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The control region (D-loop) of mitochondrial DNA (mtDNA) was amplified and sequenced for
eight samples of the rhinogobies Rhinogobius maculafasciatus and R. giurinus from Taiwan and
southern China. The control regions of both species are of 841–842 bp; the length of these
sequences being the most compact among all known sequences in teleost fishes. Three
conserved sequence blocks (CSB) were observed. The full D-loop and tRNAPhe gene sequences
were determined and compared with other fishes. The interspecific sequence divergence
between the two species is 11·3–11·7%; and the intraspecific variation in R. guirinus 0·8–1·8%.
Results suggest that the control region of Rhinogobius is informative for phylogenetic
reconstruction at both intraspecific and interspecific levels in this gobiid genus.
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INTRODUCTION
Mitochondrial DNA (mtDNA) has been used widely in the study of evolutionary
problems and population structure because of its rapid evolutionary rate and
almost complete maternal inheritance (Brown et al., 1979; Wilson et al., 1985).
Recently, the application of nucleotide sequence data in phyletic reconstruction
has risen in popularity due to the potentially high resolving power of this
technique (Avise et al., 1988; Sang et al., 1994; Yang et al., 1994).
Rhinogobius Gill, 1859 (type R. similis Gill, 1859) is a genus of common
freshwater gobiid fishes occurring in eastern Asia, and contains both
anadromous and landlocked species (Mizuno, 1960; Mizuno & Goto, 1989;
Iguchi & Mizuno, 1990; Chen & Shao, 1996). Rhinogobius has been regarded as
the most speciose genus of freshwater gobies in Western Pacific drainages, with
at least 40 species in a wide generic distribution from the Amur Basin in Russia
to the Me-Nan Basin in Thailand and also on the islands of Japan, Taiwan and
the Philippines (Mizuno & Goto, 1989; Chen & Shao, 1996; Chen & Miller,
unpubl. data). The phylogeny of Rhinogobius species is difficult to resolve by
morphological analysis because meristic characters have wide overlap, although
specific coloration patterns may be useful especially in the R. brunneus complex
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T I. Sample localities of two Rhinogobius species
Species
R. maculafasciatus
R. giurinus

Code
RM-T1, T2
RG-T1
RG-F1
RG-Y1, Y2,
Y3, Y4

Locality

Date

Kaoping River, Pingtung, Taiwan
Darhu, Juan River, Iran, Taiwan
Jiulung River, Fujian, China

