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Abstract: We analyzed the population structure of the Japanese anchovy (Engraulis japonicus), a small pelagic
fish, using 6 microsatellite DNA loci. The anchovy is known to have 2 separate spawning populations, one near
northeastern Taiwan in the Pacific Ocean and the other near southwestern Taiwan in the Taiwan Strait. The
planktonic larvae then drifted north to the feeding grounds in the East China Sea to advance in their life
history. Three populations of the anchovy were analyzed, including 2 temporal population from the north-
eastern spawning ground (I-Lan 1999 and I-Lan 2000) and one population from the southwestern spawning
ground (Peng-Hu 2000). The genetic variability of the 6 loci was high for all the populations. The average
numbers of alleles per population ranged from 25.5 to 32.3, and the average observed heterozygosity ranged
from 0.559 to 0.650. A significant population differentiation was found between geographic populations but
not between the temporal populations. However, the level of geographic differentiation was weak, average Fg7
0.0088. The significant geographic population structure indicated that the populations of 2 spawning grounds
belonged to separate stocks. Moreover, 16 of the 18 population-locus cases showed significant departure from
Hardy-Weinberg equilibrium, implying that each spawning population in turn consisted of mixed native
stocks. Finally, we posed 3 population models to be evaluated against the genetic data disclosed with the

microsatellite markers.
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INTRODUCTION

Japanese anchovies (Engraulis japonicus) comprise the
major catch for anchovy larvae, which has been a tradi-
tional fishing practice in Taiwan (Chiu et al., 1997; Young
and Chiu, 1994). The larvae are sold at good prices in local
markets, since their nutritive value is highly prized. The
economic significance of anchovy larvae has propelled the
government to embark on population studies on the spe-
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cies and to take measures to reduce exploitation of the
larvae. Consequently, a seasonal closure to the anchovy
harvest was announced in 1999.

Chiu et al. (1997) analyzed monthly geographic dis-
tribution of the larval stocks and established that the adult
anchovies migrate from the East China Sea to spawn in
coastal waters of Taiwan. The planktonic larvae then
drift back to the East China Sea to complete their life
cycle. So far, at least 2 spawning grounds of the Japanese
anchovy have been identified near Taiwan, one in the
northeastern coast of Taiwan (in the Pacific Ocean) and
the other in the southwestern coast of Taiwan (in the
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Taiwan Strait). In addition to its economic value, the
Japanese anchovy is a key link in the marine food chain
since its larvae feed on copepods (Shen, 1969; Hirakawa et
al., 1997). Likewise, a similar diet was found in the Euro-
pean anchovy (Engraulis encrasicolus) (Plounevez and
Champalbert, 1999).

Microsatellite DNA loci are neutral genetic markers
with high levels of polymorphism and are abundant in
fish genomes (Wright and Bentzen, 1994; O’Reilly and
Wright, 1995). The nature of the microsatellite markers
has made them particularly amenable for genetic ana-
lyses of natural populations (Jarne and Lagoda, 1996).
Knowledge of the genetic structure of fish populations is
essential to effective management of the species of eco-
nomic value. Applications of microsatellites in fishery
science are increasing e.g., in salmonids (Beacham
et al., 2000; Olsen et al., 2000), rockfish (Sekino et al.,
2001), redfish (Roques et al., 1999), and eel (Wirth and
Bernatchez, 2001).

We have attempted to clone microsatellite loci from
the Japanese anchovy (Chiu et al., 2002). In this study, we
applied these microsatellite markers to investigate the levels
of polymorphism and to assess the temporal and geo-
graphic population differentiation in the species. The re-
sults of the genetic analysis were then evaluated against 3
hypothetical models of population structure of the adult
anchovies in their feeding grounds. Such analyses will offer

populations and therefore sampling loca-
tions of Engraulis japonica in waters near

Taiwan: 1, I-Lan; 2, Peng-Hu.

insights to fine-tune conservation and fishery management
measures in the future.

