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Abstract The life cycle of the fish ectoparasitic isopod
Gnathia trimaculata is described based on both field
samplings and laboratory observations. Species identifica-
tion of the larvae was based on morphological observation
and supported by molecular analysis. As the results of field
samplings in several sites of southwestern and central
Japan (24-34°N, 124-139°E) from 2005-2011, approxi-
mately 900 third-stage larvae of G. trimaculata were found
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on 25 elasmobranch species, and 220 first- and second-
stage larvae were found on three teleost species. No third-
stage larvae were found on the teleosts, and the larvae of
younger stages never infested elasmobranchs. Therefore,
G. trimaculata is supposed to shift its host from teleosts to
elasmobranchs as it develops. We discuss the develop-
mental periods, life span, distribution, and predation risk of
the present species compared with other gnathiid species.

Introduction

There are more than 1,500 parasitic species of the
approximately 10,000 isopod crustacean species worldwide
(Schotte et al. 2008 onward). For example, cymothoids are
well-known ectoparasites of the skin, mouth, and gills of
marine and freshwater teleost fishes. Some isopod groups
such as the family Bopyridae specialize in parasitism on
other crustaceans and often exhibit reduced body plans.
Most reproduce on the definitive hosts. However, adult
isopods belonging to the family Gnathiidae reproduce in
benthic substrata after leaving their hosts (Lester 2005).
Gnathiid larvae are temporal ectoparasites of teleosts
and elasmobranchs. They suck their host’s body fluid with
their needle-like mouthparts until their abdomens are
remarkably swollen. Then, they leave their hosts and settle
in the benthic substrata to molt into the next stage. Gnathiid
larvae, traditionally called as zuphea (unfed phase) or
praniza (fed phase), completely differ in morphology from
their adult forms, whereas most non-parasitic isopod larvae
resemble miniature adults. In contrast, gnathiid adults dif-
fer from the larvae in morphology and exhibit sexual
dimorphism; males have well-developed mandibles, which
females lack. Females have swollen pereonites to brood
their eggs. Adults are always non-parasitic and only
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reproduce in benthic substrata such as sponges, mud bur-
rows, or similar structures (reviewed in Tanaka 2007).

Among the more than 190 species included in 12 genera
in the gnathiid family, the life cycles of nine species
belonging to four genera have been described (reviewed in
Smit and Davies 2004; Hadfield et al. 2009; Tanaka and
Nishi 2011). They usually have three larval stages and the
adults do not molt. Remarkably, metamorphosis into the
male adult occurs through the pre-male stage after the third
stage in Caecognathia calva Vanhoffen, 1914 (Wigele
1988). In Elaphognathia discolor (Nunomura 1988), the
small male needs only two molts after eclosion, whereas
the larger male and female complete three larval stages
(Tanaka and Nishi 2011).

Among the life cycles of nine gnathiid species that have
been described, the larval host fish have been identified in
four: Paragnathia formica (Hesse, 1864) by Monod
(1926); Gnathia africana Barnard, 1914 by Smit et al.
(2003); Gnathia pilosus Hadfield, Smit, and Avenant-Ol-
dewage, 2008 by Hadfield et al. (2009); Elaphognathia
cornigera (Nunomura, 1992) by Tanaka and Aoki (1998).
The larvae of these species infest teleost fishes; however,
the life cycle of gnathiids from elasmobranch fishes has
never been reported. Recently, several gnathiid species
have been described based on larvae collected from host
elasmobranchs (Smit and Basson 2002; Nunomura and
Honma 2004; Coetzee et al. 2008, 2009; Ota and Hirose
2009a, 2009b; Ota 2011). Some authors have recognized
that the third-stage larvae of these species infest elasmo-
branchs, although younger stages have never been found
(McKiernan et al. 2005; Coetzee et al. 2009). This may
indicate that the younger larvae feed on different hosts.
However, the younger larvae of these gnathiid species and
their hosts have not been discovered to date in the natural
environment.

The third-stage larva of Gnathia trimaculata Coetzee,
Smit, Grutter, & Davies, 2009 infests elasmobranch fishes.
This species was originally described from two shark
species, Carcharinus melanopterus (Quoy & Gaimard,
1824) and Carcharhinus amblyrhynchos (Bleeker 1856),
found in the Great Barrier Reef, Australia (Coetzee et al.
2009), and subsequently reported from one shark species
Carcharinus falciformis (Bibron, 1839), and three rays
Rhinoptera javanica Miiller & Henle, 1841; Taeniura
meyeni Miiller & Henle, 1841, and Himantura sp. in
Okinawa-jima Island, southwestern Japan (Ota and Hirose
2009a).

Recently, we found third-stage larvae of G. trimaculata
swimming near the sea bottom in Aki-no-hama, northern
coast of Izu-Oshima 1., central Japan. They were always in
the unfed phase, that is, zuphea. Furthermore, we collected
G. trimaculata larvae infesting three benthic teleost species
of the family Tripterygiidae in Akino-hama and Nabeta Bay
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(Shimoda, southern end of Izu Peninsula, central Japan). The
G. trimaculata larvae on the teleosts were recognized as
large and small types of unidentified gnathiid larvae. The
small type molted into the large type, and the large type
molted into the third-stage larvae of G. trimaculata. There-
fore, the large and small types of gnathiid larvae were the
first- and second-stage larvae of G. trimaculata.

Gnathia trimaculata was originally reported from elas-
mobranchs from tropical (Coetzee et al. 2009) and sub-
tropical areas (Ota and Hirose 2009a), while the present
collection sites, Akino-hama and Nabeta Bay, are situated
in the warm-temperate area of central Japan. In this paper,
we verified the species identification of the larvae based on
the larval morphologies and DNA-barcode, referring to the
G. trimaculata specimens from the subtropical Japan.
Second, we report the exclusive occurrence of third-stage
larvae on elasmobranchs in our field survey. Finally, we
discuss the life cycle of G. trimaculata and the host shift
from teleosts to elasmobranchs, based on records of the
laboratory culture.

Materials and methods

Field sampling and laboratory rearing of the gnathiid
from teleosts (Fig. 1)

We collected gnathiid larvae from teleosts at two sites in
central Japan: Aki-no-hama (4-15 m depth), the northeast
coast of Izu-Oshima Island (34°47'15"”N, 139°24'44"E)
during June, July, and August 2010 (Summer) and March
and April 2011 (Spring); and Nabeta Bay (0.1-1 m depth),
south Tzu Peninsula (34°39'57'N, 138°56'13"”E) on July
2010 and November 2011, central Japan. These sampling
sites are rocky shores located in the temperate zone (see
electronic supplementary material); water temperature was
approximately 20 °C from June to August 2010 and
approximately 16 °C from March to April 2011. At
Aki-no-hama, the host teleosts were collected by a scuba
diver with hand net (0.5 mm mesh), polyethylene bag, and
polyester mesh net (0.5 mm mesh). We also captured
zuphea larvae freely swimming at the sea bottom and fixed
them in 70 % ethanol for morphological observation or
99 % ethanol for DNA analysis. At Nabeta Bay, the host
teleosts were captured with a hand net (0.5 mm mesh) by
snorkeling. We identified the fishes following by Nakabo
(1993) and Froese and Pauly (2011) and measured the total
length (TL).

