
Zoological Studies 45(3): 285-297 (2006)

285

* To whom correspondence and reprint requests should be addressed.  Tel and Fax: 886-3-5742765.
E-mail:cstzeng@life.nthu.edu.tw

Freshwater fishes are usually appropriate
for use in biogeography studies, primarily because
of their restricted distribution and the strong asso-
ciation between evolutionary history and geologi-
cal events.  Unfortunately, their native habitats
have been seriously altered by human activities in
recent years.  Several local extinctions have
occurred, especially among lowland species in
Taiwan.

The typical example is the ricefish, Oryzias
latipes (Temminck and Schlegel) (Cyprinodonti-
formes: Adrianichthyidae), which is a small fish
inhabiting ponds, brooks, and even rice paddies.

Sexually mature females attach fertilized eggs to
the forepart of their anal fins, and then deposit
them under aquatic vegetation.  Although O.
latipes is common in China and Japan, this
species was thought to be extinct in Taiwan for
more than 40 yrs until the rediscovery of the
Shuanglien Pond population in northeastern
Taiwan in 1992 (Lin 1995).  Two other isolated
populations were subsequentially discovered in
nearby areas.

The phylogeography of such wetland species
may differ from that of fluvial species because of
differences in connectivity among populations or
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regional groups, since there is a lack of significant
isolation between regional inhabitants.  Previous
phylogeographic studies of freshwater fishes in
Taiwan have concentrated only on fluvial species
(Wang et al. 1999, Wang et al. 2000).  Therefore,
phylogenetic analysis of such species will be
important for both biogeography and conservation
biology.

In addition to ricefish, we compared 2 other
endangered species in Taiwan.  One is the par-
adise fish (Macropodus opercularis (Linnaeus),
Perciformes: Osphronemidae), which thrives in
habitats analogous to those of the ricefish.  This
species is well known for the bubble nest built by
the male to house and protect fertilized eggs and
the resultant fry.  The other is the fluvial landlocked
Formosan masu salmon (Oncorhynchus masou
formosanus (Jordan and Oshima), Salmoniformes:
Salmonidae), the southernmost population of
Pacific salmon.  With a remaining size recently
found to be approximately 3000 individuals (Tzeng
and Yang 2003), it is paramount to learn the genet-
ic structure of this seriously endangered species in
order to promote its conservation.  For compari-
son, we included respective sister groups of both
the paradise fish and masu salmon, Macropodus
chinensis (Bloch) and Oncorhynchus masou
masou (Brevoort).

In contrast to the previously mentioned
species, not all wetland species have undergone
local extinctions.  The goby genus Rhinogobius
(Perciformes: Gobiidae) contains at least 40
species distributed among Western Pacif ic
drainages (Chen et al. 1998).  The taxonomic sta-
tus of this genus in Taiwan was revised by Chen
(1994) using both molecular and morphological
characters.  One of the most abundant species in
this genus is Rhinogobius giurinus (Rutter), a land-
locked freshwater goby distributed extensively in
most low-elevation habitats in eastern Asia.  These
fish dig breeding cavities under stones where they
deposit thousands of eggs and produce planktonic
larvae that may enhance gene flow during floods.

Since both endangered and abundant species
were considered, we were able to compare their
genetic diversities, which is usually used to reflect
the potential risk of a species facing extinction,
especially in endangered populations (see O

,
Brien

1994, Frankham 1999, Cox and Hebert 2001,
Templeton et al. 2001, Uphyrkina et al. 2002),
because genetic diversity is determined by the
specific evolution rate and effective population size
(Kimura 1969, Watterson 1975).  Comparing a
population

,
s size with its genetic diversity may

reveal how equilibrium was reached, and help
determine the effects of demographics on genetic
diversity.  In this study, we investigate and discuss
the biogeography, evolution, conservation, and
recent history of selected Taiwanese fish popula-
tions.

MATERIALS AND METHODS

DNA isolation

In total, 116 specimens from 9 species and
subspecies (Table 1) were sampled from Taiwan,
China, and Japan (Fig. 1).  The DNA samples
were extracted from muscle or fin tissue (Kocher et
al. 1989).  Approximately 0.1 g of tissue was
homogenized in 1 ml digestion buffer (10 mM Tris-
HCl (pH 8.0) 2 mM EDTA, 10 mM NaCl, 1% SDS,
10 mg/ml DTT, and 0.5 mg/ml proteinase K) and
incubated at 37°C for 8 to 16 h, followed by a
standard phenol and chloroform extraction (Kocher
et al. 1989).  The DNA samples were preserved in
50 µl TE buffer.