MATERIALS AND METHODS

Sample Collection

We sampled fish from 2 spawning grounds near Taiwanese
waters (Figure 1). Adult Japanese anchovies were collected
from local fishermen in I-Lan (representing the north-
eastern population). The fish were first placed on ice and
frozen immediately after being transported back to the lab.
The Peng-Hu samples (representing the southwestern
population) were purchased from a local fish market and
frozen right away. All the adults sampled weighed ap-
proximately 20 g and were 1l-year-old, reaching sexual
maturity. DNA samples were extracted from individual fish
using a small piece (20 mg) of tissue (muscle or liver). The
tissue was ground, digested with proteinase K, and sub-
jected to a standard phenol-chloroform procedure (Sam-
brook et al., 1989). The extracted DNA samples were stored
at —20°C until further treatments.

Initially, we sampled fish from I-Lan in 1999 for the
purpose of cloning microsatellite loci and testing the ap-
plicability of the cloned markers. In 2000, efforts were
made to include both I-Lan and Peng-Hu samples to ad-



dress the issue of geographic population structure. The
sampling in I-Lan for 2 consecutive years also allowed us to
assess the temporal stability of the genetic population
structure. A lack of stability might confound the geographic
analysis.

Microsatellite Loci

Six polymorphic loci (H, > 0.75) were selected to genotype
the fish. Cloning and characterization of these loci were
described by Chiu et al. (2002), where primer sequences
and the optimal annealing temperatures for each locus are
given. The sequences of the 6 loci were deposited in Gen-
Bank (accession numbers AF344655-AF344660). The loci
and their repeat motifs are as follows: EJ2 (CT)4s, EJ9
(TC)s9, EJ27.1 (GA)se, EJ27.2 (GAGAA)15, EJ35 (TG)ys,
and EJ41.1 (CACAA)s.

Genotyping of the Fish

Individual genotypes were determined by polymerase chain
reaction (PCR) with radioactive primers. Each PCR reac-
tion totaled 10 pl, containing 100 ng of template DNA, 10
mM Tris-HCl, 50 mM KCl, and 0.1% Triton X-100, 0.25
mM dNTP, 1.5 mM Mg**, 0.25 U Tag DNA polymerase
(Promega madison, Wis.), and 0.3 uM of each primer, one
of which was end-labeled with [y—>*P] ATP.

Amplification was carried out by the thermal profile:
94°C 5 minutes, followed by 25 cycles of 94°C 30 seconds,
optimal annealing temperature 1 minute, 72°C 1 minute,
and final extension step at 72°C for 10 minutes. PCR
products were run on regular denaturing 6% polyacryla-
mide sequencing gel. Sequence of pUC18 was used as a size
marker to determine the allele sizes. The allelic PCR
products differed in multiples of their repeat motifs. Ge-
notypes were scored by 2 individuals independently, and
only consistent results were included for analyses.

Data Analysis

Both observed heterozygosity (H,) and unbiased expected
heterozygosity (H,; Nei, 1978) were calculated to estimate
the genetic variability for the Japanese anchovy popula-
tions. Hardy-Weinberg expectation for each locus was
tested by the Markov—chain method in GENEPOP Version
3.1 (Raymond and Rousset, 1995; available at http://
wbiomed.curtin.edu.au/genepop), which implements Fish-
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er’s exact tests for multiple alleles (Guo and Thompson,
1992).

Population differentiation by 2 geographic locations
and 2 temporal points was examined by determining Fs1(0)
values (Weir and Cockerham, 1984) for 3 pairs of popu-
lations. The calculations were implemented in GENEPOP
Version 3.1. Significant departures from 0 of the Fgr values
were tested using permutations (see Dallas et al., 1995) and
implemented in FSTAT (Goudet, 1995). In addition, we
also calculated Slatkin’s (1995) Rgr, which is similar to
Wright’s Fsy except that its calculation is based on variance
of allele size.

