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GENERAL INTRODUCTION 

Tetraodontidae (pufferfishes), including 30 genera and 200 species, is distributed in shallow warm, tropical 

seas, and freshwaters of the world (Matsuura, 2015; Nelson et al. 2016). This family has some unique 

morphological features such as: a head that is large and blunt; jaws that are modified to form a beak of heavy, 

powerful teeth, with two above and two below; gill opening, as a simple slit in front of pectoral fins; and 

pelvic fin that is absent (Matsuura 2015). 

Tetraodontidae is a family of Tetraodontiformes, one of the most derivative monophyletic groups in Teleostei 

(Yamanoue 2015; Matsuura 2015). Tetraodontiforms have long attracted the attention of ichthyologists and 

biologists because of their peculiar morphological characteristics (Matsuura 2015). Among tetraodontiforms, 

Tetraodontidae is the only family adapted to freshwater habitats (Yamanoue 2015). The boundary between 

freshwater and sea is one of the most difficult barriers to expand habitats for aquatic animals because there 

are many difficult gaps to overcome between these habitats (Hutchinson 1957). In this respect, this family is 

thought the most unique, interesting group in tetraodontiforms. 

Tetraodontidae has expanded their habitat from coastal waters into other habitats like freshwaters, brackish 

waters, and deep seas in its evolutional history (Yamanoue et al. 2011). Their life cycles are various. Some 

species in this group are known to migrate between ocean and river in their life span, others are known to 

spend their entire existence in oceans or rivers without migration (Ebert 2001). They have also acquired 

diverse reproductive biology, such as large group spawning in the genus Takifugu, pair spawning in 

Canthigaster rivulata (see Matsuura 2017), and harem spawning in Canthigaster valentini (see Gladstone, 

1987). In addition, Takifugu niphobles spawns scattered eggs (Uno 1955), Canthigaster rivulata spawns in 
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territories without parental egg protection (Arai and Fujita 1988), and Torquigener albomaculosus makes a 

territory with a circular structure, spawns there and guards the eggs until hatching (Kawase et al. 2015).  

When considering the diversity of Tetraodontidae, the adaptation to inland water must be one of its essential 

factors. In tetraodontid fishes, eight genera and 41 species (five Auriglobus, five Carinotetraodon, one 

Chonerhinos, three Colomesus, six Dichotomyctere, one Leiodon, 14 Pao and six Tetraodon species) are 

distributed in freshwater or brackish water (Ebert 2001). Their invasions into freshwater habitats were 

investigated using molecular phylogenetic analysis in recent years (Yamanoue et al. 2011; Igarashi et al. 2013; 

Santini et al. 2013a). Yamanoue et al. (2011) and Igarashi et al. (2013) reports included seven genera of 

freshwater and brackish water pufferfishes, which showed almost the same phylogenetic tree (Fig. gi. 1). 

Yamanoue et al. (2011) considered that six genera [Leiodon, Pao, Tetraodon (these three genera were treated 

as Tetraodon), Auriglobus, Carinotetraodon, Colomesus], distributed in freshwater, had invaded into 

freshwater at least three separate times in different continents and thus separated them into the following three 

groups: South American group (Colomesus), Central African group (Tetraodon) and Southeast Asian group 

(Auriglobus, Carinotetraodon, Leiodon, Pao). They positioned Dichotomyctere in a different clade from the 

clade of the other Asian freshwater pufferfishes. However, they thought Dichotomyctere (treated as 

Tetraodon) a marine genus and did not give any comments about this genus. Igarashi et al. (2013) considered 

that six genera, except for Colomesus, were separated into three slightly different groups by their invasion 

time into freshwater or brackish water as reported from Yamanoue et al. (2011). These groups were as 

followed: Asian freshwater group (Auriglobus, Carinotetraodon, Leiodon, Pao), Asian brackish water group 

(Dichotomyctere), and African freshwater group (Tetraodon). Yamanoue et al. (2011) and Igarashi et al. 

(2013), however, did not examine Chonerhinos, as the position of it was unrevealed. On the other hand, Santini 
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et al. (2013a), analyzed all the eight genera of freshwater and brackish water pufferfishes (Fig. gi. 1), showing 

that the genus Chonerhinos was nested in the same clade with Asian freshwater group [Leiodon, Pao (these 

two being treated as Tetraodon), Auriglobus, Carinotetraodon] and Asian brackish water group 

(Dichotomyctere, treated as Tetraodon). Then Santini et al. (2013a) considered the invasion of the ancestral 

Asian freshwater and brackish water pufferfishes had been once. However, Chonerhinos is an euryhaline 

genus throughout its evolutionary life (Roberts 1982; Ahmad-Nasir et al. 2016, 2020). Moreover, the four 

Asian freshwater genera (Auriglobus, Carinotetraodon, Leiodon, Pao) were separated into some other 

subclades within the phylogenetic tree of Santini et al. (2013a). Thus, the question concerning the 

diversification and adaptation of the freshwater and brackish water pufferfishes had remained unsolved and 

would be answered following clarification of their phylogenetic relationship and accumulation of more 

detailed knowledge of their life history. 

Each reproductive behavior in fish has a close relation with an evolutional background (Sokabe 2018; Sunobe 

2018). Therefore, information on various reproductive behaviors of tetraodontid fishes may be helpful to 

reveal their evolutional background such as the invasion into freshwater of Tetraodontidae. However, the 

divergence of the reproductive behaviors of freshwater and brackish water pufferfishes have yet been surveyed 

insufficiently. There have been only 10 reports about captive breeding of freshwater and brackish water 

pufferfishes as follows: African Tetraodon schoutedeni was known to perform tandem swimming and 

spawning with one or some males while biting and clinging to female abdomens, scattering demersal eggs 

(Feigs 1955); In the Southeast Asian genera, which has a limited species and five genera except for the genus 

Auriglobus, there have been reports on their breeding in aquariums; Three species of Carinotetraodon scatter 
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Fig. gi.1. Phylogenetic relationships among tetraodontid genera and their distribution. Cladogram (a) 

and (b) are based on Yamanoue et al. (2011) and Santini et al. (2013a), respectively. Distribution is 

based on Ebert (2001). Orange, green and colorless mean freshwater genera, brackish water genera, and 

marine genera, respectively.  



 

5 

 

small adhesive demersal eggs (Doi et al. 2015; 2022a); Six species of Pao and Leiodon lay relatively large 

eggs in a single layer batch with male protection of these eggs (Doi et al. 2015, 2022a, b); Two species of 

Dichotomyctere are known to scatter large numbers of small eggs (Watson et al. 2009; Doi et al. 2015); and 

Chonerhinos naritus, on the other hand, returns to the river for spawning and spawns oval eggs at lower 

salinity conditions (Ahmad-Nasir et al. 2016, 2020). To consider their divergence and adaptation, however, 

more detailed information including other species and another genus such as Auriglobus would be necessary.  

Besides, tetraodontid fishes were also recognized as utility animals for genetic studies because of their small 

genome size (the smallest genomes among vertebrata, approximately 400 Mb, one-eighth of human genome) 

(Crnogorac-Jurcevic et al. 1997; Venkatesh et al. 2000); whole genomes of the following two species were 

published [Takifugu rubripes (Aparicio et al. 2002); Dichotomyctere nigroviridis (Jaillon et al. 2004)]. The 

improvement of their breeding techniques may facilitate the advancement of genetic studies. Tetraodontid 

fishes also have sustained interest from the commercial field. Many species are traded as ornamental fish 

(Ebert 2001; Livengood and Chapman 2007). However, most of them have been caught in the wild. If this 

continued, there might be a danger of extinction in the future. In the viewpoint of fishery, some Asian 

freshwater pufferfishes have nutritional value (Ahmad-Chowdhury et al. 2019) and have been eaten (Arakawa 

2013; Zhu et al. 2020). However, most pufferfishes accumulate some toxins, and sometimes have caused food 

poisoning (Arakawa 2013; Barman et al. 2018). Utilizing them as food safely, we need more information of 

their toxin uptake abilities. In addition, artificial breeding of pufferfishes would be helpful for toxicological 

research because most of their toxins are ingested from their diet (Zhu et al. 2020; 2021). Thus, the 

improvement and establishment of their breeding techniques are very important not only for ecological and 

genetic studies but also for future conservation programs of tetraodontid fishes.  
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In this thesis, I aimed to improve and establish captive breeding techniques of freshwater and brackish water 

pufferfishes, while clarifying the reproductive manner and early morphological development of four genera 

and four accessible species, Leiodon cutcutia, Auriglobus modestus, Dichotomyctere fluviatilis, and Tetraodon 

schoutedeni, which are major commercial species. I also tried to consider the evolutional background of their 

invasion into freshwater environments from the viewpoint of their reproductive biology. In this study, 

hormone injection was done for three species (L. cutcutia, A. modestus, and D. fluviatilis) as it is difficult to 

induce spontaneous maturity in captivity. 