PCR amplification and sequencing

PCR amplifications for the complete mito-
chondrial control region (D-loop) were performed
in a mixture with a final volume of 50 µl containing
1 µl crude DNA, 200 µM of each dNTP, 0.3 µM of
each primer, and 1 unit of Super Taq (HT
Biotechnology Limited, Cambridge, UK); the buffer
was supplied by the manufacturer.  The PCR and
sequencing primers are listed in table 2.  Variable
conditions modified according to Innis et al. (1989)
were designed for amplification: at 93°C for 3 min,
93°C for 30 s, 40-55°C for 40 s, 72°C for 1 min
(repeated 35-45 times); and 72°C for 10 min.
Amplification was repeated 3 times.  This method
is to ensure quality control, such as avoiding ran-
dom amplification errors.  The product mixture was
employed as the template for sequencing, which
was performed using the Sequenase PCR Product
Sequencing Kit (United States Biochemical,
Cleveland, OH).

Phylogenetic and population genetic analyses

Sequences were aligned using ClustalW
(Thompson et al. 1994) and then manually modi-
fied.  Phylogenetic analyses were performed using
the Neighbor-joining method (Saitou and Nei 1987)
with Tamura-Nei (TN) distances (Tamura and Nei
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1993) and 5000 bootstrap replications (Felsenstein
1985), as implemented in the MEGA package
(Kumar et al. 1993).  Alignment gaps were com-
pletely deleted.

Statistical values of populations among
species including θ from average pairwise differ-
ences (π) and segregating sites (s), Tajima

,
s D

(1989), Fu
,
s Fs (1997), and Fu and Li

,
s D* and F*

(1993) were also estimated using the DNASP
package (Rozas and Rozas 1999).  Statistical
tests were only applied for populations with a sam-
ple size exceeding 10.  Rhinogobius giurinus and

M. opercularis in Taiwan were each considered as
1 population, because these low-elevation wetland
fishes can easily migrate during ordinary floods
and are not isolated by geographical barriers,
which was supported by our phylogenetic results.
These statistical tests of neutrality of mutations
were used to detect a class of alternative models,
under which DNA polymorphisms tend to exhibit
excesses of rare alleles or young mutations.  The
mismatch distribution analysis was also performed
using Arlequin ver. 2.000 (Schneider et al. 2000).

Table 1. Samples analyzed

Oryzias latipes sinensis Rhinogobius giurinus Macropodus opercularis

Accession no.a Localityb No.c Accession no. Locality No. Accession no. Locality No.

AF383179 Taiwan (d) 5 AF383202 Taiwan (u) 1 AF359366 Taiwan (g) 1
AF383180 Taiwan (d) 2 AF383203 Taiwan (a) 1 Taiwan (h) 2
AF383181 Taiwan (d) 1 Taiwan (p) 1 Taiwan (s) 1
AF383182 Taiwan (d) 1 AF383204 Taiwan (j) 1 Taiwan (x) 1
AF383183 Taiwan (d) 1 AF383205 Taiwan (j) 1 AF359367 Taiwan (m) 2
AF383184 Taiwan (d) 1 AF383206 Taiwan (j) 1 AF359368 Taiwan (o) 2
AF383185 Taiwan (d) 1 AF383207 Taiwan (j) 1 AF359369 Taiwan (o) 1
AF383186 Taiwan (d) 1 AF383208 Taiwan (i) 1 AF359370 Taiwan (s) 1
AF383187 Taiwan (d) 1 AF383209 Taiwan (f) 1 AF359377 China (K) 1
AF383188 Taiwan (d) 1 AF383210 Taiwan (a) 1 AF411909 China (J) 1
AF383189 Taiwan (d) 1 Taiwan (c) 1 AY092029 China (O) 2
AF383190 Taiwan (d) 1 Taiwan (q) 1 AY092030 China (O) 1
AF383191 Taiwan (b) 5 AF383211 Taiwan (k) 1 AY092031 China (O) 2
AF383192 China (G) 1 AF383212 Taiwan (l) 1
AF383193 China (G) 1 AF383213 Taiwan (r) 1 Macropodus chinensis
AF383194 China (L) 1 AF383214 Taiwan (t) 1 Accession no. Locality No.
AF383195 Taiwan (e) 3 Taiwan (v) 1 AF359372 China (F) 1

Taiwan (w) 1 AF359373 China (F) 1
Oryzias latipes latipes AF383215 China (M) 1 AF359374 China (F) 1

