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The Japanese eel Anguil la japonica
Temminck and Schlegel is a temperate catadro-
mous fish, distributed in rivers of the northeastern
Asian countries of Taiwan, China, Japan, and
Korea (Tesch 2003).  The spawning ground of this
species is presumed to be in the western Mariana
Is., at a salinity front near 15°N, 140°E, as evi-
denced by the occurrence of newly hatched larvae
(leptocephali) in the area (Tsukamoto 2006).
Leptocephalus larvae drift from their spawning
grounds with the North Equatorial Current (NEC)
followed by the Kuroshio Current (KC) for 4-6 mo
to reach the coasts of Northeast Asia (Cheng and
Tzeng 1996).  The translucent glass eels become
pigmented elvers during their upstream migration.
Eels live in rivers for 4-10 yr before their gonads

begin to mature in late autumn when they meta-
morphose into silver eels and are ready to migrate
a distance of 2000-3500 km back to their birth-
place for spawning (Tzeng 1986, Tsukamoto 1992,
Tzeng et al. 2000, Han et al. 2003).

The Japanese eel is an important fishery
resource in Asia.  For cultivation, great numbers of
elvers are caught in estuaries, resulting in a seri-
ous problem with overfishing (Tzeng 1985, Tseng
et al. 2003).  For effective management of eel
resources, a better understanding of the popula-
tion structure of the eel is fundamental.  In the
past, the concept of panmictic populations of
Japanese eel, European eel, (Anguilla anguilla),
and American eel (A. rostrata) was accepted due
to evidence from allozyme, nuclear markers, and
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mtDNA sequences (De Ligny and Pantelouris
1973, Avise et al. 1986, Sang et al. 1994, Lintas et
al. 1998, Ishikawa et al. 2001, Avise 2003).
However, recent studies using more-sensitive
microsatellite markers indicate that the population
genetic structure does not support the panmictic
hypothesis in the Japanese eel (Tseng et al. 2006),
American eel (Wirth and Bernatchez 2003), or
European eel (Wirth and Bernatchez 2001, Maes
and Volckaert 2002).  The European eel fits the
model of isolation-by-distance (IBD) with some
level of gene flow occurring between spatially adja-
cent populations (Wirth and Bernatchez 2001,
Maes and Volckaert 2002).  However, no IBD was
found among eels of different locations in another
study of the European eel (Dannewitz et al. 2005).
American eel populations have very weak but sig-
nificant spatial genetic differentiation although an
IBD pattern was not observed (Wirth and
Bernatchez 2003).  The Japanese eel is divided
into a low-latitude group (South China and Taiwan)
and a high-latitude group (Japan, Korea, and North
China) without IBD being detected (Tseng et al.
2006).  The“member-vagrant model”hypothesis,
which emphasizes the role of stable oceanograph-
ic features in retaining larvae in a favorable envi-
ronment (Sinclair 1988), was modified to explain
the population structure of the Japanese eel: most
progeny tend to be transported back to similar
locations as were their ancestors with some
degree of exchange between neighboring popula-
tions (Tseng et al. 2006).  The spawning site of the
Japanese eel appears to be near 3 seamounts in
the western Mariana Ridge (Tsukamoto et al.
2003, Tsukamoto 2006).  These seamounts are
located in the westward flow of the North
Equatorial Current (NEC) and are hypothesized to
provide cues for migrating silver eels and to serve
as possible aggregation sites for spawning.  In
addition, the eel shows a protractive spawning
period induced by different departure times and
distances for geographically distant groups (Tesch
2003, Tsukamoto et al. 2003, Maes et al. 2006).
The existence of separate spawning sites and
spawning migration loops for the southern and
northern eel groups is likely to be the reason for
the formation of spatial genetic heterogeneity in
the Japanese eel.  Cheng and Tzeng (1996) deter-
mined the ages at metamorphosis from lepto-
cephalus to glass eels of Japanese eels by calcu-
lating the daily growth rings of otoliths, which
increased from south to north.  The difference in
larval durations between southern and northern
groups of Japanese eel may have contributed to