In chapter 1, through the examination of captive breeding with hormone injection of Leiodon cutcutia, one of 

the Asian freshwater pufferfishes, details of its reproductive behavior and early morphological development 

were described, and its mating system was discussed.  

In chapter 2, to clarify the reproductive manner of Auriglobus, one genera of Asian freshwater pufferfishes, 

and establish its breeding techniques, artificial insemination and breeding of Auriglobus modestus were 

attempted. Through phylogenetic analysis and artificial insemination of A. modestus, relationships between 

the Auriglobus species and Ch. naritus were reviewed, and the morphological features of eggs and larvae were 

described.  

In chapter 3, captive breeding with hormone injection of Dichotomyctere fluviatilis, one of the Asian brackish 

water pufferfishes, was observed. The spawning manner and morphological development of larvae and 

juveniles were observed, and similarities of these characteristics to those of marine species were discussed.  
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In chapter 4, through the observation of captive breeding of Tetraodon schoutedeni, its reproductive behavior 

and early morphological development were investigated, and the biological significance of its tandem 

swimming and spawning was discussed. 

In general, I conducted a comprehensive comparison of the morphological features of egg and larval stages of 

freshwater and brackish water pufferfishes and their reproductive features. From this information, the 

evolutional background, and adaptation of freshwater and brackish water pufferfishes was reconsidered.  
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CHAPTER 1: Spawning and development of ocellated pufferfish Leiodon cutcutia in captivity 

 

Leiodon cutcutia is one of many freshwater species distributed in Asia, being a potential ornamental fish. This 

species has also attracted attention as a food because of their contents of ash and lipid (Ahmad-Chowdhury et 

al. 2019) and is eaten in Bangladish. However, it sometimes causes outbreaks of poisoning when eaten 

(Barman et al. 2018).  

Leiodon is known to perform male egg protection (Doi et al. 2015), resembling the behavior of Pao species 

(Doi et al. 2015; 2022a, b). However, Pao is a sister group of Carinotetraodon, which is a genus that does not 

perform this protection (Doi et al. 2015), and a little far from Leiodon phylogenetically (Yamanoue et al. 2011; 

Igarashi et al. 2013), therefore, the origin of their egg protection is remained ambiguous.  

In this chapter, through captive breeding with hormone injections, details of the reproductive behavior and 

early development of Leiodon cutcutia are described, and its mating system is discussed.  

 

1.1. MATERIALS AND METHODS 

 

1.1.1. Parental fish and hormone injection 

Three wild individuals were purchased as parental fish, later found to be one female (36.5 mm SL, 6.0 g BW) 

and two males (30.5 mm SL, 4.0 g BW; and 28.0 mm SL, 4.0 g BW, respectively), caught in the Jorai River 
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in eastern India from a Japanese fish trader (Rio Co. Ltd., Tokyo, Japan) on March 20, 2018. They were kept 

in a closed circulating–filtering aquarium (60 cm (L) × 45 cm (D) × 45 cm (H)) at the aquarium NIFREL 

(Osaka, Japan). The rearing water was replaced with 40 l of new water once a week. The water temperature 

was kept at 26.0 ˚C without any special pH control, with a lighting regime of 5710 Lux 12 h per day (7:00 

AM to 7:00 PM) through a year. The aquaria were arranged with some stones and pipes without any bottom 

sand to simulate a cave. Parental fish were fed larvae of Chironomidae, pieces of fish, and Macrobrachium 

sp. once a day. 

All fish were injected with human chorionic gonadotrophin (ASKA Pharmaceutical Co., Ltd.) (10 IU per g 

(body weight)) on the left side of their caudal peduncle once on April 25, 2018, these doses of hormone 

followed Takaku et al. (2007). No additional injection was performed. 

 

1.1.2. Observation of spawning behaviors 

The aquarium was observed from 8:30 AM to 5:00 PM every day, and digital photographs were taken of any 

egg mass found to count the number of spawned eggs. The behavior of pairs swimming around the male 

territory was recorded with a digital camera (Nikon COOLPIX AW130; NICON Co., Tokyo, Japan).  

 

1.1.3. Observation of development 

The development and growth of eggs were observed when the eggs spawned on July 14, 2018. The spawned 

eggs were initially transferred to a 2 l plastic tank, and the hatched and growing larvae were transferred to a 5 
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l plastic tank or a 30 l tank, depending on the number and size of larvae. Water temperatures were kept at 

26 °C. All the water was changed twice a day. Larvae, juveniles, and young fish were fed live Artemia larvae 

(0–50 days after hatching) and crushed frozen chironomid larvae (From day 20 onward after hatching) twice 

a day. 

Eggs, larvae, and juveniles were observed for morphological development and measured to 0.01 mm under a 

stereoscopic microscope. Young fish and adults were photographed digitally for measurements and observed 

with eyes directly following eugenol anesthetic for sketches. They were also photographed digitally to 

measure and sketch. Standard length in the present study includes notochord length in the larval stage and 

body length in the juvenile stage and thereafter. 

The growth curve of L. cutcutia from its average size each day after hatching was estimated by the standard 

form from the model of Richards (1959) (Akamine 1988) by comparing the residual sum of the square 

(Akamine 2004), calculated by MS Excel (Microsoft Office 365). 

 

1.2. RESULTS 

 

1.2.1. Spawning 

The first spawning was observed on April 27, two days after hormone treatment.  

After hormone treatment, the posterior edge of the caudal fin became reddish in all parental fish, the body 

color became freshy green, and the lateral black spot became distinct in the female (Fig. 1.1-a); whereas in  
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Fig. 1.1.  Parent fish of Leiodon cutcutia in breeding season: a, female; b, male. The male chin turns red during 

breeding season. 
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the males, the net pattern appeared, the lateral black spot became indistinct, and the chin became reddish (Fig. 

1.1-b).  

Each male stayed in a limited area and attacked the other male or human hands approaching its area which he 

considered as his own territory, and the female visited both and spawned. The female spawned 47 times 

between April 27, 2018 and April 26, 2019, irrespective of season, laying 24–545 eggs [average 341.5 ± SD 

105.002, median 353, n = 42 (egg laying could not be counted in five times)] at one laying. The interval 

between each spawning was about one week. Eggs were laid in a single-layered batch on the flat area of the 

glass floor of the aquarium, the cave floor of rocks, or the plastic pump cover. 

 

1.2.2. Spawning behavioral sequence 

A sequence of spawning behavior (shown in Fig. 1.2) continued for about 13 min (two observations; 10:12 

June 15, 2018, and 12:25 June 26, 2018).  

The male made a territory on a flat area (rock caves, top face of pump cover, and floor of aquaria) just before 

spawning and attracting the female (Fig. 1.2-a). The territorial male vibrated his body when the female 

approached there. The male stayed in a limited area and attacked another male or human hands approaching 

its area. However, male conflict was only rarely observed. When a territory was observed, the territorial male 

and female had already become a pair and expressed nuptial color.  

Coupling (Fig. 1.2-b): They began swimming together around (shown with thin arrows) and sometimes vibrate 

their bodies (shown with wave lines) in the territory for about 5 - 6 min.  
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Fig. 1.2. A sequence of reproductive behaviors (shown with black arrows) of Leiodon cutcutia: a, male attracting 

female; b, female entering territory; c and d, spawning; e, male protecting eggs. Red arrows depict them swimming 

together; red wave lines show body vibrations.   

a. 