Dec. 1992
Jul. 1993
Aug. 1994

Nanpan River, Kuming, Yunan, China

Jul. 1996

(Mizuoka, 1974; Hayashi in Masuda et al., 1984; Akihito et al., 1993). To
investigate the phylogeny of the rapidly evolving Rhinogobius species by molecular sequence data, it was decided to amplify and sequence the mitochondrial
control region (also called D-loop, Brown, 1983) using the polymerase chain
reaction (PCR).
Although several sequences of mtDNA control regions of fishes have been
employed for genomic research and phylogenetic studies on inter- or intraspecfic
groups (Shedlock et al., 1992; Tzeng et al., 1992; Chang et al., 1994; Lee et al.,
1995; Jean et al., 1995; Cesaroni et al., 1997), the control region of no gobiid fish
has been published. The aim of the present paper is not only to provide a first
report on the complete sequences of gobiid mitochondrial control regions from
two Rhinogobius species collected from Taiwan and China, but also to compare
interspecific differentiation and interspecific variation among these two species.
MATERIALS AND METHODS
SAMPLE COLLECTION AND DNA EXTRACTION
The specimens of two Rhinogobius species were collected by hand-net during
snorkeling or electrofishing over the period 1992–1996. Two individuals of the
Spot-banded Rhinogoby, Rhinogobius maculafasciatus Chen & Shao, 1996, were collected
from Taiwan and six individuals of the Paradise Rhinogoby, Rhinogobius giurinus
(Rutter, 1897), were collected from both Taiwan and southern China (Table I). Some
specimens were kept at 20 C until the extraction of DNA, while others were fixed in
95% ethanol and transferred subsequently to the freezer. The method of crude DNA
extraction followed Sambrook et al. (1989).
PCR AMPLIFICATION AND SEQUENCING OF MTDNA
A fragment of mtDNA that included the D-loop region, tRNAPhe gene and
partial 12 S rRNA gene was amplified by a pair of primers, Pa (5 CTTACTATCAACTAAAGC-3 ) and Pb (5 -GGGCCATTCTC ACGGGGATGCG3 ). These and three other primers Pc (5 -CCTGAAAACCCCCCGGAAAC-3 ), Pd
(5 -AATTAAGCGATGCGACCTCG-3 ), Pe (5 -TCGAGAGTTTCCTGTTTCCG-3 )
were used for DNA sequencing. Pa and Pb were designed by comparison with sequences
for other perciforms from Genbank and from Chen et al. (unpubl. data). Primers Pc, Pd,
Pe were designed from conserved sequences of Rhinogobius obtained from the DNA
sequencing with primers Pa and Pb.
Polymerase chain reactions (PCR) were performed in 100-ìl reaction volumes. Each
sample contained 10 ìl of 10 reaction buffer (10 m Tris–HCl, pH 9·0; 50 m MgCl2;
0·1% (w/v) gelatin; 1% Triton X-100), 0·4 ì of each primer, 0·2 ì of each dNTP, 1 ìl
of DNA extract, and 2–2·5 units of super-Taq polymerase (HT Biotechnology). PCR
amplifications were carried out in a Perkin Elmer-Cetus thermal cycler using the
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following cycling parameters: one cycle of pre-denaturation at 94 C for 1 min; 30–40
cycles of denaturation at 94 C for 1 min, primer annealling at 46–50 C for 1 min, and
extension at 72 C for 2–2·5 min.
The double-stranded DNA product was purified by electroelution (Sambrook et al.,
1989), or using the Genclean II Kit (Bio 101). Vacuum-dried DNA was resuspended in
20 ìl of distilled H2O.
DNA sequencing was performed with the dideoxy-nucleotide chain termination
method (Sanger et al., 1977) using a CircumVent Thermal Cycle Dideoxy DNA
Sequencing Kit (New England Biolabs Inc.), labelling with [a35S]-dATP. Reactions were
carried out with the following cycling parameters: 20 cycles of denaturation at 95 C for
30 s, primer annealling at 50–55 C for 30 s, and extension at 72 C for 30 s. Completed
sequencing reactions were electrophoresed in 6% polyacrylamide/7  urea gel. Subsequently, gels were fixed, dried and autoradiographed on X-ray negative for 24–96 h.
Alternatively, automated sequencing was performed as recommended with a PRISM
Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit for an ABI Model 373
DNA sequencer.
SEQUENCE ANALYSIS
MtDNA sequences enclosing a part of tRNAPro gene, the control region (D-loop), the
tRNAPhe gene, and a part of the 12 S rRNA gene were aligned by using the PILEUP
program of GCG software package (Genetic Computer Group, version 7.0; Devereux
et al., 1991). After minor adjustments, they were compared with published sequences for
mammals (Anderson et al., 1981; Bibb et al., 1981) and fishes such as Acipenseriformes
(Buroker et al., 1990), Clupeiformes (Lee et al., 1995), Salmoniformes (Digby et al., 1992;
Shedlock et al., 1992), Cypriniformes (Tzeng et al., 1992; Chang et al., 1994), Gadiformes
(Johansen et al., 1990; Lee et al., 1995), Perciformes (Cecconi et al., 1995; Jean et al.,
1995; Lee et al., 1995), and Pleuronectiformes (Lee et al., 1995) to verify boundaries and
the alignment of genes. Two techniques were used to construct phylogenetic relationships, distance (UPGMA) and maximum parsimony analysis. The UPGMA clustering
was performed using PHYLIP 3.5 (Felsenstein, 1993) and distances were calculated by
the Kimura two-parameter model/algorithm in DNADIST. Heuristic parsimony analysis
with 1000 bootstrap replications was conducted using parsimony software PAUP 3.1.1
(Swofford, 1993).

