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Abskract rllhe phylogenetic or taxonomic relationships among Northern Hemisphere osmeroid

fish including the families Osmerid ae and Salangidae have been investigated mainly on the

basis of morphological characteristics, but conclusions from these studies differ markedly
and have been controversial. The authors reconstructed molecular phylogenetic trees, based

on a 402-base pair region of the mitochondrial cytochrome b gene, among six Osrneridae
species from (Plecoglossus altivelis, JH'ypomesus japonicus, Hypomesus transpacpticus,
Osmerus dentex, Spirinchus lanceolatus and Mallotus villosus), one Salangidae species
(Salangichthys micredon), and one Galaxiidae species (Galaxias maculatus), a Southem Hemi-

sphere osmeroid. The molecular phylogenetic trees constructed by the maximum parsimony
and maximuni likelihood methods indicated monophyly of Northern Hemisphere osmeroids,
and a sister-group relationship between Galaxiidae and the other species examined. In the
Northern Hemisphere osmeroids, the present resuks suggested that Plecoglossus is ari ances-
tral genus, and that there are close relationships between the genera Osmerus and Spirinchus

and between Salangichthys and Mallotus.

Key words Osmeridae, Salangidae, Molecular phylogeny, Molecular clock

Intreduction

    Osmerid fish, the smeks and their relatives, show anadoromous, amphidromous, mai ine

and freshwater lifestyles and are widely distributed in the Arctic, Atlantic and Pacific

Oceans in the Northern Hemisphere. They show some common morphological character-
istics as follows: dumbbell shaped palatine bone, notch in dorsal margin of opercle, ab-

seilce of pelvic axillary process and presence of adipose fin.

   The phylogenetic reiationships among them have been discussed by mafiy authors
since early times (Chapman 1941; Gosline 1960). Nelson (1994) reported that the family

Osmeridae was monophyletic with the inclusion of Plecogtossus altivelis Temminck &
Schlegel, which was formerly classified as belonging to its own family, Plecoglossidae

(Chapman 1941). Phylogenetic relationships among the genera within Osmeridae includ-
ing Plecoglossus were investigated using morphological characters. Howes & Sanford
(1987) concluded that Plecoglossus was most closely related to Osmerus, to which
Hypomesus fomied a sister group, and that SpirinchLLs and Matloms were ancestral osmerids

(Fig. Ia). On the other hand, Wilson & WMiams (1991) maiptained that Osmerus,
Spirinchus and Pgecoglossus were closely related to one another, and that Hypomesus and

Mallotus had separated from the other osmerids at an early stage (Fig. Ib). In a cladistic
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study based on 84 morphological characters, Begle (1991) concl"ded that Ptecoglossus
and Osmerus fomied a sister group and suggested that there were close relationships be-

tween Spirinchus, Mallotus and "ypomesus (Fig. Ic). Johnson & Patterson (1996) also
examined the relationships ameng osmeroids based on 112 morphological characters us-

ing the cladistic method, and conciuded that Hypomesus and Plecoglossus had separated
from other osmerids first and second, respectively. They also concluded that Osmerus
and Spirinchus were closely related (Fig. Id).

   Salangids, which are known as icefish or noodlefish, have slender and transparent or
translucent bodies, and inhabit the seacoast, rivers and lakes of East itsia. Because of

their unique morphological specializations, their phylogenetic positions have been dis-

cussed by many authors. Goslifie (1960) and Roberts (1984) speculated that salangids
had close relations with Osmeridae including Plecoglossus. However, the questiofl of

whether salangids are nested within Osmeridae or not has yet to be resolved. Howes &
Sanford (1987) reported a synapomorphy indicating that the Salangidae were the sister
group of Osmeridae (Fig. Ia). Begle (1991) maintained that salangids were not nested in

osmerids but were highly modified members of the Southern Hemisphere osmeroids (Fig

lc): including family Retropinnidae aild Galaxiidae (Johnson & Patterson 1996). IR con-

trast, Johnson & Patterson (1996) concluded based on cladistic analysis of morphological

characters that salangids were nested within osmerids as the sister group of Mallotus (Fig.