the separation of these 2 groups.
Despite the spatial differentiation of the genet-

ic structures of the Japanese, American, and
European eels, temporal genetic variation is also
an important issue for better and accurate under-
standing of eel population structures.  Dannewitz
et al. (2005) indicated that the overall genetic dif-
ferentiation of the European eel is low but signifi-
cant, with temporal genetic variation within sites
exceeding the geographical factor among sites.
Pujolar et al. (2006) found highly significant genet-
ic differentiation among arrival waves of European
eels either among inter-annual cohorts or among
intra-annual samples, and genetic patchiness
among recruits was raised to explain the heteroge-
neous character of the eel that results from a large
variance in the contribution of individuals to each
annual cohort.  Maes et al. (2006) also found sig-
nificant genetic differentiation among arrival waves
of European eel, and evidence of the isolation-by-
time (IBT) pattern was found among waves.
These studies suggest that both spatial and tem-
poral genetic differentiations occur in the European
eel.  For Japanese eel, no significant genetic dif-
ferentiation was observed among annual cohorts
in 3 successive years in northern Taiwan with sam-
ples randomly selected from intra-annual cohorts
for each year, indicating the annual stability of the
population structure (Tseng et al. 2003).  However,
back-calculated birth dates based on otolith
microstructure of glass eels indicated that the
Japanese eel does not continuously spawn during
the long spawning season from Apr. to Nov., but is
synchronized to spawn periodically once a month
during the new moon (Tsukamoto et al. 2003,
Tsukamoto 2006).  Glass eels caught in estuaries
of Taiwan during the course of their upstream
migration between Nov. and the following Mar.
have been proven to come from different intra-
annual cohorts which spawned in different months
(Tzeng 1990).  If the spawning time of the
Japanese eel is inheritable, then genetic differenti-
ation might occur within intra-annual cohorts due
to temporal isolation.  Heterogeneity of the genetic
composition among arrival waves of intra-annual
cohorts of the Japanese eel, however, has not
been determined.

The aim of this study is to examine the genet-
ic composition of 7 microsatellite loci among intra-
annual cohorts of different arrival waves of
Japanese glass eels.  The population structure of
intra-annual cohorts on a temporal scale is dis-
cussed.
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MATERIALS AND METHODS

Sample collection

In total, 189 live Anguilla japonica glass eels
were collected by fyke net from the Tanshui River
estuary of northern Taiwan (121°25'E, 25°10'N,
Fig. 1) on 25 Nov. and 25 Dec. 2000, and 7 Feb.
and 9 Mar. 2001 (Table 1).  Glass eels were imme-
diately preserved in 95% ethanol until DNA extrac-
tion.  The method to separate glass eels of the
Japanese eel from those of other 2 eel species,
namely A. marmorata and A. bicolor pacifica, fol-
lowed Tzeng (1982) by pigmentation of the tail and
the distance between the verticals through the
anus and origin of the dorsal fin.  Total length
(± 0.1 mm) was measured before DNA extraction
for the 4 different collecting times (Table 1).

DNA extraction

Genomic DNA extraction was carried out from
a small piece of muscle tissue of the glass eels.
Extraction was done using a DNA purification and
extraction kit (Bioman Scientific Ltd., Taiwan).
Briefly, the ethanol was removed by evaporation
before treatment.  A piece of muscle weighing 20
mg was digested in 1 ml of lysis buffer (10 mM
Tris-HCl, 2 mM EDTA, 10 mM NaCl, 1% sodium
dodecyl sulfate, and 10 mg/ml dithiothreitol; pH
8.0) and 55 µl of proteinase K (0.5 mg/ml) for 1 h
at 60°C after grinding.  The solution was then
applied to the spin column, washed with ethanol

buffer, eluted with 100 µl of TE buffer (10 mM Tris-
HCl and 1 mM EDTA; pH 8.0), and stored at
-20°C before the polymerase chain reaction
(PCR).

