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REPRODUCTION, DEVELOPMENT AND GROWTH OF
THE MILK-SPOTTED PUFFERFISH CHELONODON KAPPA
(TETRAODONTIFORMES, TETRAODONTIDAE) IN CAPTIVITY

Hiroyuki Doi"*, Kazuyuki Momota', Hiroshi Obata' and Harumi Sakai’

ABSTRACT

Five specimens of the milk-spotted pufferfish, Chelonodon kappa, collected from the
Hanechi Inland Sea, Okinawa, Japan in January 2021, were reared in a closed circulation system
and maintained with fish meat and processed fish food. They spawned spontaneously in the tank
in August 2022, the fertilized eggs [diameter 0.96 + 0.02 (mean + standard deviation) mm] being
spherical, transparent, demersal and adhesive. Of the 2,220 eggs collected, 1,157 (52.1%) had
been fertilized, and 205 hatched after 4 days (17.7% of fertilized eggs). Hatched larvae [2.26
mm in notochord length (NL) and 2.39 mm in total length (TL)] reached the juvenile stage [8.07
mm in body length (BL) and 10.3 mm TL] 30 days after hatching. The adult body color pattern
of the species was attained by 60 days after hatching. By 120 days, specimens were 33.1 mm
BL and 39.9 mm TL, growing to 70.4 mm BL and 84.6 mm TL by 360 days after hatching.
Von Bertalanffy growth equations were fitted to the data.
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INTRODUCTION

Pufferfish (family Tetraodontidae) include excellent food species, although many
poisoning incidents have been reported in East and Southeast Asia (e.g., YAMAGUCHI
PrREFECTURAL Foop HYGIENE ASSOCIATION, 2011; NAGASHIMA ET AL., 2015). Due to the lack of
knowledge about pufferfish (family Tetraodontidae) and their toxicity, they are still found
in Southeast Asian fish markets, even though local and national governments in countries
around the South China Sea have banned the sale of pufferfish for food (Marsuura, 2015).

Toxicity in pufferfish is known to be exogenous, resulting from ingested food organisms
(e.g., NoGucHI ET AL., 2006). Whereas cultured tiger pufferfish (Takifugu rubripes) fed with
non-toxic food remained non-toxic (e.g., NoGucHI ET AL., 2012), cultured juvenile grass
pufferfish (7. alboplumbeus) (mean 6.1 mm total length [TL], 18 days old) fed with toxic
flatworm larvae had already become toxic (ITor £7 AL., 2018). However, when and how wild
pufferfishes develop toxicity is poorly known, except in the case of juvenile milk-spotted
pufferfish (Chelonodon kappa) (15-55 mm TL), which accumulated tetrodotoxin (TTX)
(e.g., NogucHr & HasHmmoto, 1973; MAHMUD ET AL., 2001; GHOSH ET AL., 2004; TERUYA
ET AL., 2006) by feeding on flatworm larvae and the goby Yongeichthys criniger (ITOl ET AL.,
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2020; Ito Er AL., 2022). Cases of food poisoning by ingesting milk-spotted pufferfish
have also been reported in many Asian countries such as Japan, China, Philippines, Thailand,
and Bangladesh (e.g., CHULANETRA ET AL., 2011; MATSuURrA, 2017; BARMAN ET AL., 2018;
Soumya & SAMANTA, 2018).