Id). Thus, the phylogeny of osmerids and salangids based on the morphological studies
has been much controversial (Fig. 1).

    Mitochondrial DNA (mtDNA) sequence analysis has found widespread use as a tool
for phylogenetic studies (Meyer 1993; Miya & Nishida 1996). This methed resolved
many problems that were not concluded by the morphological characteristics (ilorai et al.

1995). The fast rate of evolution of mtDNA compared to nuclear DNA makes mtDNA
useful for high-resolution analyses iR recent branching events. Studies of intra- and
interspecies diversity of mtDNA in Salmonidae fish were carried out and the phylogenetic

relationships within a genus or among phenotypic forms have been discussed. For ex-

ample, Thomas & Beckenbach (1989) examined variation in salmonid mtDNA on the
basis of sequences from six Pacific salmonid fishes, and reported close relationships among

these fishes. Mitochondrial DNA sequences have also been used to analyze the species

complex within the genus Osmerus. Taylor & Dodson (1994) reported the mtDNA diver-
sification of three smelts belonging to the genus Osmerus on the basis of the divergence of

a 300-base pair region of cytochrome b gene. More recently, Waters & Burridge (1999)
examined the intraspecific mtDNA sequence divergence of Galcutias maculams Jenyns, a
representative Southem Hemisphere osmeroiq using .cytochrome b and 16S rRNA genes.
However, there have been no reports at the molecular level to determine the phylogenetic

relationships among the families Osmeridae aild Salangidae.
    The aim of this stody was to investigate the phylogenetic relationships using a 402-

base pair sequence of the mitochondrial cytochrome b gene among six osmerid species (2

altivelis, Osmerus dentex Steindachner, Hypomesus japonicus Brevoort, Hypomesus
transpacifi'cus McAllister, Spirinchus lanceolatus Hikita and Mallotus villosus MUIIer),

living near Japan, one salailgid (Satangichthys microdon Bleeker), one galaxiid repre-
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Fig. 1. Phylogenetic relationships among five osmerid genera and Salangidae as proposed by (a) Howes &

Sanford (1987), (b) Wilson & Williarns (1991), (c) Begle (1991) and (d) Johnson & Patterson (1996). These

trees were constructed on the basls of morphological characters.

senting Southem Hemisphere osmeroids (G. maculatus) and two salmonids (Oncorhynchus
keta Walbaum and Salmo salar L.) as outgroups, and to compare with the phylogenetic
hypotheses proposed by many authors on the basis of morphological characters.

Materials and Methods

Samples
   Landlocked forms ofR altt'velts were collected from Lake Biwa (Shiga Pref., Japan)

and amphidromous forms wefe collected from Iwaki River (Aomori Pref., Japan) and
from Korea (Kailg-won-do Pref. and Cho'llanamdo Pref.). H. transpaczfa'cus were col-
lected from Lake Biwa. H. J'aponicus (detailed locality unknown), O. dentex collected
from Hokkaido PreÅí, S. Ianceotatus collected from Mukawa River (Hokkaido PreÅí, Ja-
pan), M. villosus (detailed locality unknown), S. microdon collected from the Sea of Ja-

pan, and O. keta collected from Chitose River (Hokkaido Pref. Japan), were purchased
from fishermen or fish dealers. All fishes were preserved at -80A6 untit DNA extraction.

