschistus lozanoi 6 762 5 4 0.800 0.933 0.006 Stefanni & Thorley (2003)
Clevelandia ios 66 523 65 64 0.985 0.999 0.012 Dawson et al. (2002)
Lutjanus argentimaculatus 34 375 33 32 0.970 0.998 n/a Ovenden & Street (2003)
Anguilla japonica 31 487 30 29 0.967 0.998 0.015 Sang et al. (1994)
Microstomus pacificus 110 373 90 83 0.922 0.992 0.014 Stepien (1999)
Microstomus achne 11 373 6 3 0.500 n/a n/a Stepien (1999)
Sebastolobus alascanus 93 443 83 79 0.952 0.990 0.015 Stepien et al. (2000)
Sebastolobus altivelis 55 444 43 39 0.907 0.960 0.009 Stepien et al. (2000)
Sebastolobus macrochir 14 443 14 14 1.000 1.000 0.016 Stepien et al. (2000)
Sebastes inermis 61 375 46 40 0.870 0.980 0.013 Kai et al. (2002)
Axoclinus nigricaudus 105 408 86 77 0.895 0.994 n/a Riginos & Nachman (2001)
Paralabrax clathratus 39 423 24 20 0.833 0.924 0.005 Luzier & Wilson (2004)
Gillichthys mirabilis 31 883 28 26 0.929 0.991 0.017 E. Armour & R.R.W. (unpubl.)
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Singleton Haplotypes

lowfin goby common throughout SFB (Brittan

A et al. 1970). In southern California, Haaker

(1979) discovered a second population of yel-
lowfin goby in Los Angeles Harbor (Fig. 2). The
southern California population of A. flavimanus
now extends into Bolsa Chica and the upper
Newport Bay estuary as well as into San Diego
Bay (Fig. 2) and its surrounding salt marsh, and
possibly into Baja California (Williams et al.
1998). Whereas yellowfin goby is now wide-
spread in southern California, it is not espe-
cially common.

Northern and southern California may
have experienced separate introductions evi-
denced by the temporal (ca. 16 yr) and spatial
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Fig. 1. Acanthogobius flavimanus. Least-squares linear regression of
singleton versus total haplotypes discovered from population sampling.
The regression equation is: y = 0.953x - 1.31; r> = 0.99. 0: data from indi-
vidual studies listed in Table 1, used to calculate regression line. Solid
line: the regression; dashed lines: 95% confidence intervals of the
regression slope; dotted lines: 95% prediction intervals for new data
observations. Filled symbols, open triangle, and open hexagon: new
data observations from California and Japan populations of yellowfin
goby. SFB: San Francisco Bay; SC: southern California; JPN-all: Japan,

all locations; JPN-other: Miyagi and Fukushima

recent bottlenecking, it would be possible to predict
the y number of singletons expected from x distinct
mtDNA haplotypes discovered in a sample.

Invasive (i.e. colonizing) marine species might pre-
sent good cases with which to study genetic bottle-
necking using mtDNA singleton analysis. Recent sur-
veys have found over 600 introduced or cryptogenic
aquatic taxa along the California coast including 250 in
the San Francisco Bay estuary system (Cohen & Carlton
1998). Whereas some introductions have been inten-
tional, such as for fisheries enhancement (Baltz 1991),
many, such as colonization of San Francisco Bay by
yellowfin goby, have occurred unintentionally through
ballast water from transoceanic shipping vessels
(Carlton & Geller 1993).

Yellowfin goby Acanthogobius flavimanus (Tem-
minck & Schlegel) is a large (up to 215 mm total length)
estuarine fish native to NE Asia, typically inhabiting
muddy bottoms of bays, estuaries, and rivers (Lever
1996). Two geographic populations were recently
established along the northern and southern coast
areas of California, supposedly through ballast-water
transport of eggs or larvae (Baltz 1991). In northern
California, Brittan et al. (1963) first reported A. flavi-
manus from the Sacramento River delta which feeds
into San Francisco Bay (SFB). By 1968, the population
had experienced a dramatic expansion making yel-

100 (ca. 650 km) separation of the initial reports.
Moreover, the appearance of individuals in
areas of southern California that have not
received direct trans-Pacific shipping from Asia
suggests that the range expansion there was by
self propagation. The dramatic expansion in
San Francisco Bay also largely suggests a self-
sustaining population, but one that may occa-
sionally be receiving some new immigration
from East Asia.