We kept each of the host teleosts caught from Izu-
Oshima I. in a 1.3-1 seawater tank with a filtration system
and a cooling (26 °C from June to August) or heating
system (22 °C from March to April). To estimate the
feeding periods of gnathiids, they were observed every day
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Fig. 1 Host fishes of Gnathia trimaculata were collected at eight
sites from southwestern to central Japan

until the larvae left the host. After this, we kept each
gnathiid larva individually in a 70-ml glass vial or plastic
case filled with seawater and recorded when it molted. The
gnathiid larvae that successfully molted or died were fixed
in 70 or 99 % ethanol.

After molting, we measured the maximum head width
and the total length (from anterior margin of the clypeus to
posterior margin of the pleotelson) of each specimen under
the microscope. Then, we removed the appendages from
the bodies of each type with sharpened tungsten needles
and observed them under the microscope. From the results
of the morphological observations and laboratory culture,
we classified each type of larva into the developmental
stages as zuphea 1 (Z1), 2 (Z2), and 3 (Z3), and praniza 1
(P1), 2 (P2), and 3 (P3), following previous studies of
gnathiid life cycles (Smit et al. 2003; Tanaka 2003; Had-
field et al. 2009). When we combined Z1 and P1, Z2 and
P2, and Z3 and P3, we simply classified them as the first-,
second-, and third-stage larvae.

Field sampling and laboratory rearing of the gnathiid
from elasmobranchs (Fig. 1)

To obtain third-stage larvae of G. trimaculata, we collected
elasmobranchs in subtropical and warm-temperate Japan:
Nakagusuku Bay (26°12'N, 127°49'E), Yomitan Village
(26°21'N, 127°42'E), Ishigaki-jima I. (24°28'N, 124°18'E),
Kume-jima L. (26°19'N, 129°48'E), Otsuki town (32°47'N,
132°42'E), and Nabeta Bay (34°39’57"”N, 138°56'13"'E)
from 2005 to 2011. The elasmobranchs were caught using a
set net (Yomitan and Otsuki town), gill net (Nakagusuku
Bay and Kume-jima), line fishing (Ishigaki-jima and
Nabeta Bay), and longline (Nabeta Bay). Some of the
gnathiid specimens from Mobula tarapacana (Philippi,
1892) captured in a set net off Tanegashima I. and

Rhincodon typus Smith, 1828, captured in a set net off
Okinawa-jima I. were kindly donated by the staff members
of Okinawa Churaumi Aquarium and Kagoshima City
Aquarium.

We identified the elasmobranchs and measured total
lengths (TL) or disk widths (DW). We could not record the
host sizes when host bodies were damaged or incomplete.
The mouth and gill chambers of elasmobranchs were dis-
sected, and the gnathiid larvae were collected. The host’s
mucus was removed from gnathiids by using a paper towel.
Larvae were fixed in 70 % ethanol for morphological
observation or 99 % ethanol for molecular analysis. We
kept 2-20 individual larvae from each host separately in
0.5-mm mesh containers in a 160-1 seawater tank with a
filtration system at 2227 °C. We observed the larvae twice
or three times a week until they metamorphosed into
adults. After metamorphosis, the adults were photographed
and fixed in 70 or 99 % ethanol.

DNA extraction and amplification

We preserved tissue samples (juveniles and/or adults) of
gnathiids in ethanol at —30 °C and suspended 1-4 speci-
mens in 400 pl CTAB (hexadecyltrimethyl ammonium
bromide) buffer [2 % CTAB, 1.0 M NaCl, 75 mM EDTA
(pH 8.0), 35 mM Tris-HCI (pH 8.0)] containing 0.1 %
sodium dodecyl sulfate (SDS) and 0.2 % beta-mercap-
toethanol, followed by incubation at 65 °C for 1 h,
according to Hirose et al. (2009). We added proteinase K to
the samples to get a final concentration of 0.1 mg ml~" and
incubated the samples overnight at 37 °C. We extracted
DNA with phenol—chloroform as described by Sambrook
et al. (1989). We performed PCR amplification of the
partial cytochrome ¢ oxidase subunit I (COI) using Ex Taq
DNA polymerase (Takara) and a combination of crust-
cox1f and crust-cox1r primers (Podsiadlowski and Barto-
lomaeus 2005). We performed PCR amplification under the
following conditions: 94 °C for 5 min, followed by 35
cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
2 min 30 s, with a final extension at 72 °C for 7 min. PCR-
amplified DNA fragments (approximately 1,300 bp) were
cloned using pMD20-Tvector (Takara) with a DNA Liga-
tion Kit (Ligation Mighty Mix, Takara). We randomly
selected and sequenced at least five clones for each sample
and sequenced them. We treated the PCR products with
ExoSAP-IT (GE Healthcare) before sequencing using
DTCS Quick Start Master Mix (Beckman Coulter), and we
analyzed the products using a CEQ8800 (Beckman Coul-
ter) automated DNA sequencing system. Intermediate
primers were designed for sequencing (Table 1). The
sequences determined in this study can be retrieved from
the GenBank/EMBL/DDBJ DNA databases under the
accession numbers provided in Table 2.
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Table 1 PCR primers used for amplification COI fragments in this study

Primer Primer sequence Molecule Reference

Crust-cox 1f ACTAATCACAARGAYATTGG COI Podsiadlowski and Bartolomaeus (2005)
Crust-cox Ir TAGTCTGAGTANCGTCGWGG COI Podsiadlowski and Bartolomaeus (2005)
E.ran-cox1F AATATGGCTCATGGTGGACC COlI for E. langifer This study

G.limi-cox1F CTCTTGCCCCCTTCCTTATC COI for G. limicola This study

G.limi-cox1R AAGCTCGCGTATCCACATCT COI for G. limicola This study

G.tri-cox1F CTTCTTTAATCGGGGGCTTC COI for G. trimaculata This study

G.tri-cox 1R AGCACGTGTATCGACATCCA COI for G. trimaculata This study

G.macu-cox1F TTATTAGCAGGGAGGCCTGA COI for G. maculosa This study

G.macu-cox1R TTCCCCCGACAGTAAAAAGA COI for G. maculosa This study

Table 2 List of Gnathiid species sequences in this study

Species Stage Host Collection site Abbreviation Acc No.
Elaphognathia rangifer ~ Female adult Unknown Nakagusuku Bay, Okinawa-jima I. E. rangifer AB713955
Gnathia limicola Female adult ~ Unknown Haneji Inland Sea, Okinawa-jima I.  G. limicola AB713956
Gnathia trimaculata Female adult  R. djiddensis Nakagusuku Bay, Okinawa-jima I. G. trimaculata_Oki AB713957
Gnathia trimaculata 72 larva E. etheostomus Nabeta Bay, Izu Peninsula G. trimaculata _Nabeta AB713958
Gnathia trimaculata 72 larva S. bapturus Izu-Oshima 1. G. trimaculata _IzuO AB713959
Gnathia maculosa Female adult  N. kuhlii Nakagusuku Bay, Okinawa-jima 1. G. maculosa_Oki AB713960
Gnathia maculosa Female adult N. kuhlii Kumej-ima I., Okinawa G. maculosa_Kume AB713961

