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Abstract

Gobies of the genusuciogobius have unusual morphological adaptations to intektocky

coastal habitats in far eastern Asia; an elongstate-less body, the loss the first dorsal fin, and
drastically increased number of vertebrae. Convergeolution makes the species distinction
difficult and the existence of many cryptic spedies been postulated. Two divergent lineages of
L. guttatus had been reported with the possibility of nichiéedéntiation between marine and
brackish habitats. Here, we quantitatively asseseavater salinity of the habitats used by the
two lineages in Hokkaido, Japan, as well as theirpmology. One lineage occurred exclusively in

high-salinity habitats in intertidal zones (>25) and the other occurred mostly, but not
exclusively, in low-salinity habitats near river atbs (<5 %o). This result, together with mtDNA

molecular phylogeny, suggests that the brackisé tgmght have originated from a marine
ancestor. Two lineages occurred sympatrically anesehores. No apparent difference was
observed in the external morphology between theatjes, whereas the number of vertebrae was
significantly different. Our results support theposition that the divergent lineages within

guttatus represent cryptic species.

Keywords Biogeography: Blakiston’s line- Convergence Distribution - Phylogeography

Mitochondrial DNA
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I ntroduction

Gobies of the genusuciogobius have unusual morphological adaptations to inteakti
rocky coastal habitats in far eastern Asia (Yanetda. 2009); the bodies are elongated and lack
scales, the first dorsal fin is absent, and théebeal column has an unusually large number of
vertebrae (Akihito et al. 2000). The peculiar appaeae is described by the Japanese common
name “mimizu-haze” (English translation: “worm-gdpyl'he convergent morphological
adaptation of.uciogobius gobies to interstitial habitats makes speciesmison difficult. In fact,
the existence of cryptic species of the genus kas indicated, which can be differentiated only
with great difficulty using morphological criteriaut can readily be identified by genetic analysis.
Suzuki et al. (2004) predicted that the numbdruai ogobius species may almost double if such
cryptic species are described as separate tax@ednfamada et al. (2009) detected at least 17
putative species among seven previously describ@ghological species through mtDNA
(cytochrome-b region) and nuclear DNA (ITS regisajjuencing. However, morphological,
ecological and environmental data for putative ticyppecies are almost lacking (but see Yamada
et al. 2009).

Mukai and Nishida (2004) reported two divergent ifineages withirL. guttatus,
which might have been differentiated five millioears ago. They also noted that one lineage was
found in rocky shores and the other in river mou#ithough no quantitative assessment has been
done. Yamada et al. (2009) confirmed the divertjeatges ot.. guttatus with both
mitochondrial and nuclear DNA. They estimated tiveidjent time to be 2-3 million years ago.
Therefore, the two lineages may represent crypicies. To confirm the cryptic species, however,
further ecological and morphological surveys ained.

In this study, we quantitatively assessed the habdlinity and morphology of the
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divergent lineages df. guttatus on Hokkaido Island, Japan, to support the ecoldgiidferences
between the putative cryptic species. We also imyaed to what extent, if any, they occur
sympatrically within the same shorésguttatus are widely distributed around the Japanese
archipelago, but one lineage may occur mostly @wviestern side of Japan (i.e., Sea of Japan)
whereas the other in the eastern side (Pacific @dmesed on the limited sampling of a previous
study (Mukai and Nishida 2004). The present stugly provides basic biogeographic information
on gobiidae species in the northern range margerevthe faunal compositions remains largely
unknown. Specifically, we investigated whetherTsagaru Strait between Hokkaido and Honshu
islands has been a major geographical barrieh®coastal species similar with many terrestrial
and freshwater animals and plants (Aizawa et &720obson and Kawamura 1998; Koizumi et

al. 2012; Sota and Hayashi 2007; Watanabe 2012).