PCR and genotyping

Seven microsatellite loci were selected based
on Tseng et al. (2001 2006) including 6 (GT)n
(AJMS-1, AJMS-3, AJMS-5, AJMS-6, AJM-1, and
AJM-8) loci and 1 (GA)n (AJMS-2) locus (Table 2).
Microsatellites were amplified via the PCR con-
ducted in a 25 µl volume with the following con-
tents: 0.5 µl of DNA template, 0.25 µl of Taq poly-
merase, 1 µ l  of 10 µM forward and reverse
primers, 2.5 µl of 10x PCR buffer, 0.5 µl of 10 mM
dNTPs, and 19.25 µl of double-distilled (dd)H2O.
Reverse primers contained either FAM, TAMRA, or
HEX fluorescence labels for genotyping.  PCR
amplification procedures were as follows: initial
denaturation at 94°C for 4 min followed by 35
cycles of denaturation at 94°C for 30 s, annealing
at 55-60°C for 30 s, and extension at 72°C for 30 s,
followed by a final extension at 72°C for 10 min.
The PCR product, at 0.5 µl, was diluted with 12 µl
of ddH2O for genotyping performed using a capil-
lary MegaBACE-500 DNA analysis system
(Amersham Biosciences).  Data were scored by
Genetic Profi lerTM vers. 1.5 (Amersham
Biosciences), and the sizes of each allele were
manually checked with the naked eye.

Data analysis

The total number of alleles (na), effective
number of alleles (ne), and observed (HO) and
expected (HE) heterozygosities were independent-
ly calculated for each locus (Yang and Yeh 1993).
Multilocus estimates for each of the 4 samples
were calculated as well.  Any deviations from

Fig. 1. Map showing the river mouth of the Tanshui River,
northern Taiwan where the glass eels were caught.  The shad-
ed region indicates the position of the fyke net.
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Table 1. Sampling date, number of specimens,
and mean total length of Japanese glass eels col-
lected in the Tanshui River estuary

Date Sample size Total length (mm)

Mean ± SD Range

25 Nov. 2000 39 55.25 ± 2.16 50.68-58.62
25 Dec. 2000 50 54.67 ± 1.99 50.70-58.90
7 Feb. 2001 50 54.36 ± 2.58 47.38-60.10
9 Mar. 2001 50 55.23 ± 2.52 49.39-61.53

Total 189 54.88 ± 2.34 47.38-61.53
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Hardy-Weinberg equilibrium (HWE) were calculat-
ed with Genepop vers. 3.1 (Raymond and Rousset
1995).  Genetic differentiation was estimated using
ARLEQUIN vers. 2.0 software (Schneider et al.
2000).  Wright

,
s (Weir and Cockerham 1984) fixa-

tion index, FST, was calculated based on an infinite
allele model, and the significance level was adjust-
ed using the Bonferroni correction (Rice 1989).
Nei

,
s (1983) unbiased genetic distance (Ds) was

used to construct a phylogenetic tree using the
Neighbor-joining (NJ) algorithm.  Support for the
tree nodes was assessed by bootstrapping over
loci with 1000 replicates.  The tree was built from
raw allele frequency data using POPULATIONS
1.2.28. (Langella 2002) and visualized using
TreeView (Page 1996).  In addition, an individual
assignment test based on Bayesian statistics was
carried out using the software STRUCTURE 2.1
(Pritchard et al. 2000).  This test calculates the
number of foreign elvers (vagrants) from residents
(members) of a particular group.  Differences in
the mean total length (± SD) between eel cohorts
were examined by one-way analysis of variance
(ANOVA).