 

b. 

 

c. 

 

d. 

 

e. 
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Spawning (Fig. 1.2-c, d): The female would begin turning around, with the male being a little apart from the 

female. After a while, the female started laying eggs; the male returned, followed the female, and fertilized 

eggs with his sperm. Spawning finished about 3 min later since first egg was observed. After spawning, 

spawned eggs were sometimes afloat. They pressed spawned eggs on the spawning site with their bodies and 

anal fins to attach them. Parental fish both kept swimming on their eggs for about 5 - 7 min, after which the 

female would leave the territory.  

Protecting (Fig. 1.2-e): The male remained at the spawning site and started protecting and fanning the eggs 

until they hatched. The guarding male kept swimming just above the egg layer, and sometimes would leave 

to run off or attack approaching individuals. Sometimes eggs were eaten by the protecting male or the spawned 

female.  

The male reproductive behavior seemed to finish once when eggs were hatched. Spawning males was random, 

however the same male sometimes performed the spawning in succession. Another male sometimes 

alternately used the single territory. 

 

1.2.3. Embryonic stages and Larval development 

Fertilized egg (Fig. 1.3-a): The eggs were 1.42 mm (0.07 mm SD, n = 6) in diameter, translucent, spherical, 

demersal, and adhesive, with a mass of some small yellow oil globules. 

Two days after spawning (Fig. 1.3-b): The embryo developed, and the optic vesicle appeared. 

Four days after spawning (Fig. 1.3-c): The optic vesicle became black. Some melanophores appeared on the 
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Fig. 1.3. Development of eggs of Leiodon cutcutia: a, fertilized egg; b, two days after fertilization; c, four days after 

fertilization; d, five days after fertilization. 

  

c. 

b. 

d. 

a. 
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dorsal area and caudal peduncle. 

Five days after spawning (Fig. 1.3-d): One day before hatching. The larval notochord and optic vesicle 

developed completely. 

Hatched larva [2.79 mm NL, Fig. 1.4-a. mean 2.71 mm NL, mean 2.87 mm TL (0.24 mm and 0.26 mm SD, 

respectively), n = 3]: The yolk sac larvae measured 2.39–2.96 mm NL, 2.53–3.15 mm TL (n = 3), and the 

mouth had already opened. Melanophores appeared across a wide range of the dorsal side from head to body 

trunk, surroundings the eyes, the lateral sides of the caudal peduncle, and both the dorsal and ventral parts of 

the gut. Xanthophores appeared on the head, chromophores comprising erythrophores and melanophores 

formed vertical lines from the edges of the eyes to the anus and a horizontal line formed on the lateral sides 

of the caudal peduncle. 

One day after hatching (DAH) (mean 2.71 mm NL, mean 2.86 mm TL, n = 3): The yolk was digested. A 

brownish mottled pattern appeared around the eyes. Brownish horizontal bands appeared on the lateral sides 

of the caudal peduncle. 

Four DAH (mean 3.26 mm NL, mean 3.52 mm TL, n = 3): Rudimental soft rays of the dorsal and anal fins 

formed. The body became greenish and chromatophores covered a wide range of the head to trunk. 

Seven DAH (3.80 mm NL, 4.00 mm TL in the mean of three individuals): The caudal fin rays formed.  

Nine DAH (3.79 mm NL, Fig. 1.4-b. mean 3.98 mm NL, mean 4.23 mm TL, n = 3): Notochord flexion was 

initiated. The body color corresponded with that observed seven days after hatching, being greenish with some 

brown spots. 
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Fig. 1.4. Developmental series of Leiodon cutcutia: a, 2.79 mm newly hatched larva; b, 4.30 mm larva 10 day after 

hatching (DAH); c, 4.77 mm juvenile 13 DAH; d, 5.16 mm juvenile 20 DAH; e, 7.02 mm juvenile 30 DAH; f, 7.75 

mm juvenile 39 DAH; g, 24.2 mm fish 180 DAH; h, 55.0 mm fish 360 DAH. 
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1.2.4. Juvenile development 

13 DAH (4.77 mm SL, Fig. 1.4-c. mean 4.50 mm SL, mean 5.46 mm TL, n = 3): Notochord flexion was 

completed. A brownish horizontal band on the lateral sides became indistinct. 

15 DAH (mean 4.52 mm SL, mean 5.60 mm TL, n = 3): An indistinct black spot on the lateral sides appeared 

in some individuals. The body color on the dorsal side was greenish with a brownish mottled pattern. A 

brownish horizontal band appeared on the caudal peduncle. 

20 DAH (5.16 mm SL, Fig. 1.4-d. mean 5.19 mm SL, mean 6.62 mm TL, n = 3): The ventral part became 

whitish. The lateral black spot was indistinct. 

30 DAH (7.02 mm SL, Fig. 1.4-e. mean 6.41 mm SL, mean 8.35 mm TL, n = 3): Some small brown blotches 

appeared on the dorsal region. The lateral black spot was indistinct. 

39 DAH (7.75 mm SL, Fig. 1.4-f. mean 7.55 mm SL, mean 9.72 mm TL, n = 3): The characteristic lateral 

black spot became distinct. The brownish horizontal band on the caudal peduncle became indistinct. 

50 DAH (mean 7.49 mm SL, mean 9.18 mm TL, n = 3): The dorsal part and lateral side were greenish with a 

clear brownish mottled pattern. The ventral part of the body was whitish. A black spot appeared on the lateral 

side. The body color corresponded with that of an adult fish. 

 

1.2.5. Young and adult fish development  

150 DAH (mean 26.8 mm SL, mean 30.68 mm TL, n = 3): The posterior margin of the caudal fin became  
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reddish. 

180 DAH (24.2 mm SL, Fig. 1.4-g. mean 27.07 mm SL, mean 31.75 mm TL, n = 3): A mottled pattern of 

green and white appeared slightly on the dorsal and lateral sides of the body. One black spot existed in the 

middle of each lateral side. 

270 DAH (mean 34.7 mm SL, mean 42.77 mm TL, n = 3): The chins of some males turned reddish. 

360 DAH (55.0 mm SL, Fig. 1.4-h, male. mean 52.00 mm SL, mean 64.57 mm TL, n = 3): A mottled pattern 

clearly appeared on the side of the body. A black spot in the middle of the lateral side became indistinct. 

486 DAH (about 60 mm SL in both sexes based on visual estimation from behavior patterns): The first 

spawning was observed, a male with a reddish chin guarding an egg batch in its territory; unfortunately, actual 

spawning behavior was not observed. 

 

1.2.6. Growth 

Growth in SL (NL and BL, n = 133) were summarized in Fig. 1.5. The growth model was approximated, 

containing both sexes as follows, the coefficient of determination being 0.9854, Lt is estimated length, and t 

is days after hatching:  

L t =67.60356×e^(-e^(-0.006654(t-161.6934))).  
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Fig. 1.5. Growth of Leiodon cutcutia spawned on July 14th, 2018. Growth curve approximated using the Richards 

(1959) model is shown in the figure. Grey markers indicate SL of each of the individuals. 
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1.3. DISCUSSION 

In the present study, first spawning was observed at two days after hormone injection. Spawning was observed 

continuously throughout the year.  

Artificial maturation with hormone injections was widely known in freshwater fishes. In most of them, 

spawning occurred within one or two days after hormone injection (Yamamoto et al. 1966; Suzuki and 

Yamaguchi 1975; Suguro 2001; Takaku et al. 2007; Takaku and Hosoya 2008). Leiodon cutcutia needs a 

relatively longer period to mature after hormone injection among freshwater fishes. In marine puffers, 

Takifugu rubripes ovulated over 90 hours after hormone injection, longer than other marine fishes (Miyaki et 

al. 1992). Therefore, pufferfishes tend to need relatively long periods for maturing after hormone injection.  