Accession no. Locality No. AF383216 China (F) 1 AF359375 China (E) 1
AF383196 Japan (B) 2 AF383217 China (G) 1 AF359376 China (E) 1
AF383197 Japan (B) 1 AF383218 China (N) 3
AF383198 Japan (A) 3 AF383219 China (M) 3 Oncorhynchus masou formosanus
AF383199 Japan (A) 1 AF383220 China (K) 1 Accession no. Locality No.
AF383200 Japan (A) 1 AF383221 China (I) 1 AF425592 Taiwan (n) 11
AF383201 Japan (B) 1 AF383222 China (H) 1 AF425593 Taiwan (n) 1

Rhinogobius candidianus Oncorhynchus masou masou
Accession no. Locality No. Accession no. Locality No.
AF383223 Taiwan (e) 1 AF429775 Japan (D) 1

AF429776 Japan (D) 1
Rhinogobius gigas AF429777 Japan (A) 2

Accession no. Locality No. AF429778 Japan (A) 3
AF383224 Taiwan (a) 1 AF429779 Japan (C) 1

AF429780 Japan (C) 4

aThe accession number is deposited in GenBank.  bLocalities are shown in figure 1.  cSample size.
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RESULTS

The mitochondrial control region and part of
the neighboring genes of all 116 samples were
amplified, sequenced, and deposited in GenBank
(with 69 unique sequences) (Table 1).  Since only
the control region was considered in further analy-
ses and the aligned gaps were eliminated in this
study, some sequences with their own unique
accession numbers have the same genotype in the
phylogenetic trees (Fig. 2).  The ricefish has at
least 5-7 tandem repeat segments (5

,
-

TGCATGCGCGT-3
,

on the light strand) in the
beginning of the control region gene.  Table 3 lists
the lengths of the control regions after eliminating
extra repeats and alignment gaps.

The phylogenetic tree revealed that the rice-

fish population in Taiwan clusters with Chinese
populations, which suggests that they belong to
the same subspecies, Oryzias latipes sinensis
Chen, Uwa and Chu.  The karyotype analysis also
supports this discovery (Lin et al. 1999).
Unexpectedly, the 3 populations surveyed in
Taiwan are not clustered together as a mono-
phyletic clade; rather they were grouped within dis-
tinct clades exhibiting high bootstrap values (Fig.
2).

A monophyletic clade of the Rhinogobius giur-
inus population in Taiwan does not exist either.
The clustering of 3 Chinese specimens (from the F,
K, and M populations) and the Taiwanese popula-
tions are supported by a bootstrap value of 64.
We defined this association as clade R-I, and the
other as clade R-II which includes the remaining

Fig. 1. Sampling localities indicated by small letters and solid triangles in Taiwan and by capital letters and hollow triangles in China
and Japan, respectively.

China

E
A

B

C

Japan

Taiwan500 km

100 km

A. Kesen, Iwate a. Hsiukuluan River m. Sanyi
B. Kitaura, Ibaraki b. Taiyang Pond n. Wuling
C. Rankoshi, Hokkaido c. Dahu Pond o. Shinshe
D. Nikko, Tochigi d. Shuanglien Pond p. Dali
E. Jilin, Jilin e. Gungliau q. Sun Moon Lake
F. Wuyi, Zhejiang f. Feitsui Reservoir r. Lantan Reservoir
G. Lishui, Zhejiang g. Nangang s. Chiai
H. Shang-jao, Jiangxi h. Beipu t. Chienshanpei Reservoir
I. Hejiang, Sichuan i. Hsinchu u. Tsengwen Reservoir
J. Shanghang, Fujian j. Baushan Reservoir v. Wushantou Reservoir
K. Ying-te, Guangdong k. Emei Lake w. Akungtien Reservoir
L. Luliang, Yunnan l. Mingteh Reservoir x. Pingtung
M. Dian-Chi, Yunnan
N. Baoshan, Yunnan
O. Du'an, Guangxi
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Fig. 2. Phylogenetic trees constructed using the Neighbor-joining method (Saitou and Nei, 1987) with Tamura-Nei (TN) distances
(Tamura and Nei, 1993) with 5000 bootstrap replications (Felsenstein, 1985).  Only bootstrap values larger than 60 are displayed.  The
scale bar is corrected distahce (TN distance = 0.010).
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Chinese specimens.
The other 2 Rhinogobius species in this study,

R. candidianus (Regan) and R. gigas Aonuma and
Chen, are from western and eastern Taiwan,
respectively, and are allopatrically separated by
the Central Mountain Range (CMR).  They are dis-
tinct by 2.58% (sequence divergence assuming
the Tamura-Nei model), which can be used for
estimation of the mutation rate.