Chelonodon kappa or milk-spotted pufferfish is characterized by: mouth below a
horizontal line through dorsal end of gill opening; nasal organ in the form of a depression with
slightly raised margin expanded before and behind into a pair of elongate flaps; 2 lateral lines
on body, upper lateral line joining lower behind anal fin, and lower extending forward above
anal fin; brownish gray body with many round white spots; 5 or 6 dark relatively wide bars
on body, first across eye and last on caudal peduncle; a yellow longitudinal streak running
along ventrolateral corner of body from below mouth to caudal peduncle; 9—11 dorsal-fin rays;
and, 8—10 anal-fin rays (Marsuura & MoToMuURA, 2022 [as Chelonodontops patocal; Britz
ET AL.,2024). The species had been known as Chelonodon patoca (e.g., KOTTELAT ET AL. 1993:
Martsuura 2001; YAMADA & YANAGISITA, 2013) or Chelonodontops patoca (e.g., KOTTELAT,
2013; MATSUURA, 2015, 2017; Taxi1 ET AL, 2021; MATSUURA & MOTOMURA, 2022; OKAMURA &
ENDO,2022) for a long time until a recent taxonomic re-assessment by BrRitz £7 AL. (2024) that
showed that the correct generic name for this group of pufferfishes is Chelonodon, and the
correct scientific name of the species is Chelonodon kappa. The species inhabits mangrove,
sea grass and coral reef areas, and is widely distributed from the coast of Pakistan, India,
Myanmar, eastwards to Indonesia, Australia, and Japan (Okamura & Enpo, 2022; BriTz
ET AL., 2024). The species is thought to settle as juveniles of ca. 10-20 mm in total length
(TL), growing in mangrove or brackish water areas; juveniles from 7.5 mm TL (mostly from
ca. 10 mm) have been recorded from Australia (RoBerTsON & DUKE, 1990), from 20 mm TL
from Sri Lanka (SiLva & PuncHIHEWA, 2023), and from 15 mm TL from the Ryukyu Islands,
Japan (NANJO ET AL., 2008; Ito1 ET AL., 2020; ITO ET AL., 2022). Determining the life history
(ontogeny) of C. kappa is important for understanding the development of toxicity.
However, the early life history of milk-spotted pufferfish is not well understood.

Many wild pufferfish species, particularly those inhabiting fresh and brackish water,
are traded worldwide as ornamental (aquarium) fishes (EBErT, 2001), thereby raising
concerns about the negative impact of such trade on wild stocks (PENNING ET aL., 2009).
From a biodiversity conservation perspective, it has become increasingly important to
develop breeding techniques for such fishes in captivity (BARONGI ET aL., 2015; Dol T AL.,
2015, 2022a, 2022b; MOMOTA ET AL., 2022, 2023).

Milk-spotted pufferfish are comparatively common and are not listed as Endangered
(LArsoN Er aL.,2021). However, as SDGs (Sustainable Development Goals) (UNITED NATIONS,
2015) are presently being discussed worldwide, it is necessary for aquarium displays to also
develop in a sustainable way (JANSE £T AL.,2017; PoweLL, 2018; Waza, 2020). For this reason,
it will become increasingly important to develop breeding techniques for any ornamental
fish species, including milk-spotted pufferfish, thereby promoting study of the development
and growth of aquarium-maintained C. kappa in order to improve breeding techniques and
to elucidate its early life history.



REPRODUCTION, DEVELOPMENT AND GROWTH OF CHELONODON KAPPA 167

MATERIALS AND METHODS

Parental Fish and Spawning

On 11 January 2021, five juvenile milk-spotted pufferfish, Chelonodon kappa (8.9 +
0.4 cm mean total length [TL], 7.2 + 0.4 cm mean body length [BL], and 15.5 + 0.9 g mean
weight [BW]), were collected from the Hanechi Inland Sea (26°39°00"N 127°59°18"E)
off Wakukawa, Nakijin Village, Kunigami-gun, Okinawa Prefecture, Japan. The fish were
subsequently reared in an acrylic tank (120 x 50 x 40 cm, 240 L) with a closed circulating
filtration system installed at NIFREL, Osaka, from 27 January, 2021. Water temperature was
maintained at 23-26°C, and salinity at 30-33%o, under a 12L.12D lighting regime (23.5 W,
Clear LED Power III 900, Gex Co., Ltd.). About one-tenth of the tank water was exchanged
with new seawater daily, and leftover food and excrement were removed by a syphon.
The daily diet consisted of horse mackerel Trachurus japonicus, capelin Mallotus villosus,
river prawns Macrobrachium sp., and processed fish food (Hikari Cat, Kyorin Co., Ltd.,
and X Grow F, Dojo Laboratory).

At 0700 h on 2 August 2022, spawned eggs were found scattered on the tank floor.
They were quickly collected by siphoning for subsequent rearing and observations.

Incubation of Eggs

Eggs were housed in a cylindrical polycarbonate tank (30 L). The water was aerated,
with temperature maintained at 26°C, with similar salinity and light conditions as for the
parental fish. One-third of the tank water was changed daily.