The variation component of genetic variation based on
genotypic data was estimated by the analysis of molecular
variation approach (AMOVA, Excoffier et al., 1992). The
calculation was implemented in ARLEQUIN (Schneider et
al., 2000; available at http://anthro.unige.ch/arlequin).

We employed a multivariate analysis based on the
genotypes disclosed at the 6 microsatellite loci to visually
examine the relationship among individual fish. Related-
ness between any 2 individuals was measured by the coef-
ficient of Sorensen based on the shared alleles at the 6 loci
(Krebs, 1989), and a nonmetric multidimensional scaling
(NMS) analysis was used to illustrate the relationship on a
2-dimensional plain (Pielou, 1984). Calculation of coeffi-
cient and the NMS were implemented in PC-ORD
(McCunne and Mefford, 1999).

RESULTS

PCR Amplification and Genetic Variability

The efficiency of the PCR amplification varied among loci.
The PCR success ranged from 48 to 65 fishes for I-Lan 1999
(N = 74), from 47 to 70 fishes for I-Lan 2000 (N = 72), and
from 42 to 55 fishes for Peng-Hu (N = 56), (Table 1). The
average success rate by locus was best for EJj41.1 (92%)
followed by EJ35 (88%) EJ27.2 (82%), EJ2 (80%), EJ27.1
(75%), and EJ9 (68%). The variation of success rate was in
part contingent upon the quality of specimen preservation
and DNA extraction.

The genetic variability was high at the 6 microsatellite
loci and for the 3 populations of Engraulis japonica (Table
1). The average numbers of alleles per locus were in the
following order: I-Lan 2000 (32.3), I-Lan 1999 (29.7), and
Peng-Hu 2000 (25.5). The H, for the 3 populations was
high and comparable, ranging from 0.911 to 0.918. The H,
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Table 1. Statistics of Genetic Variability at Six Microsatellite Loci

for the Three Engraulis japonicus Populations

Population*
Locus and variable" I-Lan 1999  I-Lan 2000 Peng-Hu 2000
EJ2
N 60 57 45
A (size range) 36 (149-277) 38 (149-273) 31 (149-279)
H, 0.317 0.596 0.422
H. 0.963 0.971 0.955
P 0.008** 0.000*** 0.000***
EJ9
N 48 47 42
A (size range) 32 (224-320) 36 (222-308) 27 (220-300)
H, 0.500 0.681 0.452
H. 0.947 0.968 0.954
p 0.000*** 0.023* 0.000***
EJ27.1
N 58 51 42
A (size range) 33 (156-246) 44 (150-268) 34 (150-258)
H, 0.466 0.549 0.500
He 0.968 0.978 0.973
P 0.000*** 0.000*** 0.018***
EJ27.2
N 57 58 46
A (size range) 30 (154-262) 29 (154-267) 23 (157-259)
H, 0.553 0.569 0.587
H. 0.958 0.953 0.941
p 0.000*** 0.000*** 0 000***
EJ35
N 65 60 52
A (size range) 28 (178-270) 26 (182-241) 25 (177-220)
H, 0.708 0.717 0.827
H. 0.925 0.921 0.927
p 0.000%** 0.000*** 0.030%**
EJ41.1
N 60 70 55
A (size range) 20 (149-192) 25 (146-190) 16 (144—184)
H, 0.783 0.757 0.673
H, 0.755 0.745 0.755
P 0.312 ns 0.474 ns 0.031*
Average
A 29.7 32.3 25.5
H, 0.559 0.650 0.589
H. 0.918 0.914 0.911

TN, sample size; A, (size range), number of alleles and (numbers of the base
pairs of PCR products); H,, observed heterozygoity; H., expected hetero-
zygosity; P, the exact P value estimated by a Fisher’s exact test of the observed
genotypes to Hardy-Weinberg expectations.