Similarly, the Taiwanese population of M.
opercularis is also clustered with Chinese speci-
mens (defined as clade M-I).  We can recognize
that the Taiwanese populations of these 3 wetland
species are all paraphyletic, whereas most of the
stream species in Taiwan are endemic or repre-
sent monophyletic populations (Wang et al. 1999,
Wang et al. 2000, Poh 2001).

Formosan masu salmon can be differentiated
from the Japanese subspecies by having fewer
vertebrae (61.56 vs. 64.24-64.45), dorsal rays
(13.83 vs. 15.37-15.40), anal rays (12.61 vs.
14.20-14.80), pectoral rays (13.12 vs. 14.60-
14.80), pyloric ceca (29.10 vs. 35.20-39.22), and
black spots on the back (21.88 vs. 78.13) (Yasue
1982, Watanabe et al. 1985).  Surprisingly, these 2
subspecies could not be distinguished by their
mitochondrial control region sequences.  Eleven of
12 examined Formosan masu salmon specimens
have identical sequences, while the other speci-
men has only 1 transition substitution.  No signifi-
cant clustering could be recognized for the masu
salmon.

Table 3 lists the statistical values estimated
using the DNASP package (Rozas and Rozas

Table 2. Primers used

Position Chain Sequence Genus to which applied

Cytochrome b L 5
,
-ATYCTACGRTCAATYCC-3

,
Macropodus

Cytochrome b L 5
,
-ATTATCCTAACATGAATTGG-3

,
Oryzias

Cytochrome b L 5
,
-CCTAACATGAATTGGAGG-3

,
Oryzias

Thr-tRNA L 5
,
-GCTCAATTGCAAGAGCGCCGG-3

,
Oryzias

Pro-tRNA L 5
,
-CCTTGTGCTCAGAGAAAGGGG-3

,
Oryzias

Pro-tRNA L 5
,
-AACTTCCATCCTCAACTCCCAAAGC-3

,
Rhinogobius, Macropodus, Oncorhynchus

Control region L 5
,
-CCTGAAAACCCCCCGGAAAC-3

,
Oryzias

Control region L 5
,
-GCCCTAAAATGGTCGAGTACGAGC-3

,
Oryzias

Control region L 5
,
-TTTCACAGTGCATACAGACC-3

,
Oryzias

Control region L 5
,
-TTGCATAACCCAAAACGGCC-3

,
Oryzias

Control region H 5
,
-ATATCTTACAATAATTCACC-3

,
Oryzias

Control region H 5
,
-AAAAAGGGAACCAGCTGCCC-3

,
Oryzias

Control region H 5
,
-ATTGACTTGCATGGACGAGG-3

,
Oryzias

Control region H 5
,
-GCATGCAGGTACGGCGGACC-3

,
Oryzias

Control region H 5
,
-ATGCACGTGTTGGGGGCCGG-3

,
Oryzias

Control region L 5
,
-GATGCGTTATCGGTTAACGAAGG-3

,
Rhinogobius

Control region L 5
,
-CACAGTGCAGCGCTAAGGC-3

,
Rhinogobius

Control region H 5
,
-CTTGAAGAGAAGGTGAGTAATGG-3

,
Rhinogobius

Control region H 5
,
-CCATTAGAGTGAACGCCCGGC-3

,
Rhinogobius

Control region H 5
,
-CTTCTAATAAAATCTTTTCACC-3

,
Rhinogobius

Control region L 5
,
-TAATAATTATWCAGGAC-3

,
Macropodus

Control region L 5
,
-CTATTACTGGCATCTGG-3

,
Macropodus

Control region H 5
,
-TGKWCCTGAAATAGGAACC-3

,
Macropodus

Control region H 5
,
-TYYTAGGAGTTTAGGGGG-3

,
Macropodus

Control region L 5
,
-CACGTGATAATAACC-3

,
Oncorhynchus

Control region L 5
,
-GGGCACGAGGAGCCG-3

,
Oncorhynchus

Control region L 5
,
-CTTTTGATGTACTTTA-3

,
Oncorhynchus

Control region L 5
,
-GGAGAACCCTATGCAT-3

,
Oncorhynchus

Control region H 5
,
-GGCTGCCTGGGCGTG-3

,
Oncorhynchus

Control region H 5
,
-CGGAGCCCGTGTTAGC-3

,
Oncorhynchus

Phe-tRNA H 5
,
-GCTTTAATTAAGCTACG-3

,
Macropodus

Phe-tRNA H 5
,
-ATCTTAACATCTTCAGTG-3

,
Oryzias

12S rRNA H 5
,
-GGGCATTCTCACGGGGATCGG-3

,
Oncorhynchus

12S rRNA H 5
,
-GGGCATTCTCACGGGGATGCG-3

,
Oryzias, Rhinogobius, Macropodus
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1999) for the major populations.  Only Fu
,
s Fs and

Tajima
,
s D tests for the Shuanglien Pond O. latipes

population, and Fu
,
s Fs test for the Taiwanese R.

giurinus population are significant.  Except for the
Formosan masu salmon, for which only 1 substitu-
tion is recognized, the mismatch distributions are
represented in figure 3.  A pronounced wave distri-
bution is recognized for O. latipes and R. giurinus,
while M. opercularis displays a smooth decline.