Phylogenetic analyses

We initially aligned the sequences using MUSCLE (Edgar
2004) and then eliminated poorly aligned positions and
divergent regions by Gblocks (Castresana 2000) for phy-
logenetic analysis. We performed the following analyses
on the aligned DNA sequences of the partial COI region:
maximum likelihood (ML) using TREEFINDER January
2008 version (Jobb 2008), and maximum parsimony (MP)
and neighbor-joining (NJ) using PAUP* 4.0 betalO
(Swofford 2003). To select the appropriate nucleotide
substitution model, we used jModeltest ver. 0.1.1 (Posada
2008). Based on the Akaike information criterion, we
selected the TVM + G model (transversional model with
gamma distribution) as the best model. We searched the
unweighted MP trees using a heuristics approach with 100
random initial trees. Statistical support for the ML, MP,
and NJ trees was evaluated using a nonparametric boot-
strap test with 1,000 re-sampling events.

Results
Species identification

In the laboratory culture of small type and large type of
gnathiid larvae that spontaneously left the host teleosts
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from Izu-Oshima Island (see Laboratory observation
below), the small type molted into the large type, and the
large type molted into the zuphea larvae that had the same
morphology as the third-stage larvae of Gnathia trimacu-
lata, which swim freely near the sea bottom. Therefore, we
concluded that the small type and the large type were the
first- and the second-stage larvae of G. trimaculata,
respectively. This identification was supported by COI
gene sequences (see Molecular analysis below). In this
study, the small larvae and large larvae from the teleosts
were classified into Z1 (unfed) or P1 (fed) larva, and Z2 or
P2 larva, respectively, and the third-stage larvae from
elasmobranchs were classified into Z3 or P3 larva.

Occurrence of G. trimaculata (Table 3)

We collected 15 individuals of three teleost fish species
belonging to the family Tripterygiidae from Izu-Oshima 1.
and Nabeta Bay: Enneapterygius etheostomus (Jordan and
Snyder, 1902) (N = 11), Enneapterygius miyakensis
Fricke, 1987 (N = 1), and Springerichthys bapturus (Jor-
dan and Snyder, 1902) (N = 3). A total of 220 G. tri-
maculata larvae (140 first and 80 second stage) attached to
the hosts’ fins and skin (Fig. 2a, b) were collected, and the
maximum density was 40 larvae (39 first and 1 second
stage) on an individual of S. bapturus. Although we col-
lected 13 individuals of Z3 larvae that were freely



Mar Biol (2012) 159:2333-2347 2337

Table 3 The occurrence of Gnathia trimaculata larvae on teleosts and elasmobranchs

Host species Host size (cm) Total Localities Prevalence First and Third
fish (%) second stage
stage
Teleosts
Enneapterygius etheostomus TL 4.6-5.3 (5.03; N = 8) 11 Izu, Nabeta 91 143 (13) O
(Jordan & Snyder, 1902)
Enneapterygius miyakensis Fricke, 1987 TL 5.1 1 Nabeta 100 21 0
Springerichthys bapturus (Jordan & Snyder, 1902) TL 4-5 3 Izu 100 56 (18.7) O
Total 15 220 0
Elasmobranchs

Ray species

Urolophus aurantiacus Miiller & Henle, 1841 DW 18-22 (20) 2 Nabeta 100 0 1(0.5)
Gymnura japonica (Temminck & Schlegel, 1850) DW 31-65 (51.7) 3 Otsuki 100 0 57 (19)
Rhynchobatus djiddensis (Forsskal, 1775) TL > 100 1 Okinawa 100 0 12
Okamejei schmidti (Ishiyama,1958) DW 32 1 Nabeta 0 0 0
Neotrygon kuhlii (Miiller & Henle, 1841) DW 2348 (36.7) 47  Okinawa, 19 0 29 (0.6)
Kume,
Ishigaki,
Otsuki
Taeniura meyeni Miiller & Henle, 1841 DW 99-145 (122) 2 Okinawa 100 0 156 (78)
Dasyatis izuensis Nishida & Nakaya, 1988 DW 27-29 (28) 2 Otsuki 0 0 0
Dasyatis akajei (Miiller & Henle,1841) DW 44-46 (45) 2 Nabeta 100 0 24 (12)
Himantura undulata (Bleeker, 1852) DW 60-93 (72.7; N = 3) 4 Okinawa 50 0 10 (2.5)
Himantura spp. DW 98-110 (103.8; N = 4) 5  Okinawa 100 0 223 (44.6)
Aetomylaeus vespertilio (Bleeker, 1852) DW 120 1 Okinawa 100 0 4
Aetobatus narinari (Euphrasen, 1790) DW 38-115 (66.8) 6  Okinawa 33 0 39 (6.5)
Aetobatus flagellum (Bloch & Schneider, 1801) DW 37 1 Otsuki 100 0 1
Rhinoptera javanica Miiller & Henle, 1841 DW 70-81 (75.8; N = 4) 7 Okinawa 14 0 2 (0.3)
Mobula japanica (Miiller & Henle, 1841) DW 89 1 Okinawa 100 0 2
Mobula diabolus (Shaw, 1804) DW 86-174 (126) 4 Okinawa 50 0 49 (12.3)
Mobula tarapacana (Philippi, 1892) DW 303 1 Tanegashima 100 0 18*
Shark species
Squatina japonica Bleeker, 1858 TL 79-85 (82) 2 Otsuki 0 0 0
Orectolobus japonicus Regan, 1906 TL 108 (108) 2 Ishigaki 0 0 0
Nebrius ferrugineus (Lesson, 1831) TL 207 1 Ishigaki 100 0 20
Rhincodon typus Smith, 1828 No data 1 Okinawa 100 0 2%
Stegostoma fasciatum (Hermann, 1783) TL about 200 2 Okinawa 100 0 97 (48.5)
Sphyrna lewini (Griffith & Smith, 1834) TL 40-140 (100; N = 3) 9  Okinawa 11 0 1(0.2)
Triaenodon obesus (Riippell, 1837) TL 80-150 (111.3; N=17) 8 Okinawa, 63 0 22 (2.8)
Kume
Negaprion acutidens (Riippell, 1837) TL 239-266 (252.5) 2 Ishigaki 100 0 25 (12.5)
Galeocerdo cuvier (Péron & Lesueur, 1822) TL 131-275 (194.9) 17 Okinawa, 53 0 83 (5.2)
Ishigaki,
Otsuki
Carcharhinus albimarginatus (Riippell, 1837) TL 129-173 (145.7) 6  Ishigaki 33 0 4 (0.7)
Carcharhinus limbatus (Miiller & Henle, 1839) TL 68-197 (138; N = 2) 4 Okinawa 25 0 2 (0.3)
Carcharhinus spp. TL 60-100 31  Okinawa 22 0 10 (0.4)
Total 175 0 893