RESULTS
DNA LENGTH AND SEQUENCE

For each specimen, the complete control region and tRNAPro gene was
amplified and both strands were sequenced (Fig. 1). The length of D-loop
sequences for Rhinogobius maculafasciatus is 841 bp and varies from 841 bp (five
individuals) to 842 bp (one individual) in R. giurinus. The gobiid Rhinogobius
D-loop sequence seems to be the most compact of all the fully known sequences
for teleost fishes (Table II).
The mitochondrial tRNAPhe gene from the two Rhinogobius species is identical
except that a single substitution has occurred in the right, TØC stem. The length
of tRNAPhe is equal to that of the rainbow trout Oncorhynchus mykiss
(Walbaum) (68 bp) (Digby et al., 1992), but slightly shorter than that of the carp
Cyprinus carpio L. (69 bp) (Chang et al., 1994) and a loach Crossostoma lacustre
Steindachner (70 bp) (Tzeng et al., 1992).
DIVERGENCE RATES IN DIFFERENT REGIONS

The overall sequence divergence between the two Rhinogobius species ranges
from 11·3 to 11·7% (Table III). The percentages of divergence per 50 bp of
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F. 1. (b).
F. 1. Aligned sequences of control region and tRNAPhe of two Rhinogobius species. RM, R.
maculafasciatus; RG, R. giurinus. *** the anti-codon of tRNA gene. The underlined region as PY
(pyrimidine tracts) and CSB (conserved sequence block).

aligned mtDNA D-loop sequences, compared among eight individuals of the two
Rhinogobius species, are shown in Fig. 2. The 5 region (0–300 bp) is more
divergent than the following 300 bp. The highest divergence rate (22–34%)
occurred in the 51–200 bp of 5 region. The central region is conserved with only
one transition within 315–400 bp; a similarly conserved sequenced block (CSB)
has been observed in several teleosts (Lee et al., 1995). The intraspecific
divergence within R. giurinus is 0·8–1·8% and the 5 region is more variable than
the middle and 3 regions.

896
997
853
868
856

Crossostoma
lacustre

Gadus morhua

Microgadus tomcod

Pollachius virens

Melanogrammus
aeglefinus

Homalopteridae

Gadidae

Gadiformes

927

1023

Salmo salar

Cyprinus carpio

1003

1017

976

Length

Oncorhynchus
mykiss

Alosa
pseudoharengus

Acipenser
transmontanus

Species

Cyprinidae

Cyprinoformes

Salmonidae

Salmoniformes

Clupeidae

Clupeiformes

Acipenseridae

Acipenseriformes

Order
Family

TTCCTGGCT
ATTCTG–CC
TTCCTGGCT
ATTCTG–CC
TTCCTGGCT
ATTCTG–CC
TTCCTGGCT
ATTCTG–CC

TTACTGGCA
TCTGGTTCC
TTACTGGCA
TCTGGTTCC

TTCCTGGCA
TTTGGTTCC
TTCCTGGCA
TTTGGTTCC

TTCCTGGCA
TTTGGTTCC

TTACTGGCA
TCTGGTTCC

CSB-D

TAAACCCCCC–CCCCCCC

TAAACCCCCC–CCCCCCC

TAAACCCCCCCCCCCCCC

TAAACCCCCCCTCCCCCC

CAAACCCCCT–TACCCCC

CAAACCCCCCTTACCCCC

TAAACCCCCC–TACCCCC

TAAACCCCCC–TACCCCC

CAAACCCCCC–TACCCCC

CAAACCCCC––TACCCCC

CSB-2

TGC–AAACCCCCCGGGAACA

TTC–CAACCCCCCGGAAACA

TTC–CAACCCCCCGGAAACA

TGT–AAACCCCCCGGAAACA

TGCTCAAACCCCGAAACCAA

TGT–CAAACCCCGAAACCAA

TGT–TAAACCCCTA–AACCA

TGT–TAAACCCCTA–AACCA

TGT–AAACCCCGA–AACCA

TGT–CAAACCCCAA–AAGCA

CSB-3

T II. Length and conserved sequence blocks (CSB) of mtDNA D-loop sequences from 19 species of fishes