DISCUSSION

Mutation rate

The mutation rate of Rhinogobius gobies was
calculated by comparing the genetic distance
between R. candidianus and R. gigas.  These 2
species, previously proposed as being sister taxa
(Chen 1994), are allopatrically distributed in west-
ern and eastern regions of Taiwan.

Poh (2001) built a molecular clock based on
the cytochrome b gene following (Lin et al. 2001).
The author suggests that Onychostoma barbatulus
(Pellegrin) (Cypriniformes: Cyprinidae) in Taiwan is
4.90 million yrs old (Ma), corresponding with the
formation age of Taiwan (5 Ma, Teng 1990, Huang
et al. 1995, Huang et al. 1997).  In the same study,
the TN distance for the control region at the same
node was calculated to be 2.84%.  Therefore, the
estimated mutation rate of the mitochondrial con-
trol region for O. barbatulus is 0.29% per million
years (My).

Similar to R. candidianus and R. gigas, 2 O.
barbatulus populations are also isolated by the
northern CMR.  They likely diverged since 2.62 Ma
as determined by applying the TN distance of
1.54% and the mutation rate of 0.29%/My.
Assuming that the speciation event of the 2 sister
gobies occurred at the same time with the rise of
the CMR, the mutation rate for the genus
Rhinogobius would be estimated as 0.49%/My
using the TN distance of 2.58% and a divergence
time of 2.62 Ma.

The average TN distance for the control
region between Chinese and Japanese sub-
species of O. latipes was also calculated to be
9.84%.  The separation between Japan and main-
land Asia, which occurred approximately 15 Ma
(Taira et al. 1989), correlates with the divergence
time of these 2 subspecies.  The mutation rate of
the mitochondrial control region was therefore esti-
mated to be 0.33%/My (TN distance), which is
approximately -33% slower than the rate for

Rhinogobius.  Although we used the TN distance
to correct it, the value is probably underestimated
considering the saturation problem (e.g., Arbogast
et al. 2002), especially when among-site rate vari-
ations exist (e.g., Yang 1994, Arbogast and
Slowinski 1998).

Few studies have tried to estimate the diver-
gence rate for fish mitochondrial control regions
because of insufficient fossil records.  Donaldson
and Wilson (1999) reported a fast mutation rate of
1.8%/My (p distance, including insertions and dele-
tions; 3.6% for divergence rate) for Centropomus
fishes based on the rate of the cichlid

,
s protein-

coding ND2 gene proposed by Kocher and
Carleton (1997).  Martin and Palumbi (1993) pro-
posed a much-slower divergence rate, ranging
from 0.25% to 0.45%/My for salmon, compared to
the Perciformes.  Bagley and Gall (1998) suggest-
ed that the mutation rate of rainbow trout ranges
from 0.4% (viz. McKay et al. 1996) to 1.0%/My
(viz. Shedlock et al. 1992, which is based on mam-
malian results).  Oohara et al. (1997) estimated the
origin of the genus Oncorhynchus by comparing
fossil records.  They estimated that this genus
appeared at between 11 and 30 Ma when using
Martin and Palumbi

,
s rate (1993) rather than 5 Ma

using Shedlock et al.
,
s rate (1992).  By referring to

our results, it is reasonable to conclude that
0.25%-0.45%/My is an acceptable range for the
mutation rate of fish mitochondrial control regions,
although the equivalent for the Perciformes or
cichlids may be faster.

Phylogeography

Oryzias latipes in Taiwan is threatened by
habitat loss and environmental pollution.  Since
recorded by Oshima (1919), the distribution of this
fish has been reduced from the overall northwest-
ern region of Taiwan to limited and fragmented
areas.  With only 3 spatially restricted populations
discovered in the current survey, it is difficult to
reconstruct the phylogeography of the ricefish.
However, we propose the following 3 alternate
possibilities to explain their current genetic pattern.