Total length (TL) and disc width (DW) is expressed as mean = SD (mean)

* The gnathiid specimens were provided by aquarium staff
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Fig. 2 Field observations of G. trimaculata larvae at Aki-no-hama,
Izu-Oshima 1. a, b first- and second-stage larvae of Gnathia
trimaculata on Enneapterygius etheostomus (a) and Springerichthys
bapturus (b), c third-stage larvae swimming near the sea bottom,

swimming near the sea bottom at Izu-Oshima I. (Fig. 2c¢),
we could not find those third-stage larvae on the benthic
teleosts.

We collected a total 175 elasmobranch fishes of 27
species and unidentified species from 22 genera of 13
families. A total of 893 individual G. trimaculata larvae
were collected from 23 species and two unidentified elas-
mobranchs from Okinawa-jima I., Kume-jima I., Ishigaki-
jima L., off Otsuki Town, and Nabeta Bay. All were third
stage, and no first and second stages were collected from
elasmobranchs (Table 3). Among the third-stage larvae, the
unfed phase was rarely found: 14 of 143 gnathiid larvae
from Taeniura meyeni Miiller and Henle 1841; and 2 of
122 from Himantura sp.

Gnathiid larvae attached mainly to the wall of the in-
terbranchial septum, gill filaments, and the floor of oral
cavity of elasmobranchs and rarely attached to the body
surface near the gill slits. Among the hosts, large benthic
rays (>DW 50 cm) were often infested by a large number
of gnathiids except for Himantura undulata Bleeker, 1852.
A total of 425 of 893 gnathiids (47.6 %) were collected
from eight rays; 13-143 (mean + SD = 53.1 £ 50.9)
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photographed by the second author. Arrow shows the gnathiid larvae
attached on the host. Z1 = unfed first-stage larvae (zuphea 1),
P1 = satiated first-stage larvae (praniza 1), P2 = satiated second-
stage larvae (praniza 2). Scale bar = 10 mm (a, b) and 1 mm (c)

from T. meyeni (N = 2), Gymnura japonica Temminck
and Schlegel, 1850 (N = 2), and Himantura spp. N = 4).
Himantura undulata (DW 60-93 cm, N = 4) was infested
by only 0-10 gnathiids (2.5 £ 4.36) as well as small
(<DW 40 cm) benthic ray species. Although sharks were
infested by smaller numbers of gnathiids than benthic rays,
the benthic shark Stegostoma fasciatum Hermann, 1783,
was infested by a mean number of 48.5 gnathiids. The
pelagic sharks such as Carcharhinus species were rarely
infested by gnathiids.

Laboratory observation (Table 4)

We collected 56 gnathiids (three Z1 individuals, 51 P1, and
one P2 larvae) from S. bapturus (Jordan and Snyder 1902)
(N = 3) in Aki-no-hama, [zu-Oshima I. in March and April
2011 (spring). We reared 50 P1 larvae in aquaria until
molting and preserved other larvae in 70 % ethanol for
morphological observation or 99 % for DNA analysis. All
P1 larvae molted into Z2 larvae. We reared 33 P2 larvae
from E. etheostomus (N = 3) from June to August 2010
(summer), and 23 of 33 P2 larvae (70 %) molted into Z3
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Table 4 Reared Gnathia trimaculata larvae from each host fish
Host species (N) Locality Stage Collected  Reared N of metamorphosis Metamorphosis
gnathiids  gnathiids rate ( %)
Next Male Female J 4+ %
stage adult adult
S. bapturus (3) Izu first 55 55 55 - - - 100
second 1 0 0 - - - -
E. etheostomus (3) Izu first 0 0 0 - - - -
second 33 33 23 - - - 70
Total 89 88 78
R. djiddensis (1) Okinawa third 12 11 - 4 8 72.7
N. kuhlii (3) Okinawa, Otsuki  third 22 10 - 3 1 40.0
T. meyeni (1) Okinawa third 143 60 - 15 5 20 33.3
D. akajei (1) Nabeta third 21 7 - 6 0 6 85.7
Himantura spp. (2) Okinawa third 141 40 - 13 0 13 325
M. japanica (1) Okinawa third 2 2 - 2 0 2 100.0
M. diabolus (1) Okinawa third 46 38 - 19 6 25 65.8
G. japonica (2) Otsuki third 57 37 - 16 15 31 83.8
G. cuvier (1) Otsuki third 6 5 - 3 1 4 80.0
T. obesus (1) + G. cuvier (1)*  Ishigaki third 9 5 - 1 2 3 60.0
Total 459 215 - 82 34 116 54.0

* Eight and one larvae collected from Triaenodon obesus and G. cuvier, respectively, and four and one larvae were combined in a mesh sack

larvae. We measured the total length and head width of Z3
larvae (N = 23), Z2 larvae (N = 50), and Z1 larvae
(N =3).

The total length of Z1 larva was 1.16-1.30 mm
(mean + SD = 1.21 + 0.08 mm; N = 3) and the head
width was 0.28-0.32 mm (0.3 & 0.02 mm; N = 3).
Among the specimens of P1 larvae from Aki-no-hama, we
recognized brown pigmentation fringing the dorso-lateral
margin of their clypeus, head, pereonites, pleonites, uro-
podal rami, and pleotelson (Fig. 3a). Coloration of the
anterior hindgut of P1 larvae caught in nature was red,
white, or green. In our laboratory conditions at 22 °C, 29 of
50 P1 larvae left the host fish 1-7 days (4.10 £ 1.32 days)
after the capture of their host, and they settled and molted
into Z2 larvae after 3-6 days (4.10 & 0.72 days). The
duration from the capture of the host to the molting of each
larva was 6-11 days (8.21 £ 1.42 days). We could not
record an accurate period for the remaining 21 P1 larvae,
but they left the host fish within 5 days and molted into Z2
within 5 days.