The colonization and expansion history of
2 populations of Acanthogobius flavimanus in
California as reported, presents a good demo-
graphic model system against which to test the pre-
diction of a reduced occurrence of rare mtDNA
haplotypes in colonizing populations if genetic bottle-
necking attended the colonization. To do so, we used
sequences of the mtDNA control region of A. flavi-
manus to identify haplotypes present among speci-
mens from northern and southern California, and
from native Japan. If the 2 California populations
are genetically isolated, and have experienced 2 sep-
arate and independent bottlenecks during coloniza-
tion, it should be evident from deviations from the
predicted number of singleton haplotypes for each
population as well as from significant differences in
haplotype composition and frequencies. If no signifi-
cant reduction in singleton haplotypes is seen, and
no differences among haplotype {requencies are
found, there would be no evidence for a founder
event or genetic bottleneck. In such a case, the Cali-
fornia and Japan populations might represent a
panmictic population.

MATERIALS AND METHODS

Specimen collection. In northern California, yellow-
fin goby were collected principally between July and
December of 2001 and 2002 from sites throughout
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Fig. 2. (a) Locations of 3 collection areas for yellowfin goby in Japan. The sample from Tokyo Bay was taken in the lower

(tidal) portion of the Tama River (river not indicated on map), which flows into Tokyo Bay; yellowfin goby from Miyagi and

Fukushima prefectures were acquired from fish vendors. (b) Locations of collection areas for yellowfin goby in California.

Northern California samples were taken in San Francisco Bay; southern California samples were taken in Bolsa Chica

and the upper portion of Newport Bay. Collections were attempted in Los Angeles Harbor and San Diego Bay but were
unsuccessful

SFB with bottom trawls and beach seines. Specimens
were obtained chiefly through the San Francisco Bay
Study, California Department of Fish and Game
(CDFG), and the Interagency Ecological Program for
the San Francisco Estuary; 43 specimens in 2001 and
44 in 2002. The specimens were collected during regu-
lar survey of 79 sites along a 200 km transect from
South San Francisco Bay to the Sacramento River.
The CDFG sampling grid can be viewed at www.
delta.dfg.ca.gov/baydelta/monitoring/baystudy.asp. The
CDFG collections were augmented with 21 specimens
collected from the northern portion of SFB in 2001.

In southern California between June 2002 and April
2003, we collected specimens using small beach seines
and baited traps from Bolsa Chica (= BC) and upper
Newport Bay (= UNB), 2 estuaries separated by about
20 km (Fig. 2). Most fish caught in 2003 were small
(<10 cm), representing newly recruited individuals.
Specimens were chosen from that group for sequenc-
ing using a random number table. Several attempts to
obtain population samples from Los Angeles Harbor
and its vicinity, and San Diego Bay (Fig. 2) were un-
successful.

In August of 2003, we obtained comparative samples
from within the native East Asian range of yellowfin
goby. One sample of 55 specimens was taken in
August 2003 from the lower Tama River (35°32.496' N,
139°44.508" E), which flows into Tokyo Bay of Honshu

Island, Japan (Fig. 2). Two additional samples were ob-
tained at the same time from Tokyo fish vendors from 2
localities in the Tohoku District of northern Honshu
Island, the Miyagi (31 specimens) and Fukushima
(41 specimens) prefectures (Fig. 2). The origins of the
vended specimens were provided to us by Dr. K. Saka-
moto, Curator, Tsukiji Wholesale Market Museum,
Tokyo, Japan. Specimens we collected expired in the
field on wet ice, and were preserved either by storage
at —86°C or fixation in 70 % ethanol.

DNA extraction, PCR amplification, and sequenc-
ing. Total genomic DNA was extracted from 25 mg of
white muscle tissue using a DNEasy Tissue Extraction
Kit (QIAGEN). PCR amplification of the mtDNA con-
trol region was performed in a volume of 100 pl with
the following reaction conditions: dNTPs (200 pM
each), 50 mM KCl, 10 mM Tris pH 8.3, 1.5 mM MgCl,,
0.01 % gelatin, 0.05 % Triton X-100, PCR primers (1.8 ptM
each) (forward: 5'-TCCCATCTCTAGCTCCCAAA-3';
reverse: 5'-TACGTTGGCGTGTGCATTAT-3'), 2 units
of Taq polymerase, and 30 ng of template DNA. The
cycling profile included initial denaturation at 94°C for
4.5 min, followed by 35 cycles of 94°C for 50 s, 55°C for
40 s, and 72°C for 1.5 min, and final extension at 72°C
for 5 min. PCR products (~1.1 kb) were visualized on
1.2% TAE-agarose gels, and either gel-purified and
ethanol-precipitated (Sambrook et al. 1989) or con-
centrated using Microcon PCR centrifugal filtration
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devices (Millipore). Purified PCR products were bi-
directionally sequenced at 61°C using 2 pairs of
fluorescently labeled sequencing primers (CR3-R 5'-
GTTAAGCCCGGGGTAAGTTT-3' and CRS5-F 5'-
CCCAAAGCTAGTATTCTGGTTTAACT-3'; CR4-F 5'-
GAACATTTCCTTGCATTCTCG-3' and CR6-R 5'-
AGAGTGAACGCTTGGCATGT-3') and a SequiTherm
EXCEL II sequencing kit (Epicentre). Sequencing
reactions were resolved on 0.2 mm thick, 5.5% poly-
acrylamide gels and read using a LI-COR IR2 4200L
DNA sequencer and eSeq v2.0 automated sequencing
software (LI-COR).