Rearing of Larvae and Juveniles

Hatched larvae were reared in two cylindrical polycarbonate tanks (30 L). The rearing
water was slightly aerated, and maintained at a temperature of 23-28°C and salinity of 30—33%o.
Lighting was provided by a 32 w white-fluorescent lamp (FL32SW, Toshiba Lighting &
Technology Corp.) constantly for the first 11 days in order to enhance encounters with initial
food items, and then shortened to 12L.12D thereafter.

From 30 days after hatching, pufferfish were reared in two polycarbonate tanks (30 L)
and 3 glass tanks (60 x 30 x 30 cm, 54 L), and then from 100 days, in one polycarbonate tank
(30 L), two glass tanks (54 L) and two acrylic tanks (90 x 45 x 30 cm, 121.5 L).

Newly hatched larvae were fed with freshwater chlorella-enriched S type rotifers
(Brachionus sp.) at a density of 30 individuals/mL for 21 days, and additionally with
Artemia spp. Nauplius from 22 to 24 days after hatching. Subsequent feeding regimes
included: from 25 to 56 days, commercially prepared Otohime B2 (Marubeni Nisshin Feed
Co., Ltd.), in addition to Artemia spp. nauplius; from 57 to 149 days, frozen Artemia Clean
brine shrimp (Kyorin Co., Ltd.), commercially prepared Otohime B2, Hikari Megabite red
S (Kyorin Co., Ltd.), and biological control food for goldfish (Japan Pet Design Co., Ltd);
from 150 days, chironomid larvae, Hikari Megabite red S and biological control food for
goldfish.
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Observations of Eggs, Larvae, Juveniles and Young Fish

Eggs, larvae and juveniles were collected from the rearing tanks with a pipette or small
net, and observed under a stereomicroscope (OLYMPUS SZ61 binocular stereomicroscope
[equipped with measuring software Anyty Microscope with 3R-WDKMCO2, 3R System,
Olympus Co., Tokyo)] without anesthesia. Eggs and larvae were measured to the nearest
0.01 mm, and juveniles photographed with a digital camera. Standard length (BL, notochord
length in early larval stages) and TL were measured.

Designation of developmental intervals followed Okryama (2014): larval period, before
complete development of countable characters (with three steps as follows: preflexion step,
before notochord flexion; flexion step, incorporating notochord flexion; postflexion step,
following completion of notochord flexion); and juvenile period, following the larval period,
characterized by adult complements of countable characters (e.g., fin rays). Measurement
and counting methods followed Okivama (2014).

Growth

The von Bertalanffy growth formulae of C. kappa were estimated following the standard
form of Richards’ model (RicHARDS, 1959) by comparing the residual sum of squares (AKAMINE,
1988, 2004), calculated using MS Excel (Microsoft Office 365).

RESULTS

Parental Fish and Spawning

The five parental individuals had grown to 124 £ 1.9 cm BL, 153 + 2.2 cm TL, and
93.7 £394 g BW by 13 May 2022, and 139 + 1.8 cm BL, 17.0 + 23 cm TL, and 106.5 +
29.9 g BW by July 11, 2022. At this time, sperm were observed by stripping the smallest
male individual (10.7 cm BL, 13.0 cm TL, and 56.1 g BW). The other four individuals
(sex not determined) ranged from 14.1 to 15.0 cm BL (mean 14.7 cm), 17.4 to 19.0 cm TL
(mean 18.0 cm), and 103.5 to 123.5 g BW (mean 119.1 g).

On 2 August 2022 at 0700 h (moon age ca. 3.4—4 .4, mid-tide), spawned eggs were found
scattered on the tank floor. Spawning behavior had not been observed, but no bite marks were
apparent on any of the fish. The fish pecked at the spawned eggs, which were immediately
collected from the tank.

On 4 August 2022, sperm could still be stripped from the smallest male, which was
determined as the spawner (Fig. 1a). A comparison of the weights of the remaining four
individuals with those recorded on July 11, indicated one individual (14.1 cm BL, 17.4 cm
TL, and 96.5 g BW) as having decreased in weight, being therefore the likely spawner
(Fig. 1b). Sex of the other specimens remained undetermined.