Hormone injection was done only one time in this study. Hormone injections generally only have affects 

within a few days (cf. Yamamoto et al. 1966; Suzuki and Yamaguchi 1975; Miyaki et al. 1992; Suguro 2001; 

Takaku et al. 2007; Takaku and Hosoya 2008). Therefore, it is unlikely these injections continued to affect 

the subjects throughout the year. Accordingly, the year-round spawning in this observation was probably 

caused by the stable environmental conditions through a year in captivity (The water temperature: 26.0 ˚C, 

Lighting regime: 12 h per day), not by a temporary stimulation of the hormone injection.  

In terms of parental fish size, the two males were slightly smaller than the female (30.5 mm and 28.0 mm SL 

in males, and 36.5 mm SL in female at the first spawning) in the present study. In contrast, Doi et al. (2015) 

reported the size of the spawning female (60 mm TL) as smaller than that of the male (70 mm TL). Karmakar 

and Biswas (2014) reported that the 50% maturity stage of wild females (60–75 mm) was larger than that of 

wild males (45–55 mm) (whether TL or SL is unknown); the size relationship being similar to that of this 



 

22 

 

study. However, the spawning fish size of the present study was smaller than those reported by Karmakar and 

Biswas (2014) and Doi et al. (2015). The reared fish of this study matured and spawned by 486 days after 

hatching, at about 60 mm SL. From these results, it is possible that young and small fish were forced to mature 

by the hormone injection of this study.  

Regarding body color patterns during spawning, the reddish caudal posterior edge, fresh green body color, 

and distinction of the lateral black spot in females or a single spot on the lateral body and net pattern appearing 

in males, were observed. These features were also reported by Doi et al. (2015). However, Karmakar and 

Biswas (2014) described the matured males as having two round black circles at the posterior end of the lateral 

body and yellow blotches on the dorsal body as sexual dimorphism. Features they mentioned were not 

observed in this study. It suggests the possibility of a local, subspecies, or species difference from the materials 

of Kalmaker and Biswas (2014). The spawning male chin was observed to become reddish (Fig. 1.1-b), which 

is not known in Leiodon cutcutia up to now. Therefore, it is a novel character of the matured male of the 

species. 

Regarding the breeding season, spawning was observed throughout the year. Karmakar and Biswas (2014), in 

contrast, argued that spawning occurred during the rainy months, judging from matured wild individuals. In 

this present study, there were some artificial conditions including hormone injection, and stable environments 

in aquarium breeding. Therefore, with seasonal changes in nature, spawning season of this species can be 

during the rainy months, as Karmakar and Biswas (2014) argued. 

In the present study, both males made their territories and a female visited both males and spawned. This 

suggested that the reproduction system of this species could possibly be classified as “male territory visiting 
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(MTV) polygamy (Kuwamura 1996; Kohda 2010), in which plural females visit a male territory one by one 

as seen in, for instance, Cyclopteridae (Abe and Sato 2009), Gobiidae (Kuwamura et al. 2020) and 

Hexagrammidae (Munehara et al. 2000). MTV polygamy is thought to have evolved under male competition 

for limited spawning grounds (Kuwamura 1987). However, in the present study, male conflict was rarely 

observed. Besides, each male sometimes alternately used a single territory. Territorial obsession of this species 

seemed weak. These results might be caused by breeding environments such as the number of males and 

spawning grounds. In the aquaria, there were only two males in this study and at least four spawning grounds, 

hence these were more than the number of males (two). A small number of males and an existence of many 

spawning grounds might reduce the male conflict. Further research like field observations is needed to clarify 

the details of male relationship and reproduction system. MTV polygamy has been known only in Torquigener 

albomaculosus (see Kawase et al. 2015) in Tetraodontidae. In Tetraodontiformes, on the other hand, some 

species have been known as MTV polygamy species in Balistoiodea, and most of them live in coastal water 

(Kawase 1998). The origin of Balistoidea was distributed in open ocean, spawned floating eggs in middle 

layer, and the MTV system in this group was thought to be developed with its adaptation to coastal waters 

(Kawase 1998). Therefore, the MTV system of L. cutcutia might be considered its adaptation to shallow waters, 

such as a large river. In freshwater pufferfishes, male egg protection is also observed in the genus Pao. 

However, in contrast to Leiodon cutcutia, the Pao species were reported as pair spawning (Doi et al. 2015; 

2022a, b). Santini et al. (2013a) showed that the Pao and Leiodon clades branched off relatively earlier in 

Asian freshwater pufferfishes. Therefore, male egg protection of Leiodon and Pao might be similar with a 

little difference between each other, resulting from convergent evolution under similar environments. 

However, information of Pao was obtained from the limited observation in the aquaria and Doi et al. (2015; 
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2022a, b) did not reference the mating system. Future research for details of the reproductive behaviors of 

both genera might clarify their relationship of mating systems. 

In conclusion, Leiodon cutcutia can breed in captivity under appropriate conditions with a suitable spawning 

bed. Under a stable environment, year-round breeding would also be possible. The hormone injections would 

possibly cause breeding by comparatively young and small pufferfish. Its reproductive behavior, male egg 

protection, was considered to have evolved from different origins from the genus Pao because of their 

differences in reproduction systems.   
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CHAPTER 2: Hormone injection-induced maturity and insemination of the bronze puffer Auriglobus 

modestus 

 

Auriglobus modestus, distributed in Asian freshwater, is contained in the genus Auriglobus which is thought 

to be closely related to euryhaline genus Chonerhinos, from its morphological features (Tyler 1980; Roberts 

1982) and phylogenetic analysis (Santini et al. 2013a). About its reproductive biology, Chonerhinos naritus 

is known to spawn oval eggs, which is a rare shape in fish eggs (Ahmad-Nasir et al. 2016; 2020). However, 

there is no such information on Auriglobus as well as its reproductive biology.  

The species of Auriglobus are popular as ornamental fish, however they are very similar to each other, difficult 

to identify, and often misidentified. 

In this chapter, DNA barcoding, morphological observation, and artificial insemination of Auriglobus 

modestus were attempted, its spawning manner, and egg and larval development were described. From these 

results, the spawning and phylogenetic relationship between Auriglobus and Chonerhinos was evaluated first 

and the differences in reproduction was discussed.  

 

2.1. MATERIALS AND METHODS 

 

2.1.1. Parental fish 
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Sixteen wild individuals collected from the Bangpakong River, Chachoeng Sao, Thailand, were purchased 

from a Japanese fish trader (Rio Co. Ltd.), June 10, 2019 and October 6, 2020. Three of these died before the 

reproductive experiments began in December 2019. The fish were separated into five closed 

circulating/filtering freshwater tanks, each accommodating two or three individuals, to avoid any conflict or 

biting behavior [2 tanks: 90 cm (L) × 36 cm (D) × 45 cm (H); 2 tanks: 60 cm (L) × 36 cm (D) × 45 cm (H); 1 

tank: 70 cm (L) × 70 cm (D) × 60 cm (H)]. Water temperatures were maintained at 26 ℃, pH between 7.59-

7.69, and the lighting regime of 1200 Lux 12 hours per day (7:00 AM - 7:00 PM). Half of the water was 

replaced once a week. Commercially prepared frozen chironomid larvae and dried meal worms (Natural Pet 

Foods Co., Ltd., Ibaraki, Japan) were provided to the fish satiation level once a day, with remaining food and 

excrement being removed daily.  