RESULTS

Genetic diversity

The mean total lengths among the 4 intra-
annual cohorts did not significantly differ from each
other (p = 0.173) (Table 1).  Values of na, ne, HO,
HE, and the Hardy-Weinberg equilibrium (HWE)
test of the 7 microsatellites loci from the 4 intra-

annual eel groups are shown in table 3.  All loci
were polymorphic such that the total number of
alleles ranged from 8 in locus AJMS-3 to 32 in
locus AJM-8 with a total mean of 19.9.  Three, 4,
5, and 6 private alleles were found in samples of
Nov. 2000, Dec. 2000, Feb. 2001, and Mar. 2001,
respectively.  The private alleles may have been
deduced from new genealogical mutations, slipped
strand mispairings during DNA duplication, or
crossovers during DNA recombinations (Goldstein
and Schlotterer 1999).  Observed and expected
heterozygosities of each sample ranged 0.3077-
0.9000 and 0.5949-0.9552 with means of 0.6765
and 0.8579, respectively.  The HWE test showed
that significant deviations occurred at the AJMS-1
and AJMS-2 loci for all eel groups and on 25 Nov.
2000 at locus AJMS-6 after applying the
Bonferroni correction (Table 3).  Loci AJMS-1 and
AJMS-2 were thus excluded from the subsequent
analyses.

Genetic distances and genetic differentiation
among samples

The overall genetic differentiation among all
samples was very low and not significant (FST =
0.0029, p = 0.173).  Pair-wise FST values were
smallest at -0.0010 between Feb. 2001 and Mar.
2001, and largest at 0.0111 between Nov. 2000
and Dec. 2000 (Table 4).  No combinations were
found to be significant except between samples of
Nov. and Dec. 2000 (p = 0.008).  Analysis of mole-
cular variance (AMOVA) within and among the 4
intra-annual eel cohorts indicated that most of the
total genetic variation was present within samples

Table 2. Characteristics of 7 microsatellite DNA loci of the Japanese eel

Locus Primer sequences Accession no. Fluorescence tag

AJMS-1 5': TCGAGACACCAGATAGTCAC AJ297599 FAM
3': ACATCCTAGGCTCACACC

AJMS-2 5': ATTTCACGTCATCGGACCTGC AJ297600 TAMRA
3': GCTGGGAGCGACGCTTTATC

AJMS-3 5': GGTATGAATGCAGGCGTTTATG AJ297601 TAMRA
3': GCAACCGATTTGATCTCCAG

AJMS-5 5': CCTTCAGATTGCTAGCAC AJ297602 HEX
3': CGGAGTCTAATTGTCTCCTC

AJMS-6 5': ACAGAGCCAGACAAACAGAC AJ297603 HEX
3': GGTCAGCAAGCAAAACGAAC

AJM-1 5': AGTAAAGAGTCCCACGCATTC AM062762 TAMRA
3': AAGGTGGATTTTTGCTGGCTC

AJM-8 5': AGGCTGAAGTGAGTATGCTCAG AM062761 FAM
3': AGATATGGAAGCAGGATGGAG



(98.99%), and only 1.01% was present among
samples (p < 0.01).

Genetic structure and assignment test

Figure 2 shows the NJ tree employing Nei
,
s

unbiased genetic distances (Ds) between eel pop-
ulations (Table 4) with robust bootstrap values

occurring between the samples of Nov. 2000 and
all others.  The glass eels from samples other than
Nov. 2000 were phylogenetically close to each
other with low bootstrap values.

Individual assignment tests based on
Bayesian statistics with a 95% score were used to
identify the origin of individuals.  Among the 189
individuals in the 4 eel samples, the assignment
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Table 3. Levels of genetic variation observed at 7 microsatellite loci: sam-
ple size (n), observed (HO) and expected (HE) heterozygosity within sam-
ples, and observed (na) and effective (ne) number of alleles.  An asterisk (*)
indicates a significant Hardy-Weinberg disequilibrium level at 5% adjusted
by Bonferroni,s correction

Locus 25 Nov. 2000 25 Dec. 2000 7 Feb. 2001 9 Mar. 2001 Total Mean
n = 39 n = 50 n = 50 n = 50