Sequence and population analyses. For each indi-
vidual, forward and reverse sequences from both
sequencing reactions were aligned using AlignIR
(LI-COR) to generate the complete control region
sequence. Control region sequences for all individuals
were then aligned using MegAlign (DNAStar), and
haplotypes determined by the number of polymorphic
nucleotide sites among all sequences. For each pop-
ulation sample, singleton haplotypes were defined as
haplotypes appearing once in that sample. We calcu-
lated haplotype (h) and nucleotide (w) diversities (Nei
1987) for each population from full sequences using
Arlequin version 2.000 (Schneider et al. 2000). For
closer comparability with the regression (Fig. 1), we
also calculated those indices for reduced datasets,
using 504 and 320 nucleotides from the left domain of
the control region, which generally has higher vari-
ability than the central and right domains in teleosts.
Tests for heterogeneity of haplotype {requencies
among samples taken at different localities or in differ-
ent years within a locality were performed using a
Monte Carlo randomization procedure (Roff & Bentzen
1989) with 1000 randomizations implemented in
CHIRXC (Zaykin & Pudovkin 1993) from full se-
quences only. A sequential Bonferroni correction
(Rice 1989) was used to adjust significance levels for
multiple tests.

An analysis of molecular variance (AMOVA) imple-
mented in Arlequin (Excoffier et al. 1992, Schneider et
al. 2000) was used to identify geographic patterns in
population structure. Genetic distances among haplo-
types were calculated using Tamura (1992) distances
with a gamma distribution shape parameter (o) of
1.2549. AMOVA uses a nested analysis of variance
framework to partition the total amount of genetic dif-
ferentiation between hierarchical levels of population
subdivision (Weir 1996), producing ®-statistics that
measure the similarity of pairs of haplotypes in each
hierarchical level of the analysis, relative to pairs
drawn from the pool of sequences in the next higher
level. Significance of the ®-statistics is tested by per-
muting haplotypes among the corresponding hierar-
chical levels, and recalculating the statistics to obtain

their null distributions (Excoffier et al. 1992). Sequence
divergence among populations was also investigated
by estimating the average number of nucleotide differ-
ences between populations (Nei & Li 1979, Schneider
et al. 2000). Significance of the estimated divergences
was tested in a randomization procedure similar to that
for AMOVA.

To test for a reduced number of singleton haplo-
types, we determined the number of singletons pre-
dicted for the total number of haplotypes discovered in
each population using the regression equation in Fig. 1
as in Luzier & Wilson (2004). The standard error (Sy) of
the predicted number of singletons (Hs) was calculated
following Sokal & Rohlf (1981), and is similar to the
method for calculating the prediction interval for a
given o level around a regression line. Prediction inter-
vals around a regression line are from the ¢-distribu-
tion so the observed and predicted values for single-
tons were compared using a 1-sample t-test with n— 2
degrees of freedom (Sokal & Rohlf 1981), where t= (pre-
dicted Hg — observed HS)/Sy, and n was the number of
observations used to generate the regression.

To investigate the evolutionary (genealogical) rela-
tionships among yellowfin goby haplotypes, we con-
structed a statistical parsimony network (Templeton et
al. 1992) using the program TCS v1.13 (Clement et al.
2000). The method was chosen because the phylo-
genetic relationships among intraspecific data, which
typically contains very similar sequences present in
multiple copies, is often better represented as a net-
work rather than as a bifurcating tree (Posada &
Crandall 2001).