Materials and methods

Luciogobius gobies and bio- (phylo-)geographic patterns ohdape coastal species

Luciogobius gobies occur in far eastern Asia, including eastast Russia and mainland
China, the Korean peninsula, the Japanese archmelaiwan, Hainan Island, and Hong Kong
(Yamada et al. 2009). Sixteenciogobius species has been described so far through the
distribution range of the genus, and 15 are fomnthpan (Arai 1981; Kanagawa et al. 2011;
Suzuki et al. 2004). High species richness in Jéaparobably due to a great diversity of habitats
resulting from the wide occurrence of gravel-ritloies in the country and also from the wide

climatic range, spanning cool-temperate throughreplical zones. However, due to strong human
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impacts on coastal areas in the past century, asiclonstruction of harbors, moles, and land
reclamation (Washitani 2008), soriaciogobius gobies have been declining (e.g. Ministry of the
Environment 2003).

Most Luciogobius species and/or divergent lineages within speciesgutative cryptic
species) distribute in allopatry within the Japanashipelago, although some species spread
widely, such ag. guttatus, L. elongatus, andL. grandis (Yamada et al. 2009). On Hokkaido Island,
the northern range margin of gobies, however, gyatie studies ohuciogobius have rarely been
conducted. Fragmentary information indicates tinabragLuciogobius gobies, onlyL. guttatus
occurs in parts of Hokkaido (Mukai and Nishida 208H4iretoko Museum 2003; Yamada et al.
2009); in other parts of the island, there havenlbreereports of the genus. Only one exception is
an unidentified species near Hakodate at the southeeof Hokkaido (Yamada et al. 2009).

It is important to investigate bio- and phylo-gemgny of Japanese coastal species, such as
gobies, because some clear patterns have beenedeireterrestrial and freshwater species across
the Japanese archipelago. In many terrestrial dsiamal plants, as well as freshwater species, the
Tsugaru Strait has been a major historical basegarating the fauna and flora of Hokkaido from
those of the rest of Japan (Aizawa et al. 2007;900kand Kawamura 1998; Koizumi et al. 2012,
Sota and Hayashi 2007; Watanabe 2012): the biogpbgrboundary delineated by the Tsugaru
Strait is called the Blakiston’s line. Some coastarine species, on the other hand, have diverged
significantly between the western and eastern safleknshu Island, i.e. Sea of Japan and Pacific
Ocean, respectively, although few samples from Hakkwere included (Akihito et al. 2008;
Hirase et al. 2012; Kojima et al. 1997; Kokita aswhara 2011). Therefore, it is important to see
whether the Tsugaru Strait has been a major bdoti@oastal species as well and whether eastern
and western divergence has been recognized alkmwibkkaido Island. To do so, we examined

the broad phylogeographic structureLatiogobius gobiesto draw inferences on population



118  history, using our data, together with informatinorthe DDBJ genetic databank.

119

120  Distribution ofLuciogobius gobies in Hokkaido

121

122  Between May 2008 and September 2009, we samplémt&8ons around the coast of Hokkaido,
123 including the surrounding islands (Fig. 1). We @hds/erse habitats along river mouths and in
124  intertidal zones to include as many species aslges$Vater salinity was measured with a

125 PAL-06S ATAGO meter near the sea floorLasiogobius gobies are benthic. All gobies were
126  caughtin a dipnet by one person, Seiya Hashini@aollected fish for 1 hour at each location.
127 WhenLuciogobius was present at a location, fewer than seven iddals per morphologically
128  distinct species (based on the criteria by Akilit@al. 2000 and Maeda et al. 2008) were sacrificed
129  for subsequent analysis. We clipped a piece ofite-side pectoral fin for preservation in 95%
130  ethanol for later DNA extraction. The rest of thaip was preserved in 10% formalin for

131  morphological measurements.