 

2.1.2. DNA extraction, PCR, and DNA sequencing 

Partial nucleotide sequences of the mitochondrial cytochrome oxidase subunit I (COI) gene (652 bp) in the 16 

parental fish were used for species identification by DNA barcoding. In addition, sequences of four additional 

pufferfish species [Pao cochinchinensis (purchased from Japanese fish trader, Rio Co. Ltd., the locality and 

date unknown) Tetraodon miurus (Rio Co. Ltd., the locality and date unknown), Arothron firmamentum 

(caught in Murotsu, Muroto city, Kochi Pref., on March 17, 2017), and Sphoeroides pachygaster (caught in 

Numazu city, Shizuoka Pref., on March 24, 2017)] were also determined in order to include them in the dataset 

for phylogenetic analysis and enhance the comparison among Tetraodontidae species (Yamanoue et al. 2006, 

2009, 2011; Santini et al. 2013a; Yamada et al. 2021). In every individual, genomic DNA was extracted from 
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the right pectoral fin using the QuickGene DNA tissue kit S (Kurabo Industries Ltd., Osaka, Japan). COI 

partial sequences were amplified by PCR with a primer set slightly modified from those designed by Ivanova 

et al. (2007) (COI-FishF2_t1: 5'-TCGACTAATCATAAAGATATCGGCAC-3, COI_FishR2_t1_Amod: 5'-

ACCTCTGGGTGGCCAAAGAATCAAAA-3). The PCR amplification method involved initial denaturation 

at 95 ºC for 1 min, followed by 30 cycles of denaturation at 95 ºC for 30 sec, annealing at 52 ºC for 40 sec, 

and extension at 72 ºC for 1 min using Ex-Taq DNA Polymerase (Takara Bio). PCR products were purified 

using Agencourt AMPure XP (Beckman Coulter, Inc., California, USA) and sequenced on an automated DNA 

sequencer SeqStudioTM Genetic Analyzer (Thermo Fisher Scientific K. K., Tokyo, Japan) using 

amplification primers and the BigDye Terminator v3.1 Cycle Sequencing Kit (ThermoFisher Scientific, 

Tokyo, Japan). The nucleotide sequences obtained in the present study were submitted to the DNA Data Bank 

of Japan (Accession Nos. LC704694 - LC704713). 

 

2.1.3. Species identification by BLAST search and phylogenetic analysis 

To confirm the species of the parental individuals used in the present study, a BLASTN search was carried 

out against the NCBI non-redundant (nr) database, using COI partial sequences of every individual as a query.    

The phylogenetic analysis compared sequences of the 16 parental Auriglobus specimens, four newly 

sequenced pufferfish species (Pao conchinchinensis, Tetraodon miurus, Arothron firmamentum, and 

Sphoeroides pachygaster), and published data for 19 additional pufferfish species (23 individuals) (Table 2.1). 

The ocean sunfish (Mola mola) was used as an outgroup. Nucleotide sequences were aligned by MAFFT 

v7.392 (Katoh and Standley 2013), and the best substitution model selected based on the Bayesian Information 



 

28 

 

Table 2.1. Species used for phylogenetic analysis. 

Accession No. in NCBI Species Reference 

LC704694-703 Amod01-Amod10 Present study 

LC704704-709 Amod11-Amod16 Present study 

LC704710 Pao_cochinchinensis Present study 

LC704711 Tetraodon_miurus Present study 

LC704712 Arothron_firmamentum Present study 

LC704713 Sphoeroides_pachygaster Present study 

LC586271 Pao_suvattii Yamada et al. (2021) 

NC_015348 Auriglobus_modestus Yamanoue et al. (2011)  

JQ681769 Auriglobus_modestus Santini et al. (2013a) 

AP011917 Auriglobus_modestus Yamanoue et al. (2011)  

JQ681770 Auriglobus_nefastus Santini et al. (2013a)  

JQ681848 Chonerhinos_naritus Santini et al. (2013a) 

KF027531 Chonerhinos_naritus Santini et al. (2013b) 

LC586270 Pao_abei Yamada et al. (2021) 

NC_015353 Pelagocephalus_marki Yamanoue et al. (2011)  

NC_015349 Omegophora_armilla Yamanoue et al. (2011)  

NC_010978 Canthigaster_coronata Yamanoue et al. (2009) 

NC_015365 Leiodon_cutcutia Yamanoue et al. (2011) 

NC_015369 Chelonodontops_pleurospilus Yamanoue et al. (2011) 

NC_015363 Tetraodon_mbu Yamanoue et al. (2011) 

JQ681839 Pao_palembangensis Santini et al. (2013a) 

NC_015366 Pao_cochinchinensis Yamanoue et al. (2011) 

JQ681838 Dichotomyctere_nigroviridis Santini et al. (2013a) 

NC_015339 Polyspina_piosae Yamanoue et al. (2011) 

NC_011636 Torquigener_brevipennis Yamanoue et al. (2009) 

AP006045 Takifugu_rubripes Yamanoue et al. (2006) 

NC_015352 Carinotetraodon_salivator Yamanoue et al. (2011) 

NC_011637 Lagocephalus_wheeleri Yamanoue et al. (2009) 

NC_015368 Colomesus_asellus Yamanoue et al. (2011) 

AP006238 Mola_mola Yamanoue et al. (2004) 
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Criterion (BIC). A phylogenetic tree was then constructed by the maximum-likelihood (ML) method; the 

model selection and ML tree construction being carried out using the MEGA X program package (Kumar et 

al. 2018). The reliability of each tree node was assessed by the bootstrap method with 1,000 replicates. 

 

2.1.4. Morphological identification 

Parental fish were also identified by morphological features, based on the caudal peduncle height and the 

direction of skin spines below the pectoral fin, according to the identification key for five species of Auriglobus 

given by Roberts (1982). Total length, standard length, and caudal peduncle height were measured to 0.1 mm. 

Spines on the body surface of dead specimens were stained with Alizarin Red and observed under a 

stereoscopic microscope.  

 

2.1.5. Hormone injection and artificial insemination 

Mature females (79.6 - 91.9 mm SL, 25.4 - 35.3 g BW) were larger and had the edge of the genital pore more 

expanded than those in mature males (54.9 - 64.5 mm SL, 7.4 - 10.7 g BW) (Fig. 2.1). The nasal pores became 

black in both sexes. Human chorionic gonadotrophin (ASKA Pharmaceutical Co., Ltd.) was injected (15 IU 

per g) on the left side of the caudal peduncle of specimens on four occasions: January 4th, and February 1st, 

13th, and 26th in 2021. Two to five days following such injection, artificial insemination (one female with 

one to four males) was conducted five times: January 7th, February 4th, 6th, 17th, and March 1st. The first 

four utilized a wet method (eggs and sperm mixed slowly in 5 ml freshwater, with a quantity of freshwater  
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Fig. 2.1. Mature parental Auriglobus modestus: a, adult female; b, adult male. Each scale bar shows 1.0 cm. 
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added subsequently), and on the final occasion, an isotonic method [eggs and sperm mixed slowly in 5 ml L-

sodium lactate ringer solution (TERUMO SOLULACT; TERUMO Co., Tokyo, Japan), with a quantity of 

freshwater subsequently added]. 

 

2.1.6. Incubation, rearing and observation of eggs and larvae 

The fertilized eggs were transferred into a 1.5 l bottle or 5 l plastic tank containing freshwater with 1 ppm 

methylene blue. The water temperature was maintained at 26 ℃ throughout incubation and rearing. Half of 

the water was replaced three times a day. The hatched larvae were reared in a 5 l plastic tank containing 1‰ 

brackish water, since the relatively low hatching rate of eggs in freshwater (described below) suggested that 

freshwater was unsuitable for incubation and rearing. Half of the water was replaced twice a day. Larvae were 

fed with Brachionus plicatilis from two days after hatching. 

Live eggs and larvae (unanesthetized) and specimens fixed in 1% formaldehyde solution were observed under 

a stereoscopic microscope equipped with a 3R Anyty WiFi Microscope ver.6.9.3 (Three R Co., Fukuoka, 

Japan) and photographed digitally. TL and NL of live fish were measured to 0.01 mm.   
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2.2. RESULTS 

 

2.2.1. Identification of parental fish 

DNA barcoding: 

Mitochondrial COI sequences in each of the 16 parental fish were identical or nearly so (pairwise nucleotide 

sequence identity among individuals: 99 - 100 %). The BLASTN search against the NCBI nr database revealed 

that COI sequences of the parental fish corresponded very closely to those of A. modestus, A. nefastus, and 

Ch. naritus. The phylogenetic analysis indicated that the parental fish and these three species formed a 

monophyletic clade (Clade A) with 100 % bootstrap probability (Fig. 2.2). COI sequences (652 bps) within 

the Clade A differed by 1 - 4 bps. From these results, it was considered impossible to identify species of 

Auriglobus and Chonerhinos by DNA barcoding. Therefore, species identification of parental fish was done 

by morphological method.  