RESULTS
Haplotype determination

We sequenced the entire mitochondrial DNA con-
trol region (986 base pairs) of 108 yellowfin goby
from northern California (i.e. San Francisco Bay =
SFB), 53 from southern California also collected over
2 yr, and 55 from Japan collected in a single year
(Table 2). The 55 Japan specimens were a mixture of
specimens from the 3 collection sites, Tokyo Bay (26),
Miyagi (15) and Fukushima (14). Our aim was to
generate a geographically diversified Japan sample
to compare with the 2 California samples. We found
80 distinct haplotypes among all locations and years
sampled (Table 2). The full set of 80 sequences has
been deposited in GenBank under accession num-
bers AY854981-AY855060. About one-fifth of the
haplotypes (21.3%) were shared among 2 or more
samples but most were seen only within the sample
where discovered.
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— Table 2. Acanthogobius flavimanus. Frequency
° - - - g distribution of yellowfin goby mtDNA haplotypes
£, o a N f5e) ™ f50) S . S= 9.2 determined from full control region sequences,
50 = = = S =) =1 S o S S
52 8=~ 8= S@ Sa&a S < a5 g A3 among sampling localities and years. Locality and
S o R YNz Sz S0 S0 zé z& z% :
3 OB Uk o 5 v§5 U g @) % ES &S &2 year of samples head the columns. NC: northern
LB ZE2 ZC o= ac @®8 w8 ST 52 So California; SC: southern California; JPN: Japan.
% 110 9 - - - - % - 1 California sublocalities as follows: SFB: San Fran-
3 6 5 B - B B 2 _ - cisco Bay; UNB: upper Newport Bay; BC: Bolsa
4 6 2 - - - - 1 - - Chica (Fig. 2). Numbers in columns are the fre-
g g 2 B B B B 1 - B quency of a haplotype found in that sample. For
7 2 1 — - - - - - - each population, n: total number of fish sequenced;
S ? - - - - - 1 - - Hy: total number of haplotypes found; Hg: number
10 3 _ _ _ _ _ _ _ _ of singleton haplotypes, h: haplotype diversity;
11 1 - - - - - - - - n: nucleotide diversity
12 2 1 - - - - 3 - -
13 1 - - - - - - - -
14 1 - - - - - 1 - -
-
17 1 - - - - - - - - Heterogeneity of haplotype frequencies
8 1 - - - - - - - -
19 4 6 - - - - 2 - -
0z - - - - - - - - There were significant differences in
%% % 2 - - - - 1 - - haplotype frequencies among all years and
n 1 Z Z Z Z Z : - - sampling localities (global test of hetero-
L1 - - - - - - - - geneity; 2 = 815.87, p = 0.001); however,
% % - - - - - - - - pairwise comparisons among sampling
29 - 1 - - - - - - - localities within populations, and among
%ﬁ) _ % Z Z Z Z - - Z years within sampling localities, found no
32 0- 1 - - - - - - - significant differences as follows. There
34 - 1 - - - - - - - were no differences between the 2 yearly
35 - 1 - - - - - - - . )
36 - 1 - - - - - - - samples from northern California (SFB),
% - % - - - - B B - among sampling localities in southern Cal-
28 - % - - - - - - - ifornia, or among the 3 sampling localities
3% - % - - - - - - - in Japan (Fig. 2). No significant difference
43 Z 1 Z Z Z Z - - Z was found among several comparisons that
jg - - 161 g 1 161 1 - B included the Japan sample from Tokyo Bay
39 - - - 1 i 1 - - - as follows: i.e. with the SFB sample from
48 - - - - - 1 - - - each year, and with samples from 2 south-
gg - - - - - 1 1 B - ern California localities, upper Newport
a - - - - - - ! - - Bay in 2003 and Bolsa Chica in 2002. Sig-
gz - - - - - - % - - nificant differences were found for all other
55  _ - - - - - 1 - - pairwise comparisons. When years and
gg B B B B - B % - - sampling localities were combined for each
gg - - - - - - % - - population, significant differences in hap-
60 - - - - - - - 2 1 lotype frequencies were found for all pair-
2% _ _ _ _ _ _ _ % 1 wise comparisons (p < 0.001 in all tests).
63 - - - - - - - 1 -
64 - - - - - - - 1 -
65 - - - - - - - 1 -
66 - - - - - - - 4 1 . .
67 _ - _ _ _ _ - 1 - Analysis of molecular variance
68 - - - - - - - 1 -
69 - - - - - - - 1 -
;(1) - - - - - - - 1 1 An AMOVA also found differences in
72 - - - - - - - - % haplotype composition among sampling
;431 - _ _ _ _ _ _ _ 1 localities and years. A large proportion
;g - - - - - - - - % (67.8%) of the total observed molecular
Z; - - - - - - - - % variance was attributed to differences
79 - - - - - - - - 1 among sampling localities and years, with
L I an overall ®gr = 0.422 (p < 0.001). Differ-
Hr o 28 2 2 3 2 3 2 1 i ences among samples within geographic
h° 0948 0931 0485 0636 0400 0.632 0982 0933 1,000 regions also accounted for a significant por-
n  0.0035 0.0032 0.0019 0.0024 0.0004 0.0024 0.0039 0.0039 0.0046 . .
tion of the observed molecular variance
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(23.3%; Dgc = 0.287; p < 0.001). Pairwise ®gt values
indicated significant differences in haplotype composi-
tion similar to those found with the heterogeneity tests.
Within the northern and southern California popula-
tions, respectively, no significant differences were
found between sampling locality and/or year (Table 3).
Among the Japan localities no difference was found
between the Miyagi and Fukushima samples, but a
significant difference was seen between them and the
Tokyo Bay sample. In addition, no significant differ-
ence was found between Tokyo Bay and both SFB
yearly samples (Table 3).