DNA Sequencing
   Total DNA was extracted from frozen muscles of fishes accofding to the standard
method. DNA fragfnents were amplified using the polymerase chain reaction (PCR) with
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the primers L14724 (Meyer et al. 1990), 5LGATATGAAAAACCATCGTTG-3', and
H15149 (Kocher et al. 1989), 5'--CTCAGAATGA[rArl'ITGTCCTCA-3'. We also used the
primer H15152, 5LGCCCCTCAGAATGATArlTTGTCC-3' for M. villosus. PCR was
performed for 25-35 cycles using a DNA thermal cycler model 97eO (Applied Biosystems,
CA, USA). The conditions ofPCR were as follows: denaturatioil, 940C for 1 min; anReal-

ing, 450C for 1 min; and extension, 72eC for 1.5 min. PCR products were purified using

Gene Clean II (BIO 101, Inc., CA, USA) after separation by agarose electrophoresis and

used as templates for difect sequencing. Sequencing reactions were canied out by the dye

terminator cycle sequencing method according to the manufacturer's protocol (Applied

Biosystems). All sequences were determined in both directions with an ABI 373S auto-

matic DNA sequencer (Applied Biosystems).
   Ail DNA sequences obtained in this study were submitted to GenBank. Accession
numbers areAB049012-AB049018 (R altivelis), AB089609 (H. transpacilfictLs), AB049019

(H. japonicus), AB049020 (O. dentex), AB049021 (S. Ianceolatus), AB049022 (M.
villosus), AB049023 (S. microdon) and AB049024 (O. keta). In the molecular phyloge-
netic analysis, landlocked type of P. altivelis (AB049016) was employed. We obtained

the sequences of S. salar (AF165083) and G. maculatus (AFO07023) from GenBank.

Phyloge"etic apalysis
   The CLUSTAL W (IIhompson et at. 1994) computer software was used to align the
402-base pair sequences. Maximum parsimony (MP) tree and maximum 1ikelihood (ML)
tree were constructed using PAUP' 4.0blO computer software (Swofford 200e). In con-
structing these trees, two salmollids (O. keta and S. salar) were used as outgroups. MP
analysis, in which nucleotide sites were equally weighted, and character state transforma-

tions were treated as unordered and of equal cost, was performed using the exhaustive
algorithm. The ML tree was constructed using the eXhaustive algorithm. IR this analysis,

transition 1 transversion ratio was set to 2, and the Hasegawa-Kishino-Yano model
(Hasagawa et al. 1985) was used as the base substitution model. To evaluate the robust-

ness of the internal branches, bootstrappiRg percentages (1000 replications) were also

calculated using the Heuristic algorilhm iR PAUP* 4.0blO.

Results

Mitochondrial DNA sequence variations
   First, the 4e2-base pair region of the mitochondrial cytochrome b gene from 12
amphidromous R altivelis (4 from Japan and 8 from Korea), and nine landlocked fish
collected from Lake Bivva were seguenced. Five positions (51, 330, 363, 393 and 402) of

402 sites were found to be variant. We could find no form-specific substitutions in these

mitochondrial cytochrome b sequences between amphidromous and landlocked fishes
aguchi et al. 1997). Of the 12 amphidromous fishes, five had 'GAAC(A!CIG)', four had

'AAAC(A!G)', two had 'AGACG' and one had 'GAGTG'. All nine landlocked fishes had
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'AAAC(A/G)' at these five positions: IaRdlocked fishes showed lower variation thail
amphidromous fishes as reported by Iguchi et al. (1997). We used the sequence of the
landlocked type ofR aitivelis ('AAACA' at position 51, 330, 363, 393 aild 402), which
had one substitution with mtDNA genome sequence reported previously ( Ishiguro et al.

2001), in the following molecular phylogenetic analysis: the results were not different

when the sequences of the amphidromous fishes were employed.
   The first 402-base pair regions of the mitochondrial cytochrome b gene from five
osmerids including landlocked type of R attivetis, one salangid and one salmonid were

sequenced. Taylor & Dodson (1994) reported 300-base pair sequences of O. dentex and
M. villosus. We compared our sequencgs of these two fishes with the corresponding
region (300-base pair) reported by Taylor & Dodson (1994), and found that only two and
three bases were different in O. dentex and M. villosus, respectively.