Eggs

Eggs collected from the parental tank numbered 2,220, and 1,157 (52.1 %) were
fertilized. The fertilized eggs were demersal and adherent, separated eggs having a circular
yolk [diameter 0.96 + 0.02 mm (n = 10) (Fig. 2a)]. Embryoid bodies formed two days after
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Figure 1. Parental milk-spotted pufferfish, Chelonodon kappa; a, male (10.7 cm BL); b, female (14.1 cm
BL). Photographs by Yasuyuki Tai.

Figure 2. Egg development in the milk-spotted pufferfish Chelonodon kappa; a, fertilized egg;
b, 2 days after fertilization; ¢, 3 days after fertilization. Scale bars indicate 0.5 mm.
Photographs by Hiroyuki Doi.

spawning (Fig. 2b). After three days, the eyes developed, and the embryonic body moved
occasionally (Fig. 2c). Stellate melanophores were scattered on the yolk, and melanophores,
erythrophores and xanthophores appeared on the embryonic body. Four days after
spawning, 205 larvae (17.7 % of fertilized eggs) hatched.
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Larvae and Juveniles

Hatched larvae (Fig. 3a) were 2.26 = 0.05 mm NL and 2.39 + 0.04 mm TL (n = 10), with
7 + 13 = 20 myomeres, the mouth already opened anteriorly, pectoral fins formed, and yolk
sac remaining. Stellate melanophores and xanthophores were present on the trunk to tail and
sub-ocular regions. Melanophores occurred on the yolk surface.

One day after hatching, preflexion larvae were 2.27 + 0.06 mm NL and 2.40 = 0.07 mm
TL (n = 10). Two days after hatching, preflexion larvae were 2.29 + 0.05 mm NL and 2.46 +
0.02 mm TL (n = 10), the yolk having been absorbed. Melanophores were present from the
upper region of the eye to the dorsal, lateral and abdominal surfaces of the body. Xanthophores
were present behind the eye and along the lateral body surface to the anus. Larvae
characteristically moved to the water surface and engaged in food-chasing behavior.

Ten days after hatching (Fig. 3b), preflexion larvae were 3.09 = 0.03 mm NL and 3.35 +
0.06 mm TL (n = 10). Dorsal and anal fin soft rays, and hypurals had begun to form.

Figure 3. Larvae and juveniles of the milk-spotted pufferfish Chelonodon kappa; a, newly hatched
larva, 2.26 mm NL, 2.39 mm TL; b, preflexion larva, 10 days after hatching, 3.07 mm NL,
3.44 mm TL; c, flexion larva, 18 days after hatching, 4.34 mm NL, 4.69 mm TL; d, juvenile,
30 days after hatching, 7.95 mm BL, 10.18 mm TL; e, juvenile, 40 days after hatching, 12.73
mm BL, 15.83 mm TL; f, juvenile, 60 days after hatching, ca. 21 mm BL, 28 mm TL; Scale
bars indicate 1 mm. Drawings by Koyuki Matsuda and photograph by Yasuyuki Tai.
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Melanophores were densely distributed from the rostral and parietal regions to the dorsal
body surface and around the anus. Orange to yellow xanthophores were apparent on the lateral
body surface, abdomen, tail and fins. Individuals sometimes appeared swollen.

Eighteen days after hatching (Fig. 3c), flexion larvae of 4.33 + 0.04 mm NL and 4.70 +
0.10 mm TL (n = 10) initiated notochord flexion. Melanophores were scattered over the entire
body, except for fins, being especially dense around the base of the pectoral fins and the anus.
Xanthophores were widely distributed over the entire body, being especially orange or yellow
from the eyes to the abdomen. Teeth were formed.

Thirty days after hatching (Fig. 3d), individuals had reached the juvenile period (8.07 +
0.35mm BL and 10.3 +£0.5 mm TL [n = 10]), having completed notochord flexion, and attained
full fin ray complements (10 dorsal, 8 anal, and 14 pectoral fin soft rays). Melanophores
occurred densely on the dorsal surface, and dense xanthophores on the body and abdomen.
Individuals began to respond to light and noise, and gather at the water surface when feeding.