Within 1 or 2 days of molting, Z2 larvae started to swim
actively. The total length of Z2 larvae was 1.66-2.14 mm
(1.83 £ 0.11 mm; N =50) and head width was
0.44-0.50 mm (0.46 £+ 0.01 mm; N = 50). We recognized
four distinct brown lines on the dorsal surface of Z2 and P2
larvae (Figs. 2a, b, 3b). The pigmentation often disap-
peared in P2 larvae before molting. There were morpho-
logical differences in antenna 2 and pleopods between Z1
and Z2. The antenna 2 of Z2 larvae presents pectinate

scales on the surface of peduncle article 4, and plumose
setae on pleopodal rami of Z1 larvae were long for both
rami, whereas those of Z2 larvae were relatively short. In
our laboratory conditions at 26 °C, 23 of 34 P2 larvae left
the host fish after 2—-6 days (3.52 + 1.08 days) from the
capture of their host and then molted into Z3 larvae after
2-5 days (3.57 £ 0.73 days). The combined time between
the capture of the host and molt of each larva was 6-9 days
(7.09 £ 0.85 days).

Z3 larvae started to swim actively within 1 or 2 days
after molting. The total length of Z3 larvae was
2.54-3.18 mm (2.90 £+ 0.73 mm; N = 23) and the head
width was 0.67-0.82 mm (0.73 £ 0.03 mm; N = 23). The
whole bodies of Z3 larvae were yellow with four brown
lines dorsally but the middle two lines were often unclear
or absent (Figs. 2c, 3c). We could not record the feeding
period of Z3 larvae on the host elasmobranchs. The swollen
pereonites 4—6 of P3 larvae were often pigmented in dark
green with four black lines within yellow pigmentation,
having 0-3 black spots on the lateral sides.

We chose 215 of 893 P3 larvae from 15 host rays and
sharks belonging to 10 species and one unidentified species
from Okinawa-jima I., Ishigaki-jima I., Otsuki town, and
Nabeta Bay and reared them until they metamorphosed into
adults in the laboratory at 22-27 °C. We reared 2-20
individuals separately in each mesh sack. Among them, 116
of 215 larvae (54.0 %) successfully metamorphosed into 82
male adults and 34 female adults, and the other 99 larvae
died or disappeared. In our laboratory conditions, the P3
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Fig. 3 Gnathia trimaculata. a Two fixed zuphea 1 (Z1) larvae
attached on the fin of Enneapterygius etheostomus, b live zuphea 2
(Z2) larva, c¢ live zuphea 3 (Z3) larva, d live praniza 3 (P3) larva

larvae metamorphosed into adults within 5-17 days
(7.32 £ 1.79 days; N = 82) for males and 17-29 days
(21.4 £ 3.34 days; N = 34) for females (Fig. 3e, f). During
metamorphosis, males underwent molting of posterior half
and then anterior half within approximately a day. After
metamorphosis, the exoskeleton began to harden and turned
white. Green pigmentation observed in the previous stage
remained on dorsal pereonites 5 and 6, and ventral pereo-
nites 4-6 of the male adults. When several male adults were
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removed from Urolophus aurantiacus, e live male adult, f live adult
female. Scale bar = 1 mm

put in the same mesh sack, we found some mutilated bodies
of dead males and some males lost their pereopods, prob-
ably because of competition among the male adults. A new
male adult was found to remain with some P3 larvae before
metamorphosis in a crease in the mesh. The P3 larvae with
the male adult were easily recognized as females because of
their yellow immature eggs in the pereonites 4—6. Then,
they metamorphosed into female adults. However, some P3
females never metamorphosed into adults; they were alive
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as P3 larvae for over 1 month without molting. When all P3
larvae in the mesh sack were females, they did not meta-
morphose into adult females, resulting in the low meta-
morphosis rates from some host elasmobranchs and the
occurrence of low numbers of female adults in some P3-
larva populations from host elasmobranchs (Table 4). Male
adults survived for at least 52 days. Both male and female
adults could not swim fast but crawled at the bottom.

Molecular analysis

A total of six haplotypes were obtained from sequencing the
partial mitochondrial COI gene of seven gnathiid species
(Table 2). The sequences of the partial COI gene were
identical among the specimens of G. trimaculata larva (Z2)
from two different host fishes and sites, S. bapturus at
Nabeta Bay and E. etheostomus at Izu-Oshima I. We con-
firmed analysis to a specific subset of 858—861 base pairs of
the partial COI sequences. The average base frequencies of
all three codon positions of five haplotypes from the three
Gnathia species were A = 0.205, C = 0.197, G = 0.219,
T =0.379, and the A + T composition frequency was
58.4 %, although the composition of E. rangifer was
A =0253, C=0.160, G=184, T=40.3, and the
A + T composition frequency was 41.6 %. The average
base frequencies of third codon positions of five haplotypes
from three Gnathia species were A = 0.221, C = 0.187,
G = 0.187, T = 0.450, and the A 4+ T composition fre-
quency was 62.6 %, although the composition of E. rang-
iferwas A = 0.339,C = 0.180,G = 9.8, T = 0.45, and the
A + T composition frequency was 79.4 %. The aligned
sequence from E. rangifer and G. limicola had one site of
insertion/deletion that consisted of three base pairs com-
pared with sequences from G. trimaculata and G. maculosa.
The alignment dataset of partial COI (861 positions) was
eliminated to give 585 positions as poorly aligned and
divergent regions by Gblocks. The following analyses were
performed with this no gaps dataset. The difference
between the partial mtCOI DNA sequences within G.
maculosa from different collection sites was 16/858 bp
(1.86 %). The difference between the partial mtCOI DNA
sequences within G. trimaculata from different collection
sites and different developmental stages was 0-3/858 bp
(0-0.35 %). Within Gnathiidae species, the lowest per-
centage of sequence divergence, 25.3 % (217/858 bp dif-
ferences), was between G. maculosa collected from Kume-
jimal. and G. trimaculata larvae collected from Nabeta Bay
and Izu-Oshima I. The highest divergence of 32.9 % (282/
858 bp differences) was between G. limicola and G. tri-
maculata. The mean sequence divergence among the
Gnathiidae species was 29.3 %.

Figure 4 shows the ML tree using the TVM + G sub-
stitution model (log-likelihood = — 3,316.9791). For data

E. rangifer

G. limicola

|/G. maculosa_Oki

97/100/100

G. maculosa_Kume

97/85/94

r G. trimaculata_Oki

97/100/100

G. trimaculata_lzuO

0.1 substitutions / site G. trimaculata_Nabeta

Fig. 4 ML tree of partial COI gene sequences from four Gnathiid
species. The TVM + G model was used for the analysis. Bootstrap
proportions of ML, MP, and NJ analyses >50 % are noted

with all codon positions, the transversional model with
gamma distribution (TVM + G) model was selected as
best, using the Akaike information criterion (AIC). There-
fore, we chose TVM + G for ML and NIJ analyses. Because
the topologies of the phylogenetic trees were nearly iden-
tical in the ML, MP, and NI trees, the strict-consensus MP
tree and the NJ tree under the TVM + G substitution model
are not shown. The monophyletic group of G. maculosa and
G. trimaculata was supported by high bootstrap values
ML =97 %, MP = 100 %, and NIJ = 100 %, and
ML = 97 %, MP = 100 %, and NIJ = 100 %, respec-
tively). Although the monophyly of G. maculosa + G.
trimaculata group was supported by relatively high boot-
strap values (ML = 97 %, MP = 85 %, and NJ = 100 %),
the monophyly of Gnathia was not supported.