    The substitution sites of the aligned sequences for the species examined were shown
in Table 1. Base frequencies of the sequences from nine species were O.23 Å} O.02 (A),

e.30 Å} O.Ol (C), O.17 Å} O.Ol (G) and O.31 Å} O.Ol (T) (Mean Å} S.D.). All sequences

were biased against guanine on the light strand, indicating that these sequences were not

those of a paralogous gene but were indeed those of authentic mtDNA (Zhang & Hewitt
1996). Scatter plots, which show the ratio oÅí transitions in total substitution to the ratio of

total sequence divergeRce, did not show a transition plateau (Fig. 2), indicating that our

data were usefu1 for phylogenetic inference (Brown et al. 1982).

   Sequence divergence derived from 4e2-base pair region of cytochrome b and the
number of nucleotide differences observed are shown in Table 2. The sequence diver-
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Fig. 2. Scatter plots of each sequence pair examined. The horizon{al axis is the ratio ofsequence divergence,

and the vertical axis is the ratio of transitions with the variation.
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Table 2. Sequence divergence derived from 402-base pairs of the cytochrome b gene (upper portion of matrix)

and the number of nucleotide differences (lower portion of matrix).

Taxoll 1 2 3 4 5 6 7 8 9 o1

1 P.altivelis

2 H,japanicus

3 H. tranrpacificur

4 O. dettte.v

5 S, ianceotatus

6 M.viUosuas

7 S. microtlon

8 G.maciitatus

9 O, heta

10 Ssalar

,isc

e.1"

ii

l:lg O.162

O.152

O.14•2

1ed

O.169

O.157

G129

O.op5

  l

e.1)7

O,l74

e.162

e.l29

O,152

72

99

tee

100

e.19`#

e,1op

O.I72

e.lgy

O,189

O.l79

lle

1os

1os

O,226

e,221

O,Zl2

92co

0251

O.246

e,274

z

0241

O.219

Oa229

O.224

0226

O.249

G261

0229

ng

O.234

e.229

O.229

0239

0226

O.7.49

O.26{

O.229

e.1oo

gence between galaxiid and salangia between gaiaxiid and osmerids, and between salangid

and osmerids was 27.49o, 22.1-25.19o and 17.9-20.19o, respectively.

Phylogenetic relationships
   We constructed MP and ML trees from the first 402-base pair region of cytochrome b
gene of the osmeroid fish using salmonid fish as outgroups (Fig. 3). The topologies of MP

and ML tree were identical, and both trees showed a monophyletic relationship among
Northern Hemisphere osmeroids (Osmeridae and Salangidae), a sister relationship be-
tween these fish and galaxiid, represeRting Southem Hemisphere osmeroid, and non-mono-

phyletic relationships of two Hypomesus species. The bootstrapping percentage of the

node from which galaxiids branched from Northern Hemisphere osmeroids was high in
both trees. The statistical values of the MP tree were as follows: tree length = 410, consis-

tency index = O.60, and retention index = O.45. In ML analysis, likelihood was calculated

by the Hasegawa-Kishino-Yano model (Hasegawa et al. 1985), and -Ln likelihood was
2309.65.
    Molecular phylogenetic trees clustered Osmerus and Spirinchus, and also clustered
Malloms and Satangichthys. Nexg Osmerus-Spirinchus group andMallotus-Salangichthys
group were clustered. In these trees, Plecoglossus was located at the basal position of the

Northern Hemisphere osmeroids, and this tree showed that two Hypomesus species were
separated after the separation ofPlecoglossus.

Discussion

Phylogenetic pesition ef salangids
    Our molecular phylogenetic trees inferred from the mitochondrial cytochrome b gene

sequences showed that S. microdon is nested among osmerid fish as a sister group of
Mallotus (Fig 3). All modern studies of salangid classification based on morphological

observations agree in placing them in the order Salmoniformes, and maily authors have
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(A)

96

loe

75

      P. altr'vetis

   ll. japo"icus

        H. transpactfieus

 58       71 O. dentex
     27 S. lattceolatus
        63 Mvillesus
                     S. microdon
G.maculatus

O. kata

S. salar 10 changes

pa)