132

133

134  Morphological measurement

135

136 We followed Akihito et al. (2000) and Maeda et(2D08) in the selection of morphometric traits:
137  standard length (SL), pre-dorsal fin length (PDlg-gnal length (PAL), vent to anal fin length
138  (VAFL), head length (HL), snout length (SnL), eyardeter (ED), body depth (BD), pectoral fin
139  length (P1L), pelvic fin length (P2L), caudal findgm (CL), number of dorsal fin rays (D), and
140  number of anal fin rays (A). The number of vertebfd) was also counted from radiographs

141  taken by a multi soft X-ray film shooting appara(8OFTEX TYPE EMB CMB-2, SOFTEX CO.,
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LTD, Kanagawa, Japan) with 2.5 mA and 30 kVp fdt §econds. We standardized these traits by
fish length (SD) except for numerical counts (il®.A and V). We used Welchts test in the R
2.10.1 software package (Team 2009) to compare mtogical traits between species or
divergent lineages. Wilcoxon’s rank sum test was glerformed in the same program to compare

habitat salinity between species or lineages.

Mitochondrial DNA phylogeny and phylogeography

We used a total of 76 fish from 25 Hokkaido locatidor DNA analysis; we also included five
individuals ofL. guttatus provided by the Wakayama Prefectural Museum otiféiHistory
(Table 1). We analyzed the same mtDNA regions (E2$A and 16S rRNA for 568bp and 482bp,
respectively) where Mukai and Nishida (2004) canded a phylogenetic tree bificiogobius
gobies, includind.. guttatus, L. pallidus, L. elongatus, andL. grandis. We combined our data with
those from DDBJ to investigate phylogeny and phgtmgaphy (Table 1). Because ohly
guttatus was detected among 76 fish collected in Hokkas#® (Results), we used the following
guttatus samples from DDBJ; one individual from each of tbh#ections at Yamagata
(AB1231994, AB1231995), Kanagawa (AB121986, AB1Z1Q&hime (AB121996, AB121997),
Kagoshima (AB108559, AB108569), and Iriomote Isl§AB121988, AB121989), and two
individuals from each of the collections at Wakaga(AB121998, AB122000, AB121999,
AB122001) and Okinawa Island (AB121990, AB12199B,121991, AB121993). The DNA
sequence adfuciogobius pallidusin DDBJ (AB121984, AB121985) was used as an owfgror
constructing rooted phylogenetic trees.

Total genomic DNA was extracted with a PureGene Dddhation kit (Applied
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Biosystems) following the manufacturer’s instrunBoDNA was dissolved in TE buffer (10 mM
Tris-HCIl and 1 mM EDTA,; pH 7.5). We used the follogg PCR primers for 12S rRNA:
OMT16SF (5'- TGC CAG CCACCG CGG TTATAC G -3),NR02 (5'- GGATGT CTT CTC
GGT GTAAG -3') and for 16S rRNA: L2510 (5'-CGC CTIGT ATC AAAAAC AT-3') and

H3080 (5'-CCG GTC TGAACT CAG ATC ACG T-3') (Mukat al. 2003). All reactions were
performed in 10t volumes using Takara PCR Thermal Cycler SP. Eaetron mixture contained
0.5 U Taq polymerase (Ampli Tag Gold, Applied Biswms), 0.uM of each primer, 0.2 mM
dNTP, 50 mM KCI, 15 mM Tris-HCI (pH 8.0), 1.5 mM Nlidp, and about 50 ng of genomic DNA
as a template. The PCR profile was 10 min at 9%%0ved by 35 cycles of denaturation at 95°C
for 30 s, annealing at 55°C for 30 s, and extenatof2°C for 1 min. The PCR products were
purified by PEG precipitation. Purified productsre/eycle-sequenced using an ABI BigDye
terminator versionl.1 Cycle Sequencing kit (Appligidsystems) and run on an ABI PRISM 3130
genetic analyzer (Applied Biosystems).