ISignificant departure from expectations is determined by * P < 0.05, ** P
< 0.01, *** P < 0.001, ns P > 0.05.

was highest in I-Lan 2000 (0.650), followed by Peng-Hu
2000 (0.589) and I-Lan 1999 (0.559).

The observed genotype frequencies were tested for
agreement with Hardy-Weinberg equilibrium (Table 1).
Among the 18 population-locus cases (3 populations X 6
loci), only 2 cases (I-Lan 1999 and I-Lan 2000 at the locus
EJ41.1) were at the equilibrium (P > 0.05), and the rest
violated the Hardy-Weinberg equilibrium (P < 0.05), re-
sulting in heterozygote deficiencies.

When the samples of 2 geographic populations of the
same year (I-Lan 2000 and Peng-Hu 2000) were combined,
all the cases at the 6 loci deviated significantly from Hardy-
Weinberg equilibrium (P < 0.05). The same result was
observed for the combined samples of I-Lan 1999 and
Peng-Hu 2000. The deviation of the pooled samples (i.e.,
Wahlund’s effect) was taken to illustrate that the 2 geo-
graphic populations could not be considered as one po-
pulation; in other words, that 2 breeding populations
existed.

Genetic Variation at Population Level

The variation at each locus (Table 2) was analyzed for
temporal populations (I-Lan 1999 vs I-Lan 2000) and for
geographic populations (I-Lan 2000 vs Peng-Hu 2000). For
both temporal and geographic populations, the variation
was mostly within individual populations (>98%) rather
than between populations (<2%).

The levels of population differentiation were estimated
by Fsr(0) and Rgy (Table 3). Both estimates showed a trend
of minimal differentiation, yet 0 values were greater be-
tween geographic populations than between temporal
populations: 0.0099 between Peng-Hu 2000 and I-Lan
2000, 0.0076 between Peng-Hu 2000 and I-Lan 1999, and
0.0022 between I-Lan 1999 and I-Lan 2000, respectively.

The NMS analysis visually depicts the individual fish
by their genotype combinations at 6 microsatellite loci
(Figure 2). The analysis included 82 individual fishes of
complete genotype sets based on the 6 loci. The results of
NMS indicate that the individual genotypes of the 3 dif-
ferent populations overlapped substantially.

DiscussioN

The genetic diversity revealed at the 6 loci for E. japonica is
high (Table 1), either for numbers of alleles or for the
heterozygosity (H, and H,). The high average number of
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Table 2. Variation Component of Genetic Variability at Six Microsatellite Loci for Engraulis japonicus*

Variation component (%)

I-Lan 1999 vs I-Lan 2000 I-Lan 2000 vs Peng-Hu 2000
Locus Within Between Within  Between
EJ2 99.4 0.6 99.2 0.8
EJ9 99.7 0.3 98.9 1.1
Ej27.1 99.6 0.4 99.9 0.1
Ej27.2 98.9 1.1 96.2 3.8
EJj35 99.8 0.2 98.4 1.6
Ej41.1 99.2 0.8 99.7 0.3

*Components are analyzed for temporal populations (I-Lan 1999 vs I-Lan 2000) and for geographic populations (I-Lan 2000 vs Peng-Hu 2000).

Table 3. Estimated Level of Differentiation Between Population

pairs*

I-Lan 1999 I-Lan 2000  Peng-Hu 2000
I-Lan 1999 — 0.0022 0.0076
I-Lan 2000 0.002 — 0.0099
Peng-Hu 2000 0.002 0.007 —

*Fs1(0)(Weir and Cockerham, 1984) values are above the diagonal, and
Rgr (Slatkin, 1995) values are below the diagonal.