Forty days after hatching (Fig. 3e), juveniles were 11.9 £ 0.6 mm BL and 15.4 £ 0.5 mm
TL (n =10), with white spots forming on the dorsal surface, and an indistinct black transverse
band apparent dorsally between the pectoral fin bases. Xanthophores on the body and abdomen
had disappeared, the abdomen becoming whitish.

Sixty days after hatching (Fig. 3f), juveniles were 20.7 = 1.7 mm BL and 26.7 + 2.1
mm TL (n = 10), and had attained the overall adult body color pattern, including white
spots on the darker lateral and dorsal body surfaces. The black transverse band on the dorsal
surface between the pectoral fin bases had become clearer, with two additional dark
transverse bands on the dorsal surface. A single yellow longitudinal line was present below
the pectoral fin base.

Individuals (33.1 + 1.7 mm BL and 39.9 + 1.6 mm TL [n = 10]) actively pecked at the
bottom of the tank 120 days after hatching, and grew to 43.6 = 5.9 mm BL and 54.4 + 6.5
mm TL (n = 10), and 70.4 = 4.5 mm BL and 84.6 + 4.4 mm TL (n = 10), respectively, 180
days and 360 days after hatching.

Throughout development, no mutual biting behavior was observed between individuals.

Growth

Approximated von Bertalanffy growth formulae for BL and TL (n = 200, including both
sexes) are summarized below, the correlation coefficient being 0.981 (BL) and 0.973 (TL),
where Lt is estimated length, and ¢ is days after hatching (Fig. 4):

BL: Lt =94.0502 x (1-¢000360+2358D) -~ R2 = () 984

TL: Lt = 106.2923 x (1-¢000410+1405D) = R2 = () 986

DISCUSSION

Milk-spotted pufferfish, maintained in a small recirculating tank (240 L), spawned
spontaneously 15 months after capture on a diet of fish meat and processed fish food.
The larvae were relatively easily reared in small tanks (30.0-121.5 L), being fed freshwater
chlorella-enriched S-type rotifers (Brachionus sp.) as initial food items, and eventually
growing to about 70 mm BL after one year. These findings contributed to the propagation
program for sustainable aquarium displays of pufferfish.
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Figure 4. Growth of Chelonodon kappa. Black squares and dotted line indicate BL, and grey circles
and solid line, TL. von Bertalanffy growth formulas for BL and TL also shown.

ROBERTSON & DUKE (1990) reported that milk-spotted pufferfish occurred in mangrove
systems as juveniles of ca. 10 mm TL. The present study showed that the larvae reached the
juvenile stage at 8.07 = 0.35 mm BL and 10.3 + 0.50 mm TL 30 days after hatching, a size at
which they would probably have settled in mangrove or brackish water areas.

Milk-spotted pufferfish are already toxic as juveniles of 15-55 mm TL (ITo £7 4L., 2022)
by feeding on toxic diets (ITo1 £7 L., 2020; ITO ET AL.,2022). According to NaNjo £T AL. (2008),
wild C. kappa (as C. patoca) individuals (33—79 mm BL) in Okinawa feed on detritus and
crabs, and larger individuals (84—-161 mm BL) on larger benthic invertebrates, such as crabs,
snails, and bivalves, with many of these prey species containing TTX (e.g., NOGUCHI ET AL.,
1982a, 1982b, 1983; Mivazawa ET AL., 1988). Wild milk-spotted pufferfish would become
more toxic during the growth. Further studies on the development of toxicity with growth,
both in juvenile puffers and in their prey, are needed to clarify the ontogenetic process of
TTX accumulation.

It is known that cultured tiger puffers (Takifugu rubripes) become non-toxic when fed
a TTX-free diet (e.g., NoGUCHI ET AL., 2012). On the other hand, it has also been established
that the survival rate of toxic juveniles fed toxic diets is greater than that of non-toxic
juveniles, presumably because the former are less likely to be taken by predators (SAKAKURA
ET AL., 2017) than the latter. It is possible that aquarium-bred pufferfish may become
non-toxic. In an aquarium, where a variety of fish species including predatory ones are often
kept in the same tank, it may be important in the future to induce toxicity in bred pufferfish
using an appropriate toxification mechanism, so as to increase the survival rates of the latter.
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