AJMS-1 
na 13 12 13 16 19
ne 6.79 6.58 6.59 8.85 7.83
HO 0.3077* 0.4800* 0.3200* 0.4400* 0.3869
HE 0.8638 0.8566 0.8568 0.8960 0.8683
AJMS-2 
na 19 19 16 18 22
ne 11.39 11.04 9.67 10.62 11.43
HO 0.6667* 0.5400* 0.6200* 0.7400* 0.6417
HE 0.9241 0.9186 0.9057 0.9149 0.9158
AJMS-3 
na 4 7 5 6 8
ne 2.87 2.43 2.51 2.79 2.70
HO 0.5385 0.6400 0.5800 0.5800 0.5846
HE 0.6597 0.5949 0.6077 0.6477 0.6275
AJMS-5 
na 19 18 15 16 24
ne 9.72 11.06 8.49 9.02 10.34
HO 0.8974 0.8600 0.7600 0.8600 0.8444
HE 0.9201 0.9190 0.8935 0.8982 0.9077
AJMS-6
na 14 12 15 15 17
ne 7.51 5.59 7.23 6.66 7.09
HO 0.5128* 0.5800 0.7400 0.7400 0.6432
HE 0.8781 0.8293 0.8703 0.8584 0.8590
AJM-1
na 11 15 14 14 17
ne 7.51 7.96 8.17 7.55 8.16
HO 0.7949 0.7800 0.8400 0.8000 0.8037
HE 0.8781 0.8832 0.8865 0.8764 0.8811
AJM-8 
na 25 26 25 26 32
ne 12.46 18.80 16.45 18.38 19.57
HO 0.7436 0.8800 0.8000 0.9000 0.8309
HE 0.9304 0.9545 0.9436 0.9552 0.9459
Mean 
HO 0.6374 0.6800 0.6657 0.7229 0.6765
HE 0.8649 0.8509 0.8520 0.8638 0.8579



Zoological Studies 46(5): 583-590 (2007)588

test indicated that a mean 14.3% of individuals
were members of each cohort, while 85.7% of indi-
viduals were foreign recruits (vagrants) (Fig. 3).
Each sample contained a high mixing rate (60%-
92%) of foreign recruits.

DISCUSSION

Values of HO for genetic variability of the
Japanese eel among spatial (Tseng et al. 2006),
inter-annual (Tseng et al. 2003), and intra-annual
(this study) samples were 0.758, 0.708, and 0.677,
respectively.  This indicates that genetic differenti-
ation was highest among samples from different
locations, intermediate among annual cohorts of
the same habitats, and lowest among intra-annual
cohorts of the same habitats.  Several lines of evi-
dence support the Japanese eel, although exhibit-
ing spatial genetic differentiation, still being geneti-
cally stable temporally at the same location.  First,
the overall temporal genetic variation among
arrival waves of elvers in consecutive months of
the same habitat was not significant.  Pair-wise FST
values showed that only the pair of samples
between Nov. and Dec. 2000 exhibited subtle but
significant genetic variation.  This might have been
due to the phenomenon of genetic patchiness, in
which random variations in parental contributions

of reproductive activity result in a heterogeneous
genetic composition of offspring (Maes et al.
2006).  Second, based on the individual assign-
ment test, high percentages (60%-92%) of elvers
were not correctly assigned to their original sam-
ples, indicating the high mixing rate among intra-
annual cohorts.  Third, the phylogenetic tree exhib-
ited low bootstrap values among intra-annual
cohorts except samples from Nov. 2000, indicating
the generally high genetic identity among arrival
waves.  These results suggest that there is no
overall significant genetic variation among recruits
within years.