Pleuronectidae

Pleuronectiformes

Moronidae

Sparidae

Cichlidae

Gobiidae

Perciformes

Order
Family

Hipploglossoides
platessoides
Pseudopleuronectes
americanus

Limanda ferruginea

Dicentrarchus labrax

Sparus sarba

Cichlasoma
citrinellum
Acanthopagrus
australis

Rhinogobius giurinus

Rhinogobius
maculafasciatus

Species

CSB-D

CSB-2

CSB-3

1033

1553

1600

TTCCTGGCA
TTTGGTTCC
TTCCTGGCA
TTTGGTTCC
TTCCTGGCA
TTTGGTTCC

AAAACCCCC–-TACCCCC

AAAACCCCC–-TACCCCC

AAAACCCCCC–TACCCCC

None

TGA–AAACCCCCCGGAAACA

TGA–AAACCCCCCGGAAACA

TTCCTGGCA
TAAACCCCCC–TACCCCC TGA–AAACCCCCCGGAAACA
TTTGGTTCC
TTCCTGGCA
841–2
TAAAACCCCCCTACCCCC TGA–AAACCCCCCGGAAACA
TTTGGTTCC
TTCCTGGCA
888
TAAACCCCCC–TACCCCC TGT–AAACCCCCCGGAAACA
TTTGGTTCC
TTCCTGGCA
932–3
TAAACCCCCCCCCCCCCC TGC–AAACCCCTCAAAAACA
TTTGGTTCC
TTACTGGCA
971–3
TAAACCCCCCCCCCCCCC TGT–AAACCCCTCAGAAACA
TTTGGTTCC
ATATTTGCA
2499
TTTGCCCCCCCTACCCCC TAA–ATCCCCCTAAGAAAAA
TTTGGCTGT
841

Length

T II. Continued
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T III. The distance matrix of aligned control region sequences among different
haplotypes of the Rhinogobius samples. The upper half (above diagonal) as mean
distance and lower half (below diagonal) as number of divergent sites

1
2
3
4
5
6

RMA-T1,T2
RGU-T1
RGU-F1
RGU-Y1
RGU-Y2,Y3
RGU-Y4

1

2

3

4

5

6

—
98
96
99
96
97

0·115
—
7
14
11
13

0·113
0·008
—
15
12
14

0·117
0·016
0·018
—
3
5

0·113
0·013
0·014
0·004
—
2

0·114
0·015
0·016
0·006
0·002
—

40

Divergence (%)

30

20

850

800

750

700

650

600

550

500

450

400

350

300

250

200

150

50

0

100

10

F. 2. Percentages of divergence per 50 bp of mtDNA control region compared (a) between two
Rhinogobius species () and (b) the populations within R. guirinus ( ).

TERMINATION ASSOCIATED SEQUENCES

Termination-associated sequences (TAS) have been observed in many vertebrates as folding sequences which cause termination of strand replication in
control regions (Southern, 1988). Two TAS-like sequences were examined in the
two Rhinogobius species, TAS-1 is located from 6 to 15 bp (ACATATAGT) and
the other TAS-2 is located from 71 to 83 bp (ACATCATCTATGT in R.
maculafasciatus and ACATT(G/A)CTATG in R. giurinus) (Fig. 1).
CONSERVED SEQUENCE OF CSB AND PY

Two or three CSBs have been suggested for fish and higher vertebrate
sequences (Saccone et al., 1991; Lee et al., 1995). The central regions also
contain pyrimidine tracts (PY) in the mammals and fishes (Saccone et al., 1991;
Shedlock et al., 1992). In the present gobiid D-loop sequences, the first CSB,
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(a)