94

100

44

P. altivelis

   "• J'aponicus

39 S7

H. transpaci:t7cus

15

O. kera

S.salar

O. denter

49

S. Ianceolatus

M. villos"s

G. maculatus

S. ntierodon

e.05 substitutionsisite

Fig. 3. MP (A) and ML (B) tree among galaxiid, salangid and osrnerid fish constructed from sequences oÅí the

first 4e2-base region of the cytochrome b gene. Two salmonid fish (O. keta and S. salar) were used as
outgroups. Tlie scale bars indicate 10 changes in MP tree (A) and O.05 substimtionsfsite ML tree (B). Num-

bers at branching points indicate the bootstrapping probabilities (1000 replications).

associated them with osmeroids (Review ifi Roberts 1984). However, because of the
large number of unique specializations they display, it has not been possible to resolve

whether salangids are nested within Osmeridae or not. Howes & Sanford (1987) reported
only a single synapomorphy, diabolo-shaped palatine, indicating the monophyly of the
family Osmeridae, and a single synapomorphy, the presence of adipose fin cartilage, show-

iRg the Salangidae as a sister group of the Osmeridae (Fig. Ia). Begle (1991) showed that

there were many shared morphological characters between salangids and Southern Hemi-
sphere osmeroids? for example, posteroventrally curved infraorbital sensory canals, ab-

sence of mesocoracoid, and posteriorly positioned dorsal fin. He concluded that they
were just highly modified members of the Southern Hemisphere osmeroids on the basis
of cladistic analysis, though salangids inhabit in Northem Hemisphere (Fig. Ic). In con-



Molecular Phylogeny of Osmerids 9

trast, Johnson & Patterson (1996), who also used cladistic ana}ysis, showed four
synapomorphies to Salangid-Mallotus taxa, which are long aRd unossified ethomoids,
distally branched fourth pectral radial, fenestrate plated adipose cartilage, and modifica-

tion of the anal fin skeleton in males. They maintained that some shared characters be-

tween salangids and Southern Hemisphere osmeroids were homoplasies and concluded
that salangids were nested within osmerids, as a sister group ofMallotus (Fig. Id). Our

present result of the molecular phylogenetic study showed that S. mterodon is well nested

in Northem Hemisphere osmeroids (Fig. 3), not clustered with Southem Hemisphere
galaxiid, and supports the conclusion of Johnson & Patterson (1996). On the other hand,

Saruwatari et al. (1999) and Waters et at. (2002) recollstructed the molecular phyloge-

ne!ic tree of lower Euteleosts using partial sequences of mitochondrial DNA sequences
and concluded that Salangidae and Osmeridae. fish. have sister relationship. Further study

with more molecula! data will be required.

Phyrogenetic reEationships among Northem klemispkere oswteEvidis
   What is an ancestral osmerid and what is a derived one is still controversial. EThe

phylogenetic position of Plecoglossus has been especially discussed and disputed.
Plecoglossus attivelts is distributed throughout the Japan Islands, Ryukyu Isiands, Taiwan

Islands, the KoreaR Peninsula and some parts of the Chinese Continent (Nishida 1986). It

shows some morphological and ecoiogical differences from other osmerids: it grazes ad-
herent algae in strearns using comb-like teeth, unlike other osmerids (Kawanabe 1972).

   Chapll}an (1941) concluded that Plecoglossus was more closely related to the osmerids

than to the other salmonid fish accordiRg to many common characters of their bones,
general resemblance of the skull, and size and shape of the adult fish. On the other hand,

Howes & Sanford (1987) reported that PlecoglosspLs was most closely related to Osmerus

based on three synapomorphjes, which are the presence oÅí symphysial deRtary cartilage, a

symphysial dentary process and insertion of lavator arcus palatini on the metapterygoid

lateral shelf. They also maintained that Hypomesus aBd Osmerus-Plecoglossus taxa form
a sister-group from a shared character, an ectopterygoid frange (Fig. Ia). Begle (1991)

supported the close relationship between Ptecoglossus and Osmerus on the basis of the
symphysial process and canilage, and pterospheRoid interdigitating ventrally with prootic.