Discussion
Life cycle

In our survey, approximately 900 larvae of Gnathia tri-
maculata from a variety of elasmobranchs were collected.
All of them were the third-stage larvae; the first and the
second stages were never found, suggesting that the first-
and the second-stage larvae infest other hosts. McKiernan
et al. (2005) reported that only the third-stage larvae of two
unidentified gnathiid species were parasitic on the epaulette
shark Hemiscyllium ocellatum. Coetzee et al. (2009) also
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5-17 days

Male adult

Female adult

Adult stage
Non parasitic

]

Elabrachs

GS \GF Ventral

2-5 days

Zuphea 3

Zuphea 1

First stage

< 6 days 7
Praniza 1

3-6 days

Praniza 2

Fig. 5 Schematic life cycle of Gnathia trimaculata showing the
periods of each developmental stage. The first- and second-stage
larvae parasitize benthic teleosts while the third-stage larvae parasit-
ize a variety of elasmobranchs. The benthic habitat used for

noted that all larvae of G. trimaculata from host sharks
Carcharinus spp. were third stage. The question remains of
where the first- and second- stage larvae live in and what
type of hosts the younger larvae parasitize. In this study,
we found that the first- and second-stage larvae of G. tri-
maculata infested teleosts in the natural environment.
Figure 5 summarizes the life cycle of G. trimaculata
inferred from our field sampling and laboratory observa-
tions: Z1 larvae attach to the skin or fins of teleosts such as
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reproduction and molting is still unknown. Square shows a sectioned
drawing of the ray gill chamber infested by third-stage larvae in left
horizontal view. OC = oral cavity, GS = gill slit, GF = gill fila-
ments, IS = interbranchial septum

E. etheostomus and suck their body fluid for up to 7 days
until their thoraxes are swollen (P1). After feeding, the P1
larvae leave the host and rest at the sea bottom for 3—-6 days
before molting into Z2 stage. Z2 larvae swim and attach to
the teleost host to suck the body fluid. The feeding period
of Z2 larvae was estimated as up to 6 days. Then, the P2
larvae leave the host and molt into the Z3 stage within
2-5 days. The Z3 larvae actively swim to attach to a
variety of elasmobranch hosts such as benthic species
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(e.g. Dasyatidae spp.), and pelagic sharks (e.g. Carcharinus
species) at a lower frequency. As we have never found the
third-stage larvae on any teleosts, even though the first- and
second-stage larvae infest them, the third-stage larvae
selectively infest elasmobranchs. After feeding on the
elasmobranchs, the P3 larvae metamorphose into male
adults in 5-17 days or females in 17-29 days.

In general, adults of gnathiid species reproduce without
feeding in benthic habitats such as the inside of sponges,
mud burrows, rock crevices, and terebellid tubes (reviewed
in Tanaka 2007). While the habitat of the adult G. tri-
maculata was not determined, a single male adult was
found by chance at the sea bottom at Izu-Oshima I. sam-
pling site (Arima personal observation).

Life span

Some authors have estimated the life span from hatching to
metamorphosis into adults in several gnathiid species based
on data from the period of attachment to the hosts and the
periods of resting and molting into the next stages or
adults. The attachment periods of gnathiid larvae on the
host fish were reported in three species: Z1, Z2, and Z3
larvae of Paragnathia formica (Hesse, 1864) infest suitable
host fishes (teleosts) for 10-36, 13, and 48 h, respectively
(Stoll 1962); Z1, Z2, and Z3 larvae of Gnathia africana
Barnard, 1914 for 2.3, 2.7, and 10.1 h, respectively (Smit
et al. 2003). Z1, Z2, and Z3 larvae of Gnathia pilosus
Hadfield, Smit, and Avenant-Oldewage, 2008 for 3.2-3.7,
3.3-4.4, and 3.8-4.8 h, respectively (see Table 2. in Had-
field et al. 2009). In the present study, Z1 and Z2 larvae of
G. trimaculata attached to the host fish 4.10 and 3.52 days
on average, respectively. Thus, the feeding period of G.
trimaculata on teleosts was much longer than those of the
other species parasitic on teleost fishes examined to date.
We could not estimate the attachment period of the third-
stage larvae on elasmobranch hosts in this study. McKi-
ernan et al. (2005) reported that the third-stage larvae of
two undescribed species attached to the host shark H.
ocellatum for 4-6 days and some praniza larvae still
remained on the host for up to 17 days.

After feeding, P1, P2, and P3 larvae leave the hosts to
rest and molt into the next stages. The periods between
detachment from the host and the molting were recorded in
the three species mentioned above: the periods from Pl
stage to Z2 stage, P2 to Z3, and P3 to adult of P. formica
were 13, 12, and 7-10 weeks, respectively (Stoll 1962); 8,
10, 8-10 days (male adult) or 17 days (female adult),
respectively, in G. africana (Smit et al. 2003); 35, 35, and
19-71 days (male adult) or 14-75 days (female adult),
respectively, in G. pilosus (Hadfield et al. 2009). Further-
more, Tanaka (2003) reported 8—13 days for praniza phase
in Elaphognathia cornigera (Nunomura, 1992). In this

study, these periods of G. trimaculata were 3—6 days from
P1 to Z2, 2-5 days from P2 to Z3, and 5-17 days from P3
to male adult or 17-29 days from P3 to female adult. The
periods of P1-Z2 and P2-Z3 in G. trimaculata were much
shorter than those of the other species reported to date,
while the feeding periods were longer. The P3 stage of the
female is significantly longer than that of male in G. tri-
maculata as well as G. africana (Smit et al. 2003) and G.
pilosus according to the average period data of P3 to adults
(see Table 2; Hadfield et al. 2009). The eggs were already
observable in the ovaries of female gnathiids of these
species at the P3 stage before metamorphosis. The differ-
ence in the periods between males and females may be
caused by the difference in the duration of spermatogenesis
and oogenesis in gnathiid isopods.

We noted the P3 female of G. trimaculata did not
metamorphose into an adult if a male was absent. When the
P3 female was not with male adult, it survived for more
than a month under laboratory conditions. In the natural
environment, after leaving its host, the P3 female may
spend a long time on the sea bottom before mates. If the P3
female of G. trimaculata metamorphosed into adult before
encountering male, it may fail to reproduce. It would
therefore be adaptive for G. trimaculata female to survive
as P3 larva until it finds a male.