alleles per locus, ranging from 25.5 to 32.3 for the 3 pop-
ulations, is noteworthy. The numbers of alleles were even
greater when the 3 populations were considered together.
The numbers of alleles per locus are as follows: 35 (EJ41.1),
37 (EJ35), 40 (EJ27.2), 45 (EJ9), 49 (EJ27.1), and 53 (EJ2)
(Chiu et al, 2002). One reason we encountered a high
number of alleles per locus was that a stringent measure
was taken to screen for polymorphic loci. We used only 12
individuals in the initial screening and only those loci
showing more than 1 allele were kept for future screening.
The low sample number tested (12) ensured that we de-
tected loci that are considerably polymorphic. Conse-
quently, the numbers of repeat motifs, (36—43) were high
for the dinucleotide loci that possessed more than 40 al-
leles: EJ2 (CT)43, EJ27.1 (GA)s6, and EJ9 (TC)3o. Similarly,
the relation between the number of core repeat units and
the level of allele variation was shown in human dinucle-
otide (CA), loci (Weber, 1990).

A second reason for the high allele number per locus is
probably related to the large effective population size of the
Japanese anchovy. Intuitively, the annual catch tonnage
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Figure 2. The nonmetric multidimensional scaling (NMS) analysis of
genotypes of Engraulis japonicus based on 82 individuals with
complete data at 6 loci. Black circles, I-Lan 1999; white circles, [-Lan
2000; white triangles, Peng-Hu 2000.

attests to the large census population (Chiu et al., 1997).
Moreover, the effective population size (N,) can be esti-
mated by calculating the N, (in a close random mating
population) needed to maintain a given level of hetero-
zygosity assuming, under mutation-drift equilibrium: (1)
for infinite-allele mutation model H = 4N, /(1 + 4N,u)
(Kimura and Crow, 1964); and (2) for stepwise mutation
model H = 1-1/(1 + SNELL)Uz (Ohta and Kimura, 1973). H
equals expected heterozygosity (H,) and p equals mutation
rate. Here we take a general mutation rate of microsatellites
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at 10™* (Jarne and Lagoda, 1996). The estimated N, average
across loci for the infinite-allele model and for the stepwise
mutation model was 5.3 x 10* and 7.4 x 10°, respectively.
The large N, has ensured a large allele variance and thereby
high allele numbers per locus, because, assuming neutral,
the expected variance in repeat number (V) depends on the
effective population size and the mutation rate of the mi-
crosatellite locus, i.e., V = 2N, (Moran, 1975). Nonethe-
less, a higher than usual mutation rate in the Japanese
anchovy could still be a cause of the large allele numbers.

The majority (16 of 18) of the population-locus cases
deviated from the Hardy-Weinberg expectation, showing
heterozygote deficiency (Table 1). While the occurrence of
null alleles (Pemberton et al., 1995) could not be ruled out,
the consistent outcomes over multiple loci are likely to be
attributed to Wahlund’s effect (Hartl and Clark, 1989) or
mixing of more than 2 independent random mating pop-
ulations. Currently, no existing ecologic data that we are
aware of can shed light on the population structure of the
Japanese anchovy in the natural feeding grounds in the East
China Sea.

Likewise, the departure from Hardy-Weinberg equi-
librium of the combined samples of I-Lan and Peng-Hu
indicated a mixing of populations by this artificial treat-
ment. Therefore, the results implied that the 2 geographic
spawning populations could be 2 separate populations,
each of which, in turn, consists of multiple native stocks.

At the population level, we analyzed the genetic dif-
ferentiation by 2 dimensions, geographic and temporal
populations. The geographic differentiation was greater
than the temporal differentiation. Fsr(0) values for geo-
graphic comparison were 3 to 4 times those of temporal

Figure 3. Three population models of

Engraulis ponica. Squares represent hypo-
Panmictic
population
structure

thetical adult populations in natural feeding
grounds in the East China Sea. Ovals
indicate two spawning populations in
Taiwanese waters. The thickness of the

arrows implies the intensity of migration.

comparisons (Table 3) and significantly different from 0
(P < 0.005). The significant geographic population struc-
ture implies that the east (I-Lan) and west (Peng-Hu)
spawning populations should belong to 2 separate stocks.
This conclusion is reinforced by the significant departure
from Hardy-Weinberg equilibrium for the combined
samples of the 2 spawning populations. Yet the genetic
variation was largely contained within populations (Table
2), and there was substantial overlapping in genotypes of
the 2 stocks (Figure 2).