The 1st hypothesis is that the ricefish in
Taiwan was widespread as a unique panmictic
population and exhibited great genetic diversity
with frequent gene flow over its history.
Eventually, large-scale extinctions occurred and
the resulting bottleneck created 3 distinct and iso-
lated populations.  If this is true, the resulting pop-
ulations should either maintain some of their
ancient haplotypes, or be completely purified and
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fixed to 1 type.
Under this hypothesis, the intra-population

genetic diversity of population d would be difficult
to explain.  Long-term isolation between population
d and the other populations would have been nec-
essary to build up genetic diversity after the bottle-
neck purification.  According to the mutation rate of
mitochondrial control region mentioned above (of
0.29%/My) and the largest divergence discovered
between specimens (0.87%, by the TN distance),
the isolation event should have been maintained
for at least 1.5 My.

Population d is located in Shuanglien Pond
(Fig. 1), 18 ha in size and 466 m above sea level.
A slumping event created this pond, and only a
waterfall connects this pond with a stream, thus
presenting a physical barrier for this wetland
species.  However, since this pond formed approx-
imately 5000 (Liew 1994) to 50,000 (Hsu et al.
2005) yrs ago, this hypothesis (an isolation event
having been maintained for 1.5 My) is refuted con-
sidering the age of the pond.

The 2nd hypothesis is that diversity was
derived not from a large population but from subdi-
vided populations isolated by geographical barri-
ers.  However, this hypothesis is not supported by
the geographical and geological evidence.  The
present locality of population b is downstream from
Shuanglien Pond at a distance less than 6 km.
Although the barrier likely exists at the present
time, 50,000 yrs is still not a sufficient length of
time as previously indicated.

Finally, the 3rd hypothesis suggests that the 2
lowland Taiwan populations (b and e) recognized
today were secondary colonizers in comparatively
recent years.  Oryzias latipes could have colonized
Taiwan from China around 5 Ma, while population
d, representing the original Taiwanese haplotypes,
could have been maintained for at least 1.5 My.
The gene flow between Taiwanese populations
was not restricted due to weak geographical isola-
tion until a remnant was possibly isolated in the
slumping pond.  Conversely, populations b and e
expanded from China more recently.

Since ricefish attach their fertilized eggs to
aquatic weeds, Chinese settlers may have import-
ed some ricefish along with other fishes for aqua-
culture, such as the 4 Chinese carp species
(Mylopharyngodon piceus, Aristichthys mobilis,
Hypophthalmichthys molitrix, and Ctenopharyn-
godon idellus) imported to Taiwan several 100 yrs
ago (Tzeng 1986).  Either a founder effect or a sig-
nificant population decline would have eliminated
the genetic diversity of these transported popula-

tions.  Another likely opportunity for such a sec-
ondary invasion occurred during the latest glacia-
tion, which created a land bridge between Taiwan
and the Asian mainland approximately 10,000 to
100,000 yrs before the present (Emery et al.
1971).  However, the absence of these foreign
genotypes in population d diminishes this possibili-
ty.  Although the actual circumstances may have
been more complicated, the 3rd hypothesis is the
most parsimonious with the data we possess.

The phylogeny of R. giurinus haplotypes illus-
trates that clade R-I contains all Taiwanese speci-
mens and 3 Chinese specimens from sites F, K,
and M (Fig. 2).  The TN distance of this clade is
1.5%, implying a divergence estimated to have
occurred approximately 1.5 Ma when applying the
mutation rate of 0.49%/My.

If this clade had been created with the forma-
tion of Taiwan, it would be difficult to explain why
25% of the Chinese specimens analyzed carried
clade R-I haplotypes.  There could potentially have
been an elevated amount of gene flow during
glaciations.  Human distribution of the fish popula-
tions during the planktonic larval stage may also
have occurred.  However, this assumption raises
another concern: the absence of clade R-II haplo-
types in Taiwan.  Gene flow during the glaciations
should have been bi-directional; however, more
migrants are from the mainland than from the
island based on the model of island-mainland gene
flow.  Transportation of fish by human activities
from China to Taiwan would also have been much
more frequent than in the other direction.

Incomplete lineage sorting is the most rea-
sonable explanation in this case.  We speculate
that clade R-I was originally a large population
inhabiting southeastern China.  A part of this popu-
lation recently migrated to Taiwan, and maintained
most of the haplotypes as a result of insufficient
time for genetic drift and accumulation of muta-
tions.