To better elucidate the genetic structure among the
different populations, we reorganized the data to
reflect the results of the prior AMOVA and hetero-
geneity tests. Sequences from different years and/or
sampling location in northern and southern California
were respectively combined to create a single popula-
tion sample for each area. Among the Japan samples,
those from Miyagi and Fukushima were combined
(JPN-other), leaving Tokyo Bay separate. A second
AMOVA was then performed. Once again, a large pro-
portion (52.9%) of the observed molecular variance
was due to differences among the 4 populations, with
an overall ®gr = 0.471 (p < 0.001). A significant portion
of the variance was again attributed to differences
among populations within regions (38.2 %; ®sc = 0.419;
p < 0.001). Pairwise ®dgr values among the 4 popula-
tions showed a similar pattern as the prior tests; all

populations were significantly different from one
another, except for SFB and Tokyo Bay (pairwise ®gr =
0.0116; p = 0.119; Table 4).

Based on the results of the heterogeneity tests and
the 2 AMOVAs, the data were subsequently treated as
follows: (1) Northern and southern California popula-
tions were kept separate. (2) The Japan population
was considered as either a single population (JPN-all),
or was treated as 2 groups, Tokyo Bay (JPN-Tokyo)
and all other sequences (JPN-other).

Test for reduction of singleton haplotypes

The number of singleton haplotypes found in north-
ern California (i.e. San Francisco Bay = SFB) was sig-
nificantly fewer (Table 5) than the number predicted
by the singleton haplotype regression from Fig. 1.
When separated by year, SFB 2001 had significantly
fewer singletons than predicted (p = 0.0017), whereas
SFB 2002 very marginally did not (p = 0.052). There
was no significant difference between the observed
and predicted number of singletons in southern Cali-
fornia or any Japan sample (Table 5). However, the
lower 95 % prediction limit of the regression of Fig. 1 is
negative for small values (<8) of total haplotypes, so
with only 6 total haplotypes discovered in southern
California, there could be no possibility of a positive
value falling below the prediction limit.

Table 3. Acanthogobius flavimanus. Below diagonal: Pairwise ®gst values among all sampling localities and years. Above diago-

nal: ®gp p-values (+SD from 3000 permutations of the original data set). *: significant values at table-wide o = 0.05 following

sequential Bonferroni correction. NC: northern California; SC: southern California; JPN: Japan. California sublocalities as
follows: SFB: San Francisco Bay; UNB: upper Newport Bay; BC: Bolsa Chica; samples size follows sublocality

Locality NC 2001 NC 2002 SC2002 SC2003 SC2002 SC2003 JPN 2003 JPN 2003 JPN 2003
and year (SFB-64) (SFB-44) (UNB-17) (UNB-11) (BC-5) (BC-20) (Tokyo-26) (Miyagi-15) (Fukushima-14)
NC - 0.0826 <0.0001* <0.0001* 0.0017* <0.0001* 0.1018 <0.0001* <0.0001*
2001 (0.005) (0.000) (0.000) (0.0009)  (0.000) (0.0056) (0.000) (0.000)
NC 0.0124 - <0.0001* <0.0001* 0.0010* <0.0001* 0.1114 <0.0001* <0.0001*
2002 (0.000) (0.000) (0.0006)  (0.000) (0.0058) (0.000) (0.000)
SC 0.2257 0.2361 - 0.5187 0.1520 0.8694 <0.0001* <0.0001* <0.0001*
2002 (0.0088) (0.0066)  (0.0063) (0.000) (0.000) (0.000)
SC 0.2308 0.2385 -0.0541 - 0.0889 0.8377 <0.0001* <0.0001° <0.0001*
2003 (0.0052)  (0.0068) (0.000) (0.000) (0.000)
SC 0.2232 0.2298 0.1669 0.2537 - 0.0787 0.0023* 0.0003* <0.0001*
2002 (0.0044) (0.0008) (0.0003) (0.000)
SC 0.2359 0.2419 -0.0478 -0.0611 0.1723 - <0.0001* <0.0001* <0.0001*
2003 (0.000) (0.000) (0.000)
JPN 0.0131 0.0146 0.1974 0.1857 0.1828 0.2021 - <0.0001* <0.0001*
Tokyo (0.000) (0.000)
JPN 0.6174 0.6245 0.6877 0.6608 0.6697 0.6791 0.5840 - 0.4416
Miyagi (0.009)
JPN 0.6451 0.6466 0.6959 0.6656 0.6610 0.6888 0.6048 -0.0038 -
Fukushima
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Table 4. Acanthogobius flavimanus. Below diagonal: pairwise ®s7 values among northern and southern California populations