 

Morphological identification:  

Bodies were compressed and oval; height was 37.9 - 53.0 % SL in females and 38.1 - 45.8% SL in males. The 

body height became the largest in the middle part of the trunk. Eyes were positioned above, formed roundly. 

Mouth opened at the anterior edge of the body; upper jaws were little elongated than lower jaw. The posterior 

edge of the upper jaw did not reach to the eyes. A couple of nostrils opened with the flap. Opercular pores 

were small and opened in front of the base of the pectral fin. The lateral line was single, indistinct. Scales were 
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Fig. 2.2. Maximum likelihood tree of the COI partial sequences in the 16 parental fish (Amod_01-16) and 23 

representative pufferfishes (four sequenced in present study and 23 obtained from NCBI database).  

Clade A 
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usually retracted; scales with spines on side of body anterior and ventral to pectral fin were close-set with 

these spines directed dorsally. In the living specimens, the caudal peduncle height was 14.4 - 17.1 % of the 

SL. Single dorsal fin and anal fin occurred posteriorlly; their outline formed roundish. The caudal fin was a 

little concaved. D: 22 - 25; A: 21 - 22; C: 9.  

The color of living specimen: the upper part on side of the body was metallic yellowish green, and the lower 

part was pearlish. The dorsal and anal fin were opal, translucent. Caudal fin was opal and translucent with 

black on its central part. 

Based on the morphological features identifying Auriglobus species (see Roberts 1982), such as the spine 

conditions below the pectoral fin and the caudal peduncle height, the present parental fish were corrected with 

A. modestes with the spines close-set and directed dorsally and the caudal peduncle height 13.5 - 14.9 % of 

SL (other Auriglobus species have the spines less close-set and directed dorsoposteriorly or posteriorly, and 

the caudal peduncle height 10.1 - 13.9 % of SL). Furthermore, the features such as: bodies were compressed, 

a paired nostril that opened with flap, shape of each fin (dorsal and anal: roundly; caudal: concave), lateral 

lines were indistinct, and anus opened anterior of anal fin; these agreed with the features of A. modestus shown 

in Bleeker (1850). Therefore, all parental fish were identified as A. modestus. 

 

2.2.2. Artificial fertilization and hatching 

The mean number of spawned eggs was 625.6 (range 272 - 928, SD 281.7, n = 5). No eggs were fertilized in 

the trials utilizing the wet method, whereas the isotonic method yielded 458 fertilized eggs (fertilized rate: 

61.3 %). Three days later, eight larvae hatched successfully (hatching rate: 1.7 %).  
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2.2.3. Eggs and Larvae 

Fertilized eggs: The oval eggs [mean long and short axes 2.05 mm (0.06 mm SD) and 1.68 mm (0.06 mm SD), 

respectively, n = 5] were demersal, adhesive, and transparent, with a mass of many small yellow oil globules 

(Fig. 2.3-a; three hours after fertilization). Two days after fertilization, the embryo had already appeared with 

transparent optic vesicles and a few melanophores dorsally on the gut (Figs. 2.3-b, 2.4-a). The eggs hatched 

three days after fertilization. 

One DAH [Fig. 2.4-b, 4.58 mm TL; mean 4.85 mm TL, and mean 4.54 mm NL (0.35 mm and 0.34 mm SD, 

respectively), n = 3], the yolk sac was large, with many oil globules remaining. The mouth remained closed, 

and optic vesicles were translucent. Small pectoral fin rudiments were observed in a fixed specimen. Finfolds 

were apparent along the dorsal aspect from the central nuchal region to the anus. Melanophores were present 

on the nuchal region, lateral gut surface, and ventral edge of the tail. Myotomes numbered 11 + 12 =23. 

Two DAH [Fig. 2.4-c, 5.10 mm TL; mean 5.06 mm TL, and mean 4.77 mm NL (0.03 mm and 0.04 mm SD, 

respectively), n = 3], the yolk sac had diminished, and the mouth opened, although feeding was not observed. 

The optic vesicles remained translucent. The dorsal and ventral finfolds had become slightly notched at the 

caudal peduncle. Melanophores were apparent on the snout, dorsal surface of the head, dorsal gut surface, and 

the edges of the dorsal and anal finfolds. 

Five DAH (4.51mm TL), some oil globules remained. The optic vesicles were black and pectoral finfolds 

larger. Melanophores covered the lateral gut surface and the entire body, except the caudal peduncle. Feeding 

on Brachionus larvae was observed. 



 

36 

 

 

Fig. 2.3. Fertilized eggs: A, three hours after fertilization; B, two days after fertilization. Each scale bar shows 1.0 

mm. 

  

a b
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Fig. 2.4. Developmental series of Auriglobus modestus: a, fertilized egg two days after fertilization; b, 4.58 mm larva 

1 DAH; c, 5.10 mm larva 2 DAH; d, 5.50 mm larva 7 DAH. Each scale bar shows 1.0 mm.  

a

b

c

d
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Seven DAH [Fig. 2.5-d, 5.50 mm TL; mean 5.47 mm TL and mean 5.22 mm NL (0.05 mm and 0.10 mm SD, 

respectively), n = 3], the body was spherical and the yolk sac completely absorbed. Rudimentary soft rays in 

the pectoral, dorsal and anal fins were apparent. 

All larvae had died by the eight day after hatching; the reason unknown.  

 

2.3. DISCUSSION   

DNA barcoding in the present study showed a high similarity of COI sequences (652 bps) between three 

species: A. modestus, A. nefastus, and Ch. Naritus; with 1 - 4 bps differences. Individuals with 99 % homology 

of COI sequence are generally considered to be at the same species level in DNA barcoding (Ward et al. 2009). 

A close phylogenetic relationship of Auriglobus and Chonerhinos was also shown in some previous studies 

(Tyler 1980; Roberts 1982; Santini et al. 2013a).  

Regarding reproductive biology, Auriglobus modestus and Chonerhinos naritus are similar in spawning oval 

eggs, resulting in relatively undeveloped hatched larvae with a large yolk sac, unopened mouth, unpigmented 

optic vesicles, and without membranous pectoral fins (present study, Ahmad-Nasir et al. 2016, 2020). These 

features are not shared by other fresh- and brackish water pufferfish genera, such as Carinotetraodon (see Doi 

et al. 2015), Dichotomyctere (see Doi et al. 2015; Watson et al. 2009; Zaucker et al. 2014), Leiodon (see Doi 

et al. 2015; Momota et al. 2022), Pao (see Doi et al. 2015), and Tetraodon (see Feigs, 1955); all of which have 

spawned spherical eggs and have more developed hatched larvae. The similarity apparently supports both in 

life-history aspects and/or genetic similarities between A. modestus and Ch. naritus.  
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In the present study, the hatching rate of artificial insemination of Auriglobus modestus was low under 

freshwater incubation. It was possibly caused by inappropriate rearing conditions for A. modestus eggs. The 

closely related species Chonerhinos naritus can be artificially fertilized and resultant larvae reared utilizing 

brackish water conditions (18 psu) (Ahmad-Nasir et al. 2016, 2020). Because A. modestus is also distributed 

in rivers and estuaries (Ebert 2001), it is likely to spawn and develop in such conditions, as Ch. naritus.  

As one of their common features, both Auriglobus and Chonerhinos spawn oval eggs (present study; Ahmad-

Nasir et al. 2016, 2020). Oval eggs have been known in groups such as bitterlings (Cyprinidae) (spawning 

into bivalve shells) and gobies (Gobioidea) and damselfishes (Pomacentridae) (spawning adhesive eggs 

thickly onto a substrate). They are relatively rare in open-water spawning fishes, except in species such as 

Engraulis japonicus and Scarus spp (Winn and Bardach 1960; Mito 1960, 1962; Hirai 2003). The functional 

significance of the oval shape of such eggs is unknown (Winn and Bardach 1960; Mito 1960, 1962; Hirai 

2003). On the other hand, the oval eggs of A. modestus and C. naritus (present study; Ahmad-Nasir et al. 2016, 

2020) are demersal and adhesive, and therefore the ecological significance of their eggs is possibly different 

from those of E. japonicus and Scarus spp. However, solving this question would require further investigation.  