Here we posed 3 models for the adult population
structure of the Japanese anchovy (Figure 3) based on the
fact that there are 2 separate spawning populations in
Taiwanese waters. The first model and the last model
represent 2 extreme cases of population structure: the first
assumes the spawning populations are demographically
independent, and the last assumes a panmictic structure
(i.e., a complete mixing of the 2 spawning populations,
either through larval migration or adult migration). The
second, however, represents a compromise: the spawning
populations are basically 2 demographically independent
entities but are “connected” through gene flow. The 3
models can be evaluated with current genetic data.

Our genetic analyses of the Japanese anchovy appear to
support the second model. First, the significant geographic
population structure between the 2 spawning populations
refutes the panmictic model. Second, the demographically
independent model is also refuted because, despite a sig-
nificant population structure, the differentiation is weak,
Fs1(0) in the range of 0.0076 and 0.0099. The low Fsr is
typical of marine fishes (Ward et al., 1994) and indicates
recurrent gene flow between the 2 spawning populations.



The gene flow could result from the planktonic nature of
the anchovy larvae (Young and Chiu, 1994; Chiu et al,,
1997; Nakata et al., 2000). However, the migration of adults
in the feeding grounds could also contribute to the gene
exchange (Figure 3). At this point, neither ecologic nor
genetic data are available to evaluate the demographic at-
tributes of the gene flow.

The population genetic structure of Engraulis, as re-
vealed by protein electrophoresis, is typical of marine fish
in that it is low in genetic differentiation among subpop-
ulations (Fsy or Gsy in parentheses): E. capensis (0.005)
(Grant, 1985); E. mordax (0.032) (Hedgecock et al., 1989);
E. encrasicolus (0.003—0.026) (Bembo et al., 1996b; Tudela
et al., 1999).

Engraulis encrasicolus has been a focal species for an-
alyzing stock structure and geographic variation and merits
further comparison (Bembo et al, 1995, 1996a, 1996b;
Magoulas et al., 1996; Tudela et al., 1999). Like E. japonicus,
E. encrasicolus is a small pelagic fish that is distributed in
the Mediterranean Sea, Black Sea, and the Atlantic coasts of
North Africa and Europe. In the Mediterranean area,
considerable genetic structuring in E. encrasicolus has been
disclosed due to hydrographic and geologic barriers to
migration, particularly in the eastern Mediterranean basin
(Bembo et al., 1995, 1996a, 1996b; Magoulas et al., 1996).
In any case, severely restricted gene flow between subpop-
ulations has not been implicated by the data, even though
different stocks in the Adriatic Sea have been identified
(Bembo et al., 1996a). However, a study on anchovies from
3 distinct spawning grounds in the northwest Mediterra-
nean pointed to a panmictic structure, probably under the
influences of strong gene flow (Tudela et al., 1999). It ap-
pears that, like geographic barriers, hydrologic features in
the general areas encompassing spawning grounds would
play a key role in shaping population structure. This is
likely to be the case for E. japonicus.

Finally, in measures to protect the Japanese anchovy,
the eastern and western spawning populations should be
considered as 2 separate units. Even for the fisheries of the 2
separate units, the harvest could well involve exploitation
of mixed native stocks as the deviation from Hardy-
Weinberg equilibrium of the combined samples may in-
dicate. A series of adult specimens from their natural
feeding grounds and from other spawning grounds (Iseki
and Kiyomoto, 1997; Aoki and Miyashita, 2000; Nakata et
al., 2000) is desired for future genetic analyses to offer a
finer resolution to the population structure of the species,
as in the European eel (Wirth and Bernatchez, 2001).
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