The high rate of larval mixing among recruits
may be related to the hydrographic features of
Pacific Ocean currents.  Although the spawning of
the Japanese eel is synchronized once a month
around the new moon (Tsukamoto et al. 2003,
Tsukamoto 2006), the long dispersal time (4-6 mo)
of the leptocephali, which may be due to the larval
behavior and their diverse positions in the NEC
where current velocities differ, provide the condi-
tions needed for larval mixing between intra-annu-
al cohorts.  Indeed, the birthdates of previous
arrival waves of glass eels caught in Taiwanese
estuaries partially overlapped with those of the
next arrival wave (Tzeng 1990), supporting the
phenomenon of potential larval mixing.  The lack of
an IBT pattern from either inter-annual (Tseng et
al. 2003) or among intra-annual arrival waves (this
study) indicates the stable temporal genetic struc-
ture between progenies and ancestors in the same
geographic region.  Plasticity of the maturation age
and spawning time together with the high larval
mixing in the Japanese eel may hinder the occur-
rence of genetic differentiation in the same habitat.

Significant spatial genetic differentiation was
found in the European eel, which either fits the IBD
hypothesis (Wirth and Bernatchez 2001, Maes and
Volckaert 2002) or does not (Dannewitz et al.

Table 4. Pairwise FST (below the diagonal) and
Nei
,
s unbiased genetic distance (Ds) (above the

diagonal) values between the 4 eel samples.
*The significance level was 0.05

Date Nov. 2000 Dec. 2000 Feb. 2001 Mar. 2001

Nov. 2000 0.1223 0.0905 0.0884
Dec. 2000 0.0111* 0.0569 0.0468
Feb. 2001 0.0052 0.0012 0.0475
Mar. 2001 0.0044 -0.0009 -0.0010

Overall FST = 0.0029, p = 0.173.

Nov. 2000

Feb. 2001

Dec. 2000

Mar. 2001

47

47

94

Fig. 2. Neighbor-Joining tree depicting genetic relationships
based on Nei

,
s unbiased genetic distances among the 4 intra-

annual cohorts.



2005).  The Japanese eel is clearly spatially distin-
guished into 2 groups.  However, this does not
support the IBD migration model.  For American
eels, Wirth and Bernatchez (2003) found weak but
significant spatial genetic differentiation which did
not support IBD, which meant that the panmixia
hypothesis could not be fully rejected.  These
results infer that spatial genetic variation seems to
be highest in the European eel, intermediate in the
Japanese eel, and lowest in the American eel.  On
the other hand, IBT was found in inter-annual
cohorts of the European eel (Maes et al. 2006),
and genetic patchiness was observed among inter-
and intra-annual cohorts (Pujolar et al. 2006).  No
significant temporal genetic differentiation was
suggested in the Japanese eel (Tseng et al. 2003,
this study).  This further supports higher genetic
differentiation in the European eel than in the
Japanese eel, both spatially and temporally.  The
reason may be due to the longer times and dis-
tances for the spawning migration of adults and
dispersal of larvae in the European eel than in the
Japanese or American eels (Wang and Tzeng
1998).  The migration distances are longest for the
European eel (4000-8000 km), intermediate for the

Japanese eel (2000-3500 km), and shortest for the
American eel (900-3000 km) (Aoyama et al. 2003,
Tesch 2003).  The longer migration distances are
coincident with higher genetic differentiation in the
3 eel species.  The oceanic factors and climatic
variations that the European eel faces are more
complicated than those faced by the other 2 eels,
causing higher isolation and lower gene flow
between spawning groups.  This may have pro-
moted genetic differentiation of the European eel.
Consequently, the Japanese, American, and
European eels have evolved their own particular
genetic structures based on their own adaptations
to the unique oceanic current systems of the
respective Pacific and Atlantic Oceans.

In conclusion, the population genetic structure
of the Japanese eels examined, based on
microsatellite loci, exhibited no significant genetic
differentiation among intra-annual cohorts.
Although the Japanese eel can be spatially divided
into 2 management units, the genetic structures of
inter- and intra-annual cohorts in each habitat were
temporally stable.
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