 

In this chapter, information on the morphological features of eggs and hatched larvae in Auriglobus modestus 

was shown. Future studies to establish an artificial breeding method for A. modestus should consider the 

salinity conditions best suitable to insemination, incubation, and rearing.  

Phylogenetically close relationships between Auriglobus and Chonerhinos has been argued from a 

morphological perspective for a long time (Tyler 1980; Roberts 1982). In recent years, the same phylogenetic 
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relationship was also shown by molecular analysis (Santini et al. 2013a). Moreover, the genus Auriglobus 

includes several species that are very difficult to identify (Roberts 1982).  

Besides, the present study also showed close phylogenetic relationships of species in Chonerhinos and 

Auriglobus, suggesting a possible existence of some cryptic species in these groups. Future sophisticated 

genetic analyses will solve the mysteries of their relationships and classification.  
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CHAPTER 3: Reproduction and early development of the green pufferfish Dichotomyctere fluviatilis 

in captivity 

 

Dichotomyctere fluviatilis, one of the euryhaline puffer distributed in Asia, is a potentially beneficial species 

for genetic study because its related species D. nigroviridis was published and its whole genomic information 

as a model animal (Jaillon et al. 2004). It has also attracted attention as an edible fish having nutritional value 

(Ahmad-Chowdhury et al. 2019). 

In an evolutional viewpoint, Igarashi et al. (2013) treated this genus as an Asian brackish group and argued 

that it invaded into brackish- and freshwaters independently from the other genera. On the other hand, Santini 

et al. (2013a) showed that Dichotomyctere should be included in the same clade with other Asian genera 

sharing the same origin. Thus, there has been a controversy about their origin.  

About the reproductive biology of Dichotomyctere, there has been information on two species, D. nigroviridis 

and D. ocellatus (see Watson et al. 2009; Yamada 2013; Zaucker et al. 2014; Doi et al. 2015). Both are known 

to scatter many relatively small, spherical adhesive demersal eggs. 

In this chapter, through captive breeding with hormone injection, spawning manner and development of eggs, 

larvae, and juveniles of Dichotomyctere fluviatilis were described, and compared with marine and other 

freshwater puffers.  

 

 



 

42 

 

3.1. MATERIALS AND METHODS 

 

3.1.1. Parental fish 

Nine wild individuals (later determined to be five males and four females) caught in the Sunderbun Delta, 

eastern India, were purchased from a Japanese fish trader (Rio Co. Ltd.) on February 1, 2017. They were kept 

in a closed circulation–filtering aquarium (2200 l) at Osaka aquarium NIFREL. The water temperature was 

maintained at 27.0 ˚C without any special pH control (7.5 - 8.4), with a lighting regime of 100 Lux 12 hours 

per day (7:00 AM - 19:00 PM). The water conditions initially approximated to full-strength sea water (33 ‰) 

for about 20 days, before changing to brackish water [4 - 16 ‰ for about 11 months (from February 2017 to 

January 2018)], and subsequently reverting to sea water. Pieces of fish (mainly Trachurus japonicus) or 

invertebrates (mainly Pandalus eous) were fed to satiation level once a day (not fed on Sundays). The leftovers 

and excrement were removed daily.  

 

3.1.2. Hormone injection 

All fish were injected once with human chorionic gonadotrophin [10 IU per g (body weight, BW hereafter)] 

following Momota et al. (2022), into the left side muscle of caudal peduncle on May 12, 2019.  

Just before injection, the standard lengths (SL) of parental fish were 123.6 – 148.9 mm (mean 132.7 mm, n = 

5) in males and 142.6 - 183.6 mm (mean 157.1 mm, n = 4) in females. The BW of parental fish were 112.0 - 

231.0 g (mean 151.6 g, n = 5) in males and 235.0 - 400.5 g (mean 319.8 g, n = 4) in females. 
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3.1.3. Number of eggs spawned 

Because all the four females spawned and scattered lots of eggs on the aquarium floor at the same time, the 

number of spawned eggs by each female was roughly estimated from BW difference of female before (May 

12th) and after spawning (May 16th), as follows:  

Estimated number of spawned eggs = BW decrease (g) of spawned female × average number of 

fertilized eggs per g (counted three times) collected from the aquarium bottom.  

The counted eggs did not collect any sand or suspended dust on the surface. However, the number of spawned 

eggs was likely to have been underestimated because they were weighed after water absorption.  

 

3.1.4. Observation of development 

Development of the eggs (spawned on May 14, 2019) was observed after collection of eggs from the aquarium 

tank. Eggs, larvae, and juveniles were removed gently from the rearing tank (unanesthetized), photographed 

digitally under a stereoscopic microscope, sketched, and subsequently returned to the tank. Total length (TL) 

and SL (notochord length NL in larvae) were measured. 

 

3.1.5. Rearing of eggs and offspring  

Spawned eggs were transferred with a siphon to 303 l glass aquaria on May 17, 2019. The water temperature 

was kept at 27.0 ˚C, and salinity at 33‰, with moderate aeration. Half of the water was changed once a day. 
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Larvae, juveniles, and young fish were fed Branchionus species complex (0 - 34 days after hatching), Artemia 

larvae (24 - 60 days after hatching) and frozen Artemia larvae and pieces of fish (mainly Trachurus japonicus) 

or crustacean meat (mainly Pandalus eous) (from 42 days after hatching) twice a day. 

 

3.1.6. Growth 

Growth regression equations between TL, SL (y), and days after hatching (x) were calculated by simple 

regression analysis. 

 

3.2. Results 

 

3.2.1. Spawning 

Spawned eggs were found scattered on the substrate in the afternoon of May 14, 2019, two days after hormone 

injection (observation of spawning behavior was missed). The demersal adhesive eggs were translucent, 

spherical [mean 0.73 mm (0.05 mm SD, n = 5) in diameter], and unguarded by parental fish. Judging from 

decreases in body weight, all four females were thought to have contributed to the spawning event. Based on 

the decreased female body weights, the number of spawned eggs per female was estimated to have been more 

than 70,000 (Table 3. 1).  
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T a b l e  3 . 1 .  T h e  f e m a l e  s t a n d a r d  l e n g t h  ( S L  m m ) ,  b o d y  w e i g h t  ( B W  g )  b e f o r e  a n d  a f t e r  s p a w n i n g ,  w e i g h t  d i f f e r e n c e  ( g )  

a n d  e s t i m a t e d  n u m b e r  o f  s p a w n e d  e g g s .  

 

 

 B W    

S L  

b e f o r e  

s p a w n i n g  

a f t e r  

s p a w n i n g  

W e i g h t  

d i f f e r e n c e  

E s t i m a t e d  n u m b e r  o f  s p a w n e d  e g g s  

1 8 3 . 6   4 0 0 . 5   3 5 8 . 0   4 2 . 5   1 5 0 7 4 7 . 5   

1 4 5 . 3   2 3 5 . 0   2 1 5 . 0   2 0 . 0   7 0 9 4 0 . 0   

1 5 6 . 8   3 1 4 . 0   2 7 1 . 0   4 3 . 0   1 5 2 5 2 1 . 0   

1 4 2 . 6   3 2 9 . 5   3 0 7 . 5   2 2 . 0   7 8 0 3 4 . 0   

        1 1 3 0 6 0 . 6  ( m e a n )  ±  3 8 6 6 0 . 2  ( s t a n d a r d  d e v i a t i o n )  
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3.2.2. Egg development 

One day after spawning (Figs. 3.1-a, 3.2-a): Notochord apparent, with a mass of small translucent oil globules. 

Three days after spawning (Figs. 3.1-b, 3.2-b): Melanophores and erythrophores were apparent on ventral 

surface of the abdomen, with a few melanophores associated with yolk sac; optic vesicle apparent.  

Four or five days after spawning: Eggs hatched.  