(respectively lumped), and Japan populations. Above diagonal: p-values (+SD) for pairwise comparisons from 3000 permutations

of original data set. *: significant values at table-wide o = 0.05 after a sequential Bonferroni correction. NC: northern California;

SC: southern California; JPN: Japan. California sublocalities as follows: SFB: San Francisco Bay; UNB: upper Newport Bay;
BC: Bolsa Chica

Population NC SC JPN JPN-other

(SFB) (UNB + BC) (Tokyo Bay) (Miyagi + Fukushima)
NC (SFB) - <0.001* 0.1187 <0.001*
SC (UNB + BC) 0.2477 - <0.001* <0.001*
JPN (Tokyo Bay) 0.0116 0.2402 - <0.001*
JPN-other (Miyagi + Fukushima) 0.6314 0.7035 0.5913 -

Table 5. Acanthogobius flavimanus. Number of observed and predicted singleton mtDNA control region haplotypes in yellowfin

goby populations. tis defined as (predicted Hg — observed Hg)/prediction SE, and significance (p) is the probability of finding a

greater t-statistic by chance with df = 13. h: haplotype diversity; m: nucleotide diversity; Hy: number of haplotypes; Hs: number of

singleton haplotypes. NC: northern California; SC: southern California; JPN: Japan. California sublocalities as follows: SFB: San
Francisco Bay; UNB: upper Newport Bay; BC: Bolsa Chica

Population n h T Hr Observed Hg Predicted Hg Prediction SE t P

NC (SFB) 108 0.942 0.003 43 29 39.67 2.587 4.127 <0.001
SC (UNB + BC) 53 0.585 0.002 6 3 4.41 2.734 0.515 0.307
JPN-all 55 0.985 0.007 42 35 38.72 2.587 1.439 0.087
JPN (Tokyo Bay) 26 0.982 0.004 21 17 18.71 2.643 0.646 0.265
JPN-other 29 0.966 0.004 22 19 19.66 2.638 0.250 0.403

Observed total haplotypes and singletons for all pop-
ulations were plotted on the haplotype regression in
Fig. 1. Both SFB combined (2 yr) and SFB 2001 fell well
below the lower 95 % prediction interval of the regres-
sion with SFB 2002 nearly on the lower prediction
interval. In contrast, southern California and the sepa-
rated Japan populations were found at or near the
regression line. The combined Japan (JPN-all) popula-
tion fell slightly lower than the regression line, but was
still well within the prediction interval for new obser-
vations. Using truncated sequences, h values from SFB
fell slightly to 0.902 (504 b) and 0.857 (320 b), while the
observed numbers of singletons was significantly less
than the predicted number (p = 0.007 and p = 0.005,
respectively; Table 6).

Genealogical analysis and sequence divergences

Most of the 80 haplotypes discovered were con-
nected in the statistical parsimony network to a single
haplotype by 5 or fewer mutational steps (Fig. 3). The
central haplotype (H1) was the most common one in
northern California (i.e. San Francisco Bay = SFB), and
was 1 of several common haplotypes in Tokyo Bay, but
occurred only once among the other Japan locations.
An arbitrarily defined Group A (Fig. 3) mostly con-
sisted of haplotypes found only in SFB and of haplo-
types shared between San Francisco and Tokyo bays.
It also contained a single haplotype (H70) from

JPN-other. Group B was a mixture of haplotypes from
SFB, Tokyo Bay, half of the haplotypes of southern
California, as well as haplotypes shared among those
populations. Group C contained the remaining haplo-
types from southern California connected to the cen-
tral one from Tokyo Bay. Group D comprised haplo-
types that were only found in JPN-other, except for a
single Tokyo Bay haplotype (H59). Group D was also
distinct from Groups A to C in that most haplotypes
were further removed from the central haplotype
(Fig. 3). Average sequence divergences between pop-
ulations was high (>0.8) for all pairwise comparisons