We estimated the periods in each stage: Z1-P1 (up to
7 days), P1-Z2 (3—6 days), Z2-P2 (up to 6 days), P2-7Z3
(2-5 days), and P3-adult (5-17 days in males, 17-29
days in females). After molting, Z2 and Z3 larvae started
to swim within 1 or 2 days. Assuming that the attachment
period of the third-stage larvae takes a week, we can
estimate the duration from eclosion to maturation in
G. trimaculata takes up to 54 days in males and 66 days
in females, without considering the time spent finding the
hosts for feeding in nature. The duration from eclosion to
maturation was estimated in six gnathiid species of four
genera (Stoll 1962; Wigele 1988; Smit et al. 2003;
Tanaka 2003; Hadfield et al. 2009; Tanaka and Nishi
2011). Among them, the duration of the present species
is similar to that of G. africana, that is, 62 days. In
G. africana, the attachment period is shorter and the rest-
molt time is longer than in the present species. Thus, the
proportion of each period in the life history is quite
different between the two species. As the male adults
survived for at least 52 days after metamorphosing, the
male adults of G. trimaculata may survive for more than
100 days. We noted the life span of G. trimaculata in
nature would be longer than that in laboratory conditions.
In nature, zuphea larvae would spend more time for
seeking their host fishes. Moreover, the female lifespan
may be elongated by delayed metamorphosis when
females are not able to encounter males soon after
leaving the final host.
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Utility of partial mtCOI sequence

Although larvae and adult gnathiid isopods have numerous
morphological characters that can be used for taxonomy,
their multiple life stages make them difficult to identify in
the field. DNA sequences can be useful for species iden-
tification if the sequences show species-specific variation.
Grutter et al. (2000) and Ota et al. (2010) showed that
ribosomal DNA ITS2 sequences are useful for distin-
guishing gnathiid isopods. However, the “Folmer region”
at the 5’ end of the cytochrome oxidase subunit I mito-
chondrial region has emerged as a standard DNA barcoding
region (Ratnasingham and Hebert 2007). The sequence
variation in the COI barcode region of Crustacea will be
effective for species discrimination. For example, in 31
genera of 54 species of Decapoda, the average Kimura-2-
parameter distance between species averaged 0.46 %,
whereas congeneric divergences averaged 17.16 % (Costa
et al. 2007). In 13 Daphnia (Cladocera) species, the
divergence of mtCOI sequences was within species
0-4.3 % and 13.18-30.65 % between species, and the
divergence of mtCOI sequences was within species
0-3.09 % and 5.58-31.39 % between species in 11
Gammarus (Amphipoda) species (Costa et al. 2007). This
is the first report of sequences of the partial mtCOI region
in the family Gnathiidae. The divergence of the partial
mtCOI sequences was 0-1.86 % within species and
25.3-32.9 % between species. The divergence of the COI
gene sequence among seven well-defined Ligidium species
(Isopod; Oniscidea; Ligiidae) range of 14.4-23.3 %
(Klossa-Kilia et al. 2006), and another terrestrial isopod
(Hawaiioscia, Isopod; Oniscidea; Halophilosciidae)
showed a range of 14.1-15.3 % (Rivera et al. 2002). These
data are not in conflict with our data. The present study
confirms that partial mtCOI sequences are useful for dis-
tinguishing gnathiid isopods species throughout their life
stages. Unfortunately, a small numbers of mtCOI sequences
are available from correctly identified species in Gnathiidae
at present, and it is desirable to integrate sequence data of
more species and more localities in future studies.

Distribution

As many expeditions or surveys have traditionally been
conducted along European coasts, the North Atlantic
Ocean, and the Southern Ocean (Antarctic Ocean), several
gnathiid species are known to have a wide geographic
range; for example, Caecognathia elongata (Kroyer,
1847): Kara Sea, Norwegian Sea, and Greenland (Arctic
Ocean), and the Georgia Strait (the Pacific coast of
Canada) (Monod 1926); P. formica: the estuary from
Morocco to Scotland and Mediterranean Sea (Monod
1926); Gnathia maxillaris (Montagu, 1804): the intertidal
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from Portugal to southern North Sea (Monod 1926); Ca-
ecognathia calva (Vanhoffen, 1914): circumpolar in the
Antarctic (Wigele 1987). However, most other gnathiid
species have been recorded only at each type locality. This
is possibly due to the lack of biogeographic surveys on
gnathiid species rather than endemism (Smit and Davies
2004). Gnathia trimaculata was previously reported from
the tropical-subtropical coral reefs, i.e., Great Barrier Reef,
Australia, and Okinawa-jima I. (southwestern Japan)
(Coetzee et al. 2009; Ota and Hirose 2009a). The present
study showed that G. trimaculata is also distributed in the
warm-temperate waters of Izu Peninsula and [zu-Oshima 1.
(Central Japan). The present species has a potentially wide
distribution range in the western Pacific Ocean.

While the dispersal ability of gnathiids is rarely known,
Tanaka (2007) pointed out that the passive movement
dependent on currents or host movement/migration poten-
tially contributes to the dispersal of gnathiids at larger
scales. Ota and Hirose (2009a) previously noted that some
large host elasmobranchs having high mobility such as
tiger shark Galeocerdo cuvier Péron and Lesueur, 1822,
might considerably expand the distribution of G. trimacu-
lata. Gnathiid larvae of some species were known to infest
a variety of host fish species, suggesting low host speci-
ficity; for example, the larvae of P. formica were found on
16 teleost species of six families (Monod 1926) and G.
pilosus on 16 teleost species of nine families (Hadfield
et al. 2009). Because the larvae of G. trimaculata shift their
host from teleosts to elasmobranchs, both hosts would be
necessary to complete the life cycle, and thus, the distri-
bution range of both suitable hosts would overlap with that
of G. trimaculata. This study revealed the third-stage lar-
vae of G. trimaculata infested over 23 elasmobranch spe-
cies from 10 families including both benthic and pelagic
species, and both ray and shark species, indicating that the
third-stage larva of G. trimaculata may be generalist as an
ectoparasite of elasmobranchs. In contrast, we found the
first- and second-stage larvae of G. trimaculata from only
three host teleost species of one family. Considering the
wide distribution range of G. trimaculata, more host teleost
species are likely to be found in future studies.

Predation risks

Some authors have demonstrated that gnathiid larvae suffer
from predation by fishes. Grutter (2002) listed gnathiid
larvae obtained from the diet of 21 fish species belonging
to five families: Labridae, Chaetodontidae, Gobiidae,
Syngnathidae, and Embiotocidae. When the host fishes are
benthic teleosts such as the small goby Caenogobius ann-
ularis Gill, 1859 feeding on small crustaceans, the host
fishes also feed on ectoparasitic crustaceans (Tanaka 2002).
In coral reefs, the cleaner wrasse Labroides dimidiatus
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(Valenciennes, 1839) is thought to be an important predator
of ectoparasites, preying on over 1,200 ectoparasites,
mainly gnathiids, each day (Grutter 1996).