187
RG–T1
RG–F1
RG–Y2

100
56
98

RG–Y3
RG–Y1
RG–Y4
RM–T1
RM–T2

0.01

(b)

RM–T1
RM–T2
81

RG–T1
RG–F1

100

RG–Y1
99

RG–Y2
RG–Y3
RG–Y4

F. 3. Phylogenetic cladogram for two Rhinogobius species. (a) UPGMA tree by the Kimura two
parameter distance and (b) maximum parsimony tree, both trees with value of 1000 bootstrap
replications.

CSB-D, is located from the 368 to 385 bp (TTCCTGGCATTTGGTTCC); the
second, CSB-2, is located from the 718 (717) to 734 bp (T(A)AAACC
CCCCTACCCCC) and a third, CSB-3, is located from the 761 to 779 bp
(TGAAAACCCCCCGGAAACA). Gobiid fishes are similar to the Perciformes
in the possession of three CSBs (Jean et al., 1995; Lee et al., 1995) (Table II).
MOLECULAR PHYLOGENY

Among eight individuals of rhinogobies, the two R. maculafasciatus had an
identical haplotype in the D-loop region whereas the six individuals of R.
giurinus from three localities had five haplotypes (Fig. 1). Both the phylogenetic
analyses by distance method (UPGMA) and maximum parsimony supported
well the currently recognized two distinct morphological species (Fig. 3).
Especially, the level of interspecific differentiation is higher than that of the
observed intraspecific variation. There are 96 to 98 mutation sites for comparison between all six haplotypes represented in the eight specimens of both species
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but only two to 15 mutation sites among the five different haplotypes within R.
giurinus (Table III). For intraspecific relationships between the six individuals
from the three populations of R. giurinus, two significant groups, from Taiwan–
Fujian and Yunan, respectively, were indicated in both trees with the same
support from high bootstrap values (Fig. 3).
DISCUSSION
The length of mtDNA D-loop sequences varies between different fish taxa
(Table 2). The major differences are due to the variable copy numbers of
tandemly repeated sequences (Buroker et al., 1990), such as 40-bp repeats in the
cod Gadus morhua L. (Arnason & Rand, 1992) and 82-bp repeats in the sturgeon
Acipenser transmontanus Richardson (Buroker et al., 1990). An unusual feature
of variability in D-loop length has been found in the European sea bass
Dicentrarchus labrax (L.) where a wide range in length was observed among
individuals, ranging from 853 to 1477 bp, due to great variation in copy numbers
of two different units of tandem repeats (Cesaroni et al., 1997), reaching in one
individual an extreme length of 2499 bp (Cecconi et al., 1995).
Recently, a compact D-loop sequence of 853 bp has been observed in the
tomcod Microgadus tomcod (Walbaum) (Lee et al., 1995). The two rhinogoby
sequences reported here are slightly shorter at 841–842 bp and lack tandem
repeats in the eight fishes examined. These D-loop sequences are the shortest
ones of all those published to date for teleost fishes. Recent unpublished work by
I.S.C. and P.J.M. indicates similar D-loop lengths of less than 860 bp for other
gobioid taxa. An advantage of such compactness in D-loop length among gobies
would be to make easier the aligning of sequences for phylogenetic analysis.
Usually three CSBs can be observed in fish D-loop sequences (Table 2)
although CSB-3 is lost in Pseudopleuronectes americanus (Walbaum) due to
disruption by tandem repeats (Lee et al., 1995). These three conserved sequences
provide good potential for designing suitable primers for amplifying mtDNA
D-loop sequences for phylogenetic use among related fish taxa.
The slowly evolving central domain of the D-loop sequence, which always
encloses the CSB-D, seems to offer some opportunity for constructing the
phylogeny of higher taxa up to family level (Lee et al., 1995). However, only a
few characters among the 168 bp can be used, and phylogenetic results have only
low bootstrap support (Lee et al., 1995). It seems more appropriate to use this
region for phylogenetic reconstruction below the genus level, even for the
detection of intraspecific variation (Meyer et al., 1990; Sang et al., 1994; Yang
et al., 1994; Jean et al., 1995) because of likely homoplasy in this rapidly evolving
region at higher taxonomic level.
From morphological studies, Rhinogobius, as currently defined (Akihito et al.,
1993) has been found to contain two distinct species-groups. One of these is the
R. brunneus group, characterized by a longitudinal pattern of infraorbital
sensory papillae and containing at least 40 species including the present R.
maculafasciatus, and the other is the R. giurinus group where infraorbital cheek
papillae occur in transverse rows and which comprise merely two species
(Masuda et al., 1984; Akihito et al., 1993; Chen & Shao, 1996; Chen & Miller,
unpubl.). The R. brunneus group has radiated into many distinct morphological