Table 6. Acanthogobius flavimanus. Influence of sequence
length on the number of singleton haplotypes, haplotype di-
versity (h), and nucleotide diversity () in the San Francisco
Bay population of yellowfin goby. Truncated sequences are
comprised of contiguous bases from the left domain of the
control region. Hy: number of haplotypes; Hs: number of

singleton haplotypes

No.of h(SD) =n(SD) Hp Observed Predicted P

bases Hg Hg

985 0.942 0.0034 43 29 39.67 <0.001
(0.013) (0.0020)

504 0.902 0.0046 27 17 25.38 0.007
(0.014) (0.0029)

320 0.857 0.0059 18 8 15.85 0.005
(0.020) (0.0038)
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Fig. 3. Acanthogobius flavimanus. Statistical parsimony network of yellowfin goby sequence haplotypes found in California and

Japan populations. Lines connecting haplotypes represent single nucleotide differences; small circles represent hypothetical in-

termediary haplotypes not observed in the population samples. Group A consists mainly of San Francisco Bay (SFB) and Tokyo

Bay haplotypes, with a single non-Tokyo Bay Japan haplotype; Group B is a mixture of SFB, SC, and Tokyo Bay haplotypes;

Group C contains the remaining SC haplotypes and 2 Tokyo Bay haplotypes; Group D contains all remaining haplotypes from
the non-Tokyo Bay Japan samples, and a single Tokyo Bay haplotype

except for SFB and Tokyo Bay (Table 7), which were
not significantly different from one another (my; =
0.033; p = 0.156).

Table 7. Acanthogobius flavimanus. Average sequence diver-
gences among California and Japan populations. Below dia-
gonal: the corrected average numbers of pairwise differences
[ — (M + my)/2] among control region sequences between
populations as calculated in Arlequin (Nei & Li 1979,
Schneider et al. 2000); diagonal elements (grey) are average
number of pairwise differences within populations (r); above
diagonal: estimated p-values of pairwise comparisons from
3000 permutations of the data set. *Values that are statis-
tically significant at table-wide o = 0.05 after a sequential
Bonferroni correction

Population NC SC JPN JPN-
(SFB) (UNB + BC) (Tokyo Bay) other
NC (SFB) 3.365 <0.001* 0.156  <0.001*
SC (UNB + BC) 0.979 2.113 <0.001* <0.001*
JPN (Tokyo Bay) 0.033 0.831 3.871 <0.001*
JPN-other 6.041 6.708 5.833 4.175

DISCUSSION

Population-genetic bottlenecks, either recent or his-
toric, are widely posited to account for low observed
values of genetic diversity (h) and sometimes nucleo-
tide diversity (m) over a wide range of taxa (Bernatchez
etal. 1989, Bucklin & Wiebe 1998, Grant & Bowen 1998,
Glenn et al. 1999, 2002, Pang et al. 2003). Conversely,
relatively high values of h imply the opposite: the ab-
sence of recent genetic bottlenecks (Grant & Bowen
1998). Lacking demographic information, there is diffi-
culty distinguishing bottlenecks from other forces act-
ing to reduce variability (e.g. low intrinsic variability or
mutation rate, selective sweep of deleterious alleles
at linked loci). Knowing the history of population size
changes allows stronger inferences about present-day
patterns of genetic diversity, particularly in cases of
suspected or proposed genetic bottlenecks.

The colonization history of yellowfin goby in Califor-
nia suggests marked changes in size of the invading
populations. Geographic populations in northern and
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southern California were apparently small for several
years after colonization (Brittan et al. 1963, Haaker
1979), then dramatically increased in size (Brittan et al.
1970, Meng et al. 1994). Expansion and spread of
individuals away from the apparent introduction sites
(Brittan et al. 1970, Williams et al. 1998) suggested
that the 2 populations were largely self-replenishing.
Apparently different introduction times, as well as
significant differences in haplotype frequencies and
sequence divergences (Tables 3, 4 & 7), now indicate
that yellowfin goby in California likely stem from 2
separate invasions, and presently experience negligi-
ble, if any, gene flow between northern and southern
California.

The traditional index of haplotype diversity, h, sug-
gests that only the southern California population
experienced significant reduction in genetic diversity
compared to its supposed source population or to
natural populations of marine fishes ‘at equilibrium’
(Table 1). Conversely, the h value for the sequences
from San Francisco Bay yellowfin goby was similar to,
although less than, values seen in Japan, as well as
those reported for populations not thought to have
experienced a recent bottleneck, including 2 native
California gobies, Clevelandia ios and Gillichthys mira-
bilis, of the same estuaries (Table 1).