It should be emphasized that several events
resulting in gene flow may have occurred in the
past, but only the last event could be detected.
The substitution number of the entire control
region (of about 840 bp) for 100,000 yrs in the
mutation rate (0.49%/My) would be approximately
0.41.  This small number would be difficult to iden-
tify, unless a large number of specimens from
Taiwan and China were analyzed.  Since the tim-
ing of the migration of 100,000 yrs (during the
glaciations) or 100 yrs ago (by human activities) is
undistinguishable, both natural and artificial move-
ments should be considered.
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Although paradise fish are almost as rare as
ricefish in Taiwan presently, the topology of their
phylogenetic tree is rather similar to that of the
abundant goby, R. giurinus (Fig. 2).  This implies a
similarity in the migratory patterns between M.
opercularis and R. giurinus.  It is notable that the
low genetic divergence and the deficiency of
genetic diversity in the paradise fish occurred not
only in the Taiwanese population, but also in the
entire clade M-I.  This phenomenon indicates that
the genetic homogenization of paradise fish in
Taiwan was not necessarily derived from current
population dynamics.  A recent expansion of clade
M-I from a small population would have had signifi-
cant effects as well.

We suggest a similar chain of events for the
Formosan landlocked masu salmon, O. masou for-
mosanus, of Taiwan.  When comparing it with the
Japanese populations, the amount of genetic
diversity of the Taiwanese population is so small
that population decline or a founder effect may
have had a greater impact on Formosan masu
salmon.  Numachi et al. (1990) proposed that
Formosan masu salmon evolved from 100,000 to
800,000 yrs ago.  The shortest genetic distance
between Taiwanese and Japanese populations is
0.1%.  Applying the mutation rate of 0.25% to
0.45%/My, 110,000 to 200,000 yrs ago could be
suggested as the upper boundary of their diver-
gence time, which corresponds to the last glacia-
tion (Emery et al. 1971).

Comparison of genetic diversity and popula-
tion demographics

The abundant goby and the endangered rice-
fish in Taiwan were found to have incongruous
genetic diversities.  The value of θ (π) of the
Taiwanese R. giurinus population is 1.89 times
larger than that of O. latipes population d (Table 3).

It was also calculated to be 1.17 for θ (s).
Using an infinite site model for an autosomal

locus, Kimura (1969) and Watterson (1975)
showed that genetic diversity is demonstrated by
the equation θ = 4Neu, where Ne is the effective
population size and u is the mutation rate, and the
population is at equilibrium with selectively neutral
mutations.  For haploid mitochondrial DNA, θ =
2Neu.

Considering the current distribution in Taiwan
and the mutation rate mentioned previously, our
results indicate that these 2 species with extremely
different values of N have surprisingly similar val-
ues for θ /2u.  If population subdivision of the goby
contributed to its genetic diversity, the conflict
would be more significant.  Similar patterns from
different organisms are also recognized (e.g.,
Pestano et al. 2000, Zawko et al. 2001, Bonnin et
al. 2002, Balakrishnan et al. 2003).

This conflict cannot only be attributed to the
small ratio of Ne/N as discovered in the northern
pike (Miller and Kapuscinski 1997).  According to
our phylogenetic analyses, we suggest that the
genetic diversity of O. latipes population d repre-
sents the original entire Taiwanese population,
which provides a possible explanation of why this
small population embraces such high diversity.
The other explanation is the exponential popula-
tion growth of R. giurinus, while its genetic diversi-
ty has not yet reached equilibrium.

Tajima (1989) proposed the statistical value,
D, found by comparing the difference between
θ (π) and θ (s).  A positive value of D indicates
possible balancing selection or population subdivi-
sion.  A negative value suggests recent directional
selection, a population bottleneck, or a purifying
selection on deleterious alleles.

Fu (1997) further compared statistical tests
including Tajima

,
s D, Fu

,
s Fs, and Fu and Li

,
s D*

and F* under population growth.  When an

Table 3. Statistical values of control region sequences for populations among species.  An asterisk(*) indi-
cates statistical significance at p < 0.05

na bpsb θ (π)c sd θ (s)e Fu
,
s Fs Tajima

,
s D Fu and Li

,
s D* Fu and Li

,
s F*

Oryzias latipes sinensis Taiwan (d) 17 936 2.507 16 4.733 -7.552* -1.823* -1.810 -2.095

Rhinogobius giurinus Taiwan 18 841 4.726 19 5.524 -4.901* -0.561 0.494 0.221

Macropodus opercularis Taiwan 11 833 1.055 5 1.707 -0.627 -1.465 -1.445 -1.634

Oncorhynchus masou formosanus Taiwan (n) 12 1009 0.167 1 0.331 -0.476 -1.140 -1.330 -1.443

aSample size.  bBase pairs.  cGenetic diversity calculated from average pairwise differences.  dSegregating sites.  eGenetic diversity
calculated from segregating sites.
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increasing population differs significantly from the
initial size before it reaches a steady size, Fu

,
s Fs

test is the most powerful demonstration against
logistic population growth, while the other 3 tests
are less significant.  Therefore, when only Fu

,
s Fs

test is significant, a growing population size, rather
than non-neutral mutations, is implied as a cause.