   

189

species with a high degree of local endemism (Akihito et al., 1993; Chen & Shao,
1996), in contrast to the R. giurinus forms across a similar range (Chu & Wu,
1965; Chen & Shao, 1996; Chen & Miller, unpubl.). Both R. maculafasciatus and
R. giurinus are anadromous species which spawn in fresh water and have a
planktonic postlarval stage, which drifts to lower reaches and estuaries. Subsequently, benthic juveniles ascend the rivers to breed (Miyadi et al., 1986; Mizuno
& Goto, 1987; Kananabe & Mizuno, 1989; Chen, 1994; Chen & Shao, 1996).
The D-loop sequences from two Rhinogobius species examined has shown that
they comprise holoplasmic individuals as is the normal condition for those fishes
investigated (Lee et al., 1995) and unlike the unusual case of the European sea
bass, where there is a high frequency of heteroplasmic individuals and occurrence
of D-loop length-polymorphism (Cesaroni et al., 1997). The latter complexities
of heteroplasmy and length-polymorphism are disadvantageous for phylogenetic
analysis of such species. However, the phenomenon of different copy numbers in
tandem repeat does not seem to disturb the function of mtDNA D-loop
sequences, and may suggest that length is not so important for influencing
D-loop function regardless of the additional copies produced by the tandem
repeats of specific parts (Cesaroni et al., 1997). On the other hand, although the
compact D-loop length of the present gobioid fishes less than 850 bp, the several
conserved sequences present in all fishes can still be observed as mentioned
above.
USE OF D-LOOP SEQUENCES IN PHYLOGENETIC RECONSTRUCTION FOR
THE GENUS RHINOGOBIUS

The compact mtDNA D-loop sequences in rhinogobies are useful genetic
markers not only for constructing interspecific phylogeny of recognizably
morphological species but also in being sensitive enough for intraspecific
phylogenic/phylogeographical reconstruction of population relationships. Overall, the divergence rate of short mtDNA D-loop sequences from the present two
gobiids suggests that this region is sufficiently informative for distinguishing
cryptic species.
Thus, D-loop sequences determined for R. maculafasciatus have features in a
molecular biological investigation of species definition and phylogeny within the
genus Rhinogobius. Results for R. maculafasciatus and other members of the
brunneus species group have shown that this complex is divisible into two main
clades, with at least eight valid species from Taiwan and five from Okinawa as
well as other species still under investigation from southern mainland China
(Chen & Miller, unpubl.).
Regarding intraspecific variation of D-loop sequences in R. giurinus populations, the results supported by different methods of sequence comparison suggest
that a Yunan group in the upper drainages of the Nanpan River (Pearl River
basin) is more isolated than both the Fujian and Taiwan populations. The
reason may be that the Yunan population of R. giurinus, adapted to the upper
reaches of the Nanpan, may have become effectively landlocked and isolated
completely from other populations in the main river basins of southern China
and even Taiwan, with likely genetic isolation. However, a more complete
intraspecific phylogeny of Rhinogobius species requires more samples from
different localities in China.
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