We used MrBayes 3.1.2 and PAUP 4.0b10 softwarptiglogenetic analyses by Bayesian
phylogenetic analysis and maximum parsimony, rdspag. Using the hierarchical
likelihood-ratio test in MrModeltest 2.3 softwame determined that the GTR+G model was
appropriate for the nucleotide evolution in ourteys. We ran MrBayes MCMC through 100,000

generations, of which the first 2,500 were discdrdg burn in.

Results

MtDNA haplotype genealogy



190 Comparing our mtDNA haplotypes (12S rRNA and 168 ARwith those in DDBJ

191  databank, all 76 individuals collected in Hokkaidere classified intd. guttatus. Together with
192  additional 14 samples from other parts of Japank@and Nishida 2004), a total of 35

193  haplotypes was detectedlinguttatus (Table 1). In the Bayesian tree using the GTR+@eho
194 these haplotypes were clustered in two divergeetlges with high posterior probabilities (Fig.
195  2a). Sub-group was also found within one lineagasistent with previous findings (Mukai and
196  Nishida 2004; Yamada et al. 2009). The maximumipamsy (MP) tree almost exactly matched
197 the Bayesian tree (Fig. 2b). Inclusion of our Haklkasamples did not significantly alter the
198  phylogenetic trees previously reported (Fig. 3negal patterns are as follows. Both divergent
199 lineages (clade | and II) were found widely arotmel Japanese archipelago, although clade |
200 tended to distribute in the Sea of Japan and dladehe Pacific Ocean. Clade Il was further
201  divided into two sub-groups where clade 1A wasrifdumostly in northern Japan and clade IIB in
202  southern Japan. The distribution of clade |, onatirer hand, was rather homogenous without
203  prominent genetic clustering. For example, hapletifok22 occurred in southern Japan

204 (Wakayama, Kanagawa) and on the northernmost igkkaiwa on Rebun Island).

205

206

207  Distribution and habitat use tficiogobius guttatus

208

209 As mentioned above, we found orlyciogobius guttatus around the coast of Hokkaido:
210  otherLuciogobius species was not detected. They occurred all arthandoast, but not at some
211  sites (24 of 59, Fig. 1) where substrata were fjregned, e.g., sand and mud. Most of the

212  specimens belonged to clade II. Clade | was fourig foom four sites but from both the Sea of

213  Japan and Pacific Ocean. Of the four sites, clameurred sympatrically in three sites. Habitat



214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231
232

233

234

235

236

237

salinity between the locations each clade was titegas significantly different (Fig. 4, median
=33 and 1 for clade | and clade I, respectivédiys 6.5,P = 0.004). Clade | was found
exclusively in high-salinity habitats (>2%o0) in intertidal zones, whereas clade Il occurrectiyo
in low-salinity habitats (< B%0) near river mouths, with a few individuals occaogiin
higher-salinity habitats (>250)(Fig. 2a). The few individuals found in high saynhabitats in
clade Il should not result from temporary washatriver current because some locations were
not near river mouths or individuals were not caudylring snow meting season. Hereafter, we
designate the divergent lineage from low-salingypitats as brackish type (clade 1), and the

lineage from high-salinity habitats as marine t{glade I).

Morphological differences between brackish and neatypes

Across all 13 external characteristics we measuhede were no significant differences between
brackish and marine types (Table 2). When we stalkd traits by SL, three of ten proportional
characters differed significantly between typese B, P1L, and P2L of the marine type were

greater than measurements on the brackish tyfpeualh ranges widely overlapped. The number

of vertebrae, however, was significantly differeetween the brackish and marine types.

Discussion

We quantitatively confirmed the previous note (Miukad Nishida 2004) that one lineage
within L. guttatus occur high salinity habitats and the other lowrsl ones. Importantly, the

10



238  marine type was restricted to fully saline watersereas the brackish type occurred in both high-
239  and low-salinity habitats. This is reasonable abesing that most.uciogobius gobies are marine
240  species (Yamada et al. 2009) and it is hypothestzatthe brackish type might have originated
241  from a marine ancestor, most probably from the neatype ofL. guttatus.