The mismatch distribution also provides addi-
tional evidence for an exponential growth pattern
when a pronounced wave is represented, while
a smooth decline indicates an equil ibrium
status (Slatkin and Hudson 1991, Rogers and
Harpending 1992).

Our results indicate that both the statistical
tests (Table 3) and mismatch distribution (Fig. 3)
support the expansion hypothesis for R. giurinus
and reject the possibility of population subdivision.
A departure from neutral expectations was also
detected for the Shuanglien Pond ricefish popula-
tion.  Considering its genetic divergence, a founder
effect followed by an expansion since they colo-
nized Taiwan 1.5 Ma is a better explanation rather
than a bottleneck effect generated by the slumping
event of Shuanglien Pond 5000-50,000 yrs ago.
This also implies that the slumping event did not
actually cause the geographical isolation, and the
population collapse did not occur until very recent-
ly, or an overrepresentation of sequence identity
(no difference) would have been detected.

By contrast, the neutrality tests were not
rejected for the paradise fish or masu salmon.
Meanwhile, an equilibrium status was also implied
for paradise fish according to its mismatch distribu-
tion.  A small equilibrium population size or a bot-
tleneck effect was suggested for the salmon.
However, considering the similar phylogenetic tree
topologies between M. opercularis and R. giurinus,
and the original wide distribution of the paradise
fish, we speculate that it is also possible that the
expansion of M. opercularis occurred more recent-
ly and is not reflected by its genetic structure.

Conclusions

While fluvial species have limited opportuni-
ties for gene flow, due to significant geological
events as river formation or glaciation, low-eleva-
tion wetland fishes can easily migrate during ordi-
nary floods.  The consequence is that stream pop-
ulations usually have unique haplotypes, and their
phylogenetic trees usually have deep branches
and reflect geological events.  By contrast, wetland
fishes like R. giurinus and M. opercularis can
expand widely in a short period of time, and thus
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Fig. 3. Mismatch distributions for (a) the Taiwanese population
d of Oryzias latipes sinensis (n = 17); (b) the Taiwanese popu-
lation of Rhinogobius giurinus (n = 18); and (c) the Taiwanese
population of Macropodus opercularis (n = 11).
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express shallow divergence and low diversity.
Most fluvial fishes in Taiwan may have arrived

with the formation of the island, and thus they
exhibit endemic or monophyletic patterns (Wang et
al. 1999, Wang et al. 2000, Poh 2001).  One
exception is the Formosan masu salmon, which
used to be anadromous during the last glaciation
until it was landlocked and isolated from Japanese
populations.

Unfortunately, although wetland fishes can
expand quickly, these low-elevation environments
have also quickly disappeared in the past century.
Under these circumstances, using genetic diversity
to determine which population to protect may have
some flaws.  For example, while ricefish once
experienced huge population increases, it is cur-
rently limited in restricted habitats in Taiwan.  This
is the reason we still can find substantial genetic
diversity for the small ricefish population in
Shuanglien Pond, which has recently been desig-
nated a wildlife sanctuary.  However, if only this
habitat is maintained and protected, genetic
homogenization will eventually be derived from the
insufficient population size.  Human activities have
depleted the habitable environments for ricefish,
but the habitats for R. giurinus have since expand-
ed with the construction of irrigation projects,
enhancing its population growth.  Even though the
goby and ricefish have similar genetic diversities,
similar conservation values are never implied.

Another example is the deficiency of genetic
diversity in the paradise fish and masu salmon.  It
is inappropriate to judge if this species will become
extinct using this index, because the deficiency is
not necessarily correlated with recent population
declines.  The expansion event of paradise fish fol-
lowed by these extinctions and the small equilibri-
um population size or a founder event of masu
salmon could possibly be more-acceptable expla-
nations.

Based on our analyses and the fact that
increasing human activity has rapidly destroyed or
polluted many low-elevation wetland habitats in
Taiwan, we suggest that the investigation of biodi-
versity for species in these areas should be accel-
erated, and more resources should also be invest-
ed.  Considering the unique genetic structure for
each species or each local population, not only
genetic diversity, but also its evolutionary history
should be studied.  It is important to determine
which populations still maintain high genetic diver-
sity, and the reason why the diversity is main-
tained.  In this way, we can have some idea about
the conservation value of each ecological habitat,

and how to protect its genetic diversity, which
should be useful for establishing appropriate con-
servation strategies.
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