However, he concluded that Hypomesus was not close to Plecogtossus-Osmerus taxa (Fig.
Ic). In a cladistic study based on 112 morphological characters, Johnson & Patterson
(1996) concluded that Hypomesus was the most ancestral osmerid according to four primi-

tive characters, which are endopterygoid teeth in a patch posteriorly, the position of the

metapterygoid, all epineurals originating on the neural arch, and an unmodified fourth
pectral radial. They also concluded that Plecoglossus had separated second on the basis

of four other primitive characters, presence of vomerine shaft, uninfiated otic bulla, pari-•

etals fuIly in contacg and distal keels on the last few neural and haemal arches (Fig. Id).

Molecular phylogenetic tree proposed by Saruwatari et al. (1999) and Waters et al. (2oo2)

showed that PlecogtosstLg was separated from other osmerids first.

    Our molecuiar phylogeRetic trees obtained here inferred from mitochondrial cyte-
chrome b sequences showed that Plecoglosstts and .ffypomest{s we.re separated first and
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second, respectively, from other Northem Hemisphere osmeroids (Fig. 3). This result

supports Johnson & Patterson (1996) who concluded that Plecoglossus and Hypomesus
are the basal osmerids, although the order of branching was not identical.

   Another important point of this study was that the molecular trees suggested a close

reiationship between the geRera Osmerus afid Spirinchus (Fig. 3), as has also been dis-

cussedby many authors. As megtioned above, Begle (1991) clusteredPlecoglossus and
Osmerus, and maintained the monophyly ofHypomesus, Mallotus and Spirinchus on the
basis of a narrow levotor process on the fourth epibranchial and narrow a rodlike spine on

sphenotic from which the dilator operculi originates (Fig. Ic). However, Wilson & Will-

iams (1991) reported a close relationship between Osmerus and Spirinchus based on a

synapomorphy, a modified anal fin in males (Fig. Ib). JohnsoR & Patterson (1996) sup-
ported their conclusions on the basis of five primitive characters, for example, the ab-

sence of cartilaginous interobital septum, and the form of the lower jaw (Fig. Id). Our

molecular phylogenetic trees supported the hypothesis that Osmerus and Spirinchus are
closely related as proposed by Wilson & Williams (1991) and Johnson & Patterson (1996).

Further experiments to analyze the sequences of another gene region of related fish in-

cludingAllosmerus and Thaleichtys might give us more insight to the phylogenetic rela-

tionship of Osmerus and Sprinchus.

Molecular clock in osmeroid fish
   Orti et al. (1994) provided an approximate fossil-based calibration for cytochrome b

sequence divergence in the family Gasterosteidae of about 2.89o per million years. Taylor

& Dodson (1994) applied this rate to estimate the date of separation of Osmerus and

Mattotus. Mitochondrial cytochrome b divergence between Northern Hemisphere
osmeroids and galaxiid (22.1-27.49o) and the 2.89o rate of divergence yields a separation

date of 7.9-9.8 million years ago (Mya). This calibration also provided a separation date

of7.8-9.3 Myabetween osmeroids and salmonids. However, the oldest fossil osmerid is
the PaleoceRe (58-67 Mya) freshwater Speirsaenigma lindoei, whose closest living rela-

tive is coAsidered to beR altivelii (Wilson & Williams 1991).

   We estimated the separation date between osmeroids and salmonids as being in the
Paleocene or earlier, and obtained a rate of O.459o per million years or slower, approxi-

mately one-sixth of the rate of 2.89o reported for the Gasterosteidae. Martin et al. (1992)

and Cantatore et al. (1994) reported that the rates of mtDNA evolution in fish are slower

than those of mammals with a conventional clock calibration of29o (Brown et al. 1979).

By applying the rate determined above (O.459(o or slower), we obtained a separation date

between Northern and Southern Hemisphere osmeroids of approximately 49 Mya or ear-
lier. It is also suggested that Northem Hemisphere osmeroids might be diversed at the
period of 29-45 Mya or earlier.
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