In contrast to h, the observed numbers of singleton
haplotypes for both the full and truncated sequences
from San Francisco Bay were significantly fewer than
predicted (Tables 5 & 6), with an important point being
that their numbers were predictable by our approach.
The lack of singleton haplotypes is especially evident
from the truncated sequences that were closer in
length to those on which the regression (Fig. 1) was
based (Table 6). We suggest that evidence for a genetic
bottleneck in the San Francisco Bay population is seen
in the reduced number of observed singleton haplo-
types (Tables 1, 5 & 6), although corroboration from
other genetic measures is needed for confirmation. The
loss agrees with theoretical predictions of the fate of
rare mtDNA haplotypes following a bottleneck (Avise
et al. 1984, Maruyama & Fuerst 1985).

The southern California population showed reduc-
tion in both h and singleton fraction compared to most
of the studies from the regression (Table 1), although
there was no significant difference between observed
and expected numbers of singletons. The southern
California population had the same number of total and
singleton haplotypes as Microstomus achne (Table 1),
but 5 times more yellowfin goby were sequenced. Most
of the reference studies (13 out of 15) found more than
10 haplotypes compared to the 6 that we found. With
so few, as stated above, there could be no possibility of
a positive value falling below the prediction limit of the
regression of Fig. 1.

The loss of singletons from San Francisco Bay and
the low haplotype diversity in southern California sup-
ports our hypothesis of a genetic bottleneck occurring
in concert with a demographic one during coloniza-
tion. Their relative severities apparently differed, with
the southern California population having since expe-
rienced more drift, and perhaps some sequence diver-
gence (Fig. 3, Table 7) generating new haplotypes, if
the 2 invasive populations indeed had the same source.

Introduction to California was thought to have
occurred by the transport of eggs or larvae by
transoceanic shipping vessels, presumably from Japan
(Brittan et al. 1963, 1970), with a similar method pro-
posed for its introduction to Australian waters (Hoese
1973). Given such a mode of introduction, the data
would suggest a yellowfin goby population, as repre-
sented genetically by the Tokyo Bay sample, as the
source of the northern California population, specifi-
cally in San Francisco Bay and the Sacramento River
delta area. No significant differences in haplotype
frequencies or sequence divergences were found be-
tween San Francisco and Tokyo Bay (Tables 3, 4 & 5).
Several haplotypes were shared between these loca-
tions, with a number of haplotypes being singletons in
Tokyo Bay but which are now common haplotypes in
San Francisco Bay. Moreover, the common haplotypes
from Tokyo Bay were present in multiple copies in San
Francisco Bay (Table 2). The pattern of haplotype fre-
quency is similar to the one seen between introduced
populations of striped bass Morone saxatilis on the
Pacific Coast and its source population in the Hudson
River (Waldman et al. 1998).

Although significant differences in haplotype muta-
tions and frequency were seen between southern Cal-
ifornia and Tokyo Bay, a singleton from Tokyo Bay was
the most common haplotype in southern California.
The reduced number of total haplotypes in southern
California could be due to extreme genetic drift associ-
ated with the fragmented estuarine habitat in southern
California, the likely small overall size of the popula-
tion there, as well as the stochastic nature of larval
recruitment in marine fishes. Recurrent invasions do
not seem likely factors in shaping the pattern of
genetic diversity in southern California yellowfin goby.
If multiple invasions had occurred, one would predict
a greater proportion of shared haplotypes between
the source and introduced populations, as well as an
increased proportion of multiple-copy haplotypes in
introduced populations (Avise et al. 1984, Maruyama &
Fuerst 1985).

Our results provide tentative support for a Japan ori-
gin of both northern and southern California popula-
tions of yellowfin goby, pending wider population sam-
pling in East Asia. As seen in the statistical parsimony
network (Fig. 3), California haplotypes were mutation-
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ally close to Tokyo Bay haplotypes in Groups A, B, and
C of the network, and distinct from the other Japan
haplotypes of Miyagi and Fukushima. The pool of
founder haplotypes introduced to California was an
apparent subset of a large group of related ones within
a geographic population range that included Tokyo
Bay and its tidal tributaries.

In conclusion, our findings reveal a significant loss
of mtDNA alleles in the yellowfin goby population of
San Francisco Bay compared to Tokyo Bay, consistent
with the historical demography of its colonization there
more than 40 yr ago, even in the evident absence of
strong reductions in the traditional index of haplotype
diversity. Similarities in haplotype frequencies and
mutational differences between goby from San Fran-
cisco Bay and Tokyo Bay, Japan, support the present
suggestion that Tokyo Bay is a likely source of the
introduced California populations, although wider
population sampling in East Asia is warranted for con-
firmation.
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