242 External morphology was indistinguishable betweemine and brackish types bf

243  guttatus. They inhabit similar interstitial habitats anldetefore, morphological convergence may
244  maintain the similarity. However, size-standardibedy depth, and pectoral and pelvic fin

245 lengths were statistically different between theineand brackish types, although the range

246  overlapped widely. Interestingly, the shape of melws is markedly different among putative

247  cryptic species ih.uciogobius elongatus (Yamada et al. 2009). In addition, differéniciogobius

248  species inhabit shores with different gravel si@snada et al. 2009). Therefore, the observed
249  morphological difference might represent their mi@bitat preferences to the gravel size. The
250  number of vertebrae, on the other hand, was clekiffgrent between the lineagesiciogobius

251  gobies have evolved to increase the number of lwerteand this morphometry should be a good
252 indicator of species identification (Yamada et28l09). Thus, our results add pieces of evidence
253  that the marine and brackish types represent disecies.

254 No significant genetic divergence was observed eetwHokkaido and Honshu islands for
255  both marine and brackish typeslofguttatus, contrast with many terrestrial and freshwater

256  species. Similarly, no divergence was observed éetveamples from western and eastern sides of
257  Hokkaido, although the sampling location is limifed marine types. These gobies should have
258  the potential of long-distance dispersal abilityhzgs due to ocean currents because they have
259  pelagic larval stage (D6tu 1957). This is espegiglidusible for marine types considering the

260  widespread haplotype and no prominent genetictstreievithin the Japanese archipelago. On the

261  other hand, west-east comparison in Honshu Islaaldifficult due to limited sampling locations.

11
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Since strong genetic divergence has been obsertegén western and eastern lineages in
several coastal marine species in Honshu Islandh{idket al. 2008; Hirase et al. 2012; Kojima et
al. 1997; Kokita and Nohara 2011), further assegsimsecertainly required.

Habitat differentiation (i.e., intertidal rocky st@s vs. river mouth) may be a primary
factor contributing to reproductive isolation beemewo types. However, marine and brackish
types occurred sympatrically on some shores. Saiahity-differentiated cryptic species also
occur inPomatoschistus gobies in France, but they reproduce viable offgpim sympatry
(Berrebi et al. 2005; Rigal et al. 2008). Sincehgbrid have been observed so far between the two
lineages otL.. guttatus and they might have diverged several million yeays (Yamada et al.

2009), reproductive isolation might have had bemnmeted in our gobies. Experimental
approaches, such as artificial breeding and sakwvehallenge test, would clarify the mechanisms
of reproductive isolation for the marine and brabkiypes of.. guttatus. Further investigation is
needed to better understand the biologluai ogobius gobies since they are unique coastal
species around the Japanese archipelago and covidgpan interesting model system for

adaptive radiation (Yamada et al. 2009).
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Fig. 1. Sampling locations around the island of kin#éto. Black N = 35) and whiteN = 24)
circles represent presence and absenteabgobius gobies, respectively. Numbers in the figure

(i.e. 1-24) denote sample location ID (see Table 1)

Fig. 2. Bayesian tree (a) and Maximum-parsimong {b® representation of the molecular
phylogeny ofl_uciogobius guttatus (12S and 16S rRNA; 1050 bp). pallidus is the out-group.
Open circles in figure 2a are the haplotypes deteirt the locations where water salinity is 20 or
less, whereas filled squares are those detectib@ ilmcations where water salinity is more than

25.

Fig. 3. Distribution of mtDNA haplotypes of marifleft panel) and brackish (right panel) types of
Luciogobius guttatus. In the right panel, open and closed circles regmeclades 11A and 1B,
respectively. Numbers and characters in the figereote sample location ID (see Table 1).

M1-M12 are the locations examined in Mukai and Mlah(2004).

Fig. 4. Frequency distributions of water salinitfés) in habitats where brackish (white bar) and

marine (shaded bar) types of goby were collected.
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