The attachment sites of gnathiids on the host fish seem
to be important for avoiding predation from cleaner fishes.
Among the gnathiids parasitic on elasmobranchs, Heupel
and Bennet (1999) reported gnathiids mainly attached to
the cloaca and the claspers of benthic sharks Hemiscyllium
ocellatum (Bonneaterre, 1788), whereas some authors
found them attached to the gills or branchial chamber walls
of several benthic ray species (Paperna and Por 1977;
Honma and Chiba 1991a, 1991b). In the present study, G.
trimaculata mainly infested gill chambers or oral cavities
of elasmobranchs. A large number of G. trimaculata
infested the large benthic rays, whereas benthic and pelagic
sharks were rarely infested. Small benthic rays such as
Neotrygon kuhlii (Miiller and Henle, 1841) were often
infested by another gnathiid species Gnathia maculosa Ota
and Hirose, 2009 (Ota unpublished). The gill slits of ben-
thic rays are generally narrow and open ventrally, facing
the sea bottom. Each gill chamber is deep, and it would be
difficult for cleaning fishes to approach gnathiids inside the
gill chamber of benthic rays (see Fig. 5). Therefore, pre-
dation risks for gnathiids would be substantially lower on
elasmobranchs than those of gnathiids on teleosts’ fins and
skin, suggesting that the parasite may prefer to stay on the
elasmobranch host.

P3 gnathiid larvae parasitic on elasmobranchs tend to
have a larger body size than those parasitic on teleosts.
Poulin (1995) showed that gnathiids were generally small
in body size compared with other parasitic and free-living
isopods. Grutter (1997) also demonstrated that larger gna-
thiid larvae were selectively preyed on by the cleaner fish
L. dimidiatus. Therefore, large gnathiid larvae suffer more
serious predation pressure than small larvae. In fact, the P3
larvae of most gnathiid species that are exclusively para-
sitic on teleosts are less than 5 mm in body length: P.
formica (mean 3.8 mm), G. africana (3.8 mm), G. pilosus
(2.2 mm), G. aureamaculosa (1.5 mm), and E. cornigera
(2.5 mm) (Upton 1987; Smit et al. 2003; Tanaka 2003;
Hadfield et al. 2009; Ferreira et al. 2009). Jones et al.
(2007) suggested that P3 larvae of G. falcipenis Holdich
and Harrison, 1980 and Gnathia sp. “C” did not feed on
elasmobranchs based on 16S mtDNA sequence data from
the gnathiid diet, and their P3 larvae were less than 2.5 mm
in total length (see Fig. 1 in Jones et al. 2007). In contrast,
gnathiid species parasitic on elasmobranchs tend to have a
larger body length; G. pantherina (mean 5.2 mm), G.
capillata (4-8 mm), G. grandilaris (mean 6.1 mm), G.
trimaculata (mean 4.0 mm in Australia and 7.0 mm in
Japan), G. maculosa (mean 5.1 mm), G. nubila (mean
8.4 mm), and G. teruyukiae (mean 8.0 mm) (Smit and
Basson 2002; Nunomura and Honma 2004; Coetzee et al.

2008, 2009; Ota and Hirose 2009a, 2009b; Ota 2011).
Therefore, we consider the low predation risks on gnathiid
larvae infesting elasmobranchs may allow an increase in
body size of gnathiids.

Needless to say, the large body size is thought to be
advantageous for reproduction. Non-feeding gnathiid adults
do not molt or grow, and female adults are semelparous.
Thus, the body size in the third-stage larvae reflects the
adult’s size. Adult females show a positive correlation
between body size and brood size in E. cornigera within the
same months (Tanaka and Aoki 2000) and in Caecognathia
robusta Sars 1879 (see Table 12 in Klitgaard 1997).

Ontogenetic shift in host utilization

In the present study, third-stage larvae of G. trimaculata
were exclusively found on elasmobranch species, whereas
first- and second-stage larvae were found on teleost species
and never on elasmobranchs (Table 3). We demonstrated
that second-stage praniza larvae on teleost molted to third-
stage zuphea larvae that were morphologically identical to
those on elasmobranchs. Moreover, the molecular phy-
logeny based on mtCOI sequences strongly supported that
the second-stage larvae on teleost hosts and adults meta-
morphosed from larvae infesting elasmobranchs are the
same species. These evidences indicate the occurrence of
host shift from teleost to elasmobranch in G. trimaculata.
The body fluid of host is qualitatively quite different
between marine teleosts and elasmobranchs. Elasmobranch
fishes in seawater regulate concentrations of urea and other
body fluid solutes (trimethylamine oxide, Na™, and C17) in
their body fluid to remain hyper-osmotic to their environ-
ment (reviewed in Neil 2006). As gnathiid larvae suck and
digest fishes’ body fluid, the digestive system between
third- and first/second-stage larvae of G. trimaculata must
be physiologically different between the third- and the first/
second-stage larvae of G. trimaculata. Although the
digestion mechanism of the fish’s body fluid is unclear in
gnathiids, specific symbiotic bacteria have been found in
the posterior hindgut of some gnathiid species (Juilfs and
Wiigele 1987; Davies 1995; Davies and Smit 2001). These
symbiotic bacteria have also been found in blood-sucking
insects and leeches, and they are supposed to serve an
important function in hematophagous nutrition; these bac-
teria have not been found in non-parasitic isopods and
other crustaceans (see Juilfs and Wigele 1987; Davies
1995). Davies (1995) also reported that the bacterial flora
in Gnathia maxillaris (Montagu, 1804) consisted of Pseu-
domonas sp., Bacillus sp., and Streptococcus sp. that were
tentatively identified from morphological, physiological,
and biochemical properties. The intestinal bacterial flora is
possibly different between the larvae infested on teleosts
and those on elasmobranchs.
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The third-stage larvae of other gnathiid species parasitic
on elasmobranchs may also shift from unknown hosts to
elasmobranchs. The first author has found eight other
gnathiid species on elasmobranchs: G. maculosa, G. nu-
bila, G. grandilaris, G. teruyukiae, and four undescribed
Gnathia species. Because the larvae collected from the
elasmobranch hosts always metamorphosed into adults at
the next molting, they were the final stage (probably the
third stage) larvae; larvae of younger stages have not been
found on elasmobranchs (Ota, unpublished). Smit (personal
communication) and McKiernan et al. (2005) also found
third-stage larvae of the other Gnathia species on elas-
mobranch hosts. These gnathiid species on elasmobranchs
may also infest teleost hosts in their younger stages, as does
G. trimaculata.
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