 

3.2.3. Larval development 

Hatched larva (Figs. 3.1-c, 3.2-c): Yolk sac larvae measured mean 1.87 mm NL and mean 2.00 mm TL (0.19 

mm SD and 0.17 mm SD, respectively, n = 5), with mouth already opened, and optic vesicle black; pectoral 

and dorsal finfold apparent on side of the body and from the central body region through notochord end to 

anus respectively; melanophores apparent on the ventral abdominal surface, and xanthophores on the dorsal 

gut surface; myotomes numbered 12 or 13 + 9 or 8 = 21.  

Nine DAH (Fig. 3.2-d): Larvae measured mean 2.42 mm NL (SD; 0.26 mm, n = 3), mean 2.57 mm TL (SD; 

0.31 mm, n = 3), with a spherical body; oil globules remaining dorsally on gut, although feeding initiated; 

melanophores widespread dorsally on head and body; notochord flexion not started; myotomes numbered 13 

+ 8 =21.  

17 DAH (Fig. 3.2-e): Larvae measured mean 3.48 mm NL (0.53 mm SD, n = 3), mean 3.73 mm TL (0.61 mm 

SD, n = 3); finfolds greatly reduced, and rudimentary soft rays of pectoral, dorsal and anal fins apparent; 

Chromatophores widespread dorsally on head and body, and melanophores ventrally on body.  
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Fig. 3.1. Photos of eggs, larvae, and young fish of Dichotomyctere fluviatilis: a, egg one day after fertilization; b, egg 

three days after fertilization; c, newly hatched larva; d, young fish after three months (ca. 30 mm TL).   
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Fig. 3.2. Developmental series of eggs, larvae, and juveniles of Dichotomyctere fluviatilis: a, 0.76 mm egg, one day 

after fertilization; b, three days after fertilization; c, 1.87 mm newly hatched larva; d, 2.43 mm larva, 9 DAH; e, 3.48 

mm larva, 17 DAH; f, 7.12 mm juvenile, 27 DAH; g, 8.97 mm juvenile, 35 DAH; h, 19.39 mm juvenile, 79 DAH.  
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3.2.4. Juvenile development 

27 DAH (Fig. 3.2-f): Body length measured mean 7.12 mm SL (0.24 mm SD, n = 3), and mean 7.39 mm TL 

(0.73 mm SD, n = 3); notochord flexion completed, and fin ray numbers had attained adult complement 

(pectoral fin 22, dorsal fin 13, anal fin 11, and caudal fin 11); entire body brownish, covered with 

chromatophores. 

35 DAH (Fig. 3.2-g): Body length measured mean 8.82 mm SL (0.19 mm SD, n = 3), and mean 11.57 mm TL 

(0.26 mm SD, n = 3); body greenish dorsally, with three or four blackish saddle bands, and pearly white 

ventrally, with many blackish dots.  

80 DAH (Figs. 3.1-d, 3.2-h): Body length measured mean 18.65 mm SL (1.62 mm SD, n = 3), and mean 1.78 

mm TL (1.62 mm SD, n = 3); body greenish dorsally, with two blackish saddle bands over eye and central 

body, and pearly white ventrally, as in adults; a few black blotches apparent posteriorly on body and tail.  

 

3.2.5. Growth 

TL and SL growth measurements (n = 60) are shown in Fig. 3.3 [Regression equation for TL, y =0.3077x+ 

0.779 (determination coefficient 0.9751, black circles and solid line); regression equation for SL, y = 0.2529x 

+ 0.5479 (determination coefficient 0.9758, gray triangles, and dotted line)]. 
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Fig. 3.3. Growth of Dichotomyctere fluviatilis spawned on May 14th, 2019 (black circles indicate TL of each 

individual; solid line indicates regression line of TL; gray triangles indicate NL or SL of each individual; dotted line 

indicates regression line of NL or SL) 
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3.3. DISCUSSION 

Dichotomyctere fluviatilis spawned in full-strength sea water (33 ‰ salinity) two days after hormone injection, 

the first instance reported for the species. The demersal spherical, translucent, and adhesive eggs were 

scattered on the tank floor, without any parental protection. Some information on the reproductive biology of 

congeners, including D. ocellatus (treated as Tetraodon biocellatus) and D. nigroviridis, is available as shown 

in Table 3.2 (Watson et al. 2009; Yamada 2013; Zaucker et al. 2014; Doi et al. 2015). All the three species 

(D. fluviatilis, D. ocellatus, and D. nigroviridis) reported to spawn demersal adhesive eggs scattered on the 

bottom with no parental protection (Watson et al. 2009; Yamada 2013; Doi et al. 2015). Species of 

Dichotomyctere are likely to scatter eggs without egg protection. Compared with other freshwater puffer 

genera, the spawning manner of Dichotomyctere is similar to Carinotetraodon (Doi et al. 2015) with features 

such as no parental egg protection and spawning a large number of small eggs. However, numbers of eggs 

spawned by Dichotomyctere species are over 70,000 in D. fluviatilis, over 1000 in D. ocellatus (Doi et al. 

2015), and 8000 -10000 in a female of D. nigroviridis (Watson et al. 2009; Yamada 2013). This is much more 

than other freshwater pufferfishes such as Carinotetraodon (<600). In this point, their reproduction resembled 

most marine puffers, known to spawn a large number of small eggs without egg protection [Canthigaster 

rivulata: 0.53 - 0.73 mm, 10000 - 17000; Canthigaster rostrata: 0.66 mm, 971; Cantigaster valentini: 0.68 - 

0.72 mm, 15 - 876 (per a batch); Takifugu niphobles: 0.87 mm, 15000; Takifugu pardalis: 1.31 mm, 68000; 

Takifugu poecilonotus: 1.14 mm, 24000; Takifugu snyderi: 1.00 mm, 70000; Takifugu stictonotus: 1.09 mm, 

50000 (Fujita 1962; Fujita and Shinohara 1986; Arai and Fujita 1988; Stroud et al. 1989; Sikkel 1990; Doi et 

al. 2014)]. 
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T a b l e  3 . 2 .  S p a w n i n g  d a t a  f o r  t h r e e  s p e c i e s  o f  D i c h o t o m y c t e r e  f l u v i a t i l i s ,  D .  o c e l l a t u s ,  a n d  D .  n i g r o v i r i d i s .  
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In salinity conditions for spawning Asian freshwater and brackish water pufferfishes, information of six genera 

is available. Spawning on brackish or full-strength sea water was known in Dichotomyctere and Chonerhinos. 

Spontaneous maturation and spawning without hormonal treatments have been observed only under brackish 

water conditions in D. ocellatus (9 ‰ salinity, Doi et al. 2015) and D. nigroviridis (>14 ‰ salinity, Yamada 

2013). On the other hand, all instances in full-strength sea water (33 ‰ salinity) such as in D. fluviatilis 

(present study) and D. nigroviridis (Watson et al. 2009; Zaucker et al. 2014) required hormone injection. 

Moreover, the trials by Watson et al. (2009) and Zaucker et al. (2014), which failed to result in spontaneous 

spawning, and required artificial insemination instead, resulted in uncertain salinity requirements for 

reproduction. Dichotomyctere species were known as euryharine species, distributed a wide area of coastal, 

brackish, and river waters (Ebert 2001). Brackish water conditions may be appropriate not only for 

spontaneous maturation and spawning, but also for rearing larvae and juveniles. Therefore, future 

investigation of suitable salinity conditions should improve the breeding of Dichotomyctere puffers in 

captivity.  

The growth rate of D. fluviatilis (present study: 60.27 mm mean TL 180 DAH; growth coefficient GC 0.3077) 

was about 2.5 times that of D. ocellatus (Doi et al. 2015: 22.56 mm mean TL 180 DAH; GC 0.116), reflecting 

their adult size difference; D. fluviatilis attaining twice the size of D. ocellatus (Ebert 2001). However, 

offspring obtained in the present study were reared in only full-strength sea water. As described above, this 

species is widely distributed in freshwater, brackish, and coastal waters (Ebert 2001). Not only its adults but 

also eggs, larvae, and juveniles might be able to survive in a variety of salinities. Hence, there remains room 

for the clarification of the relationship between salinity conditions and their growth. 
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Regarding to pigmentation patterns of hatched larvae, it was shown that chromatophores are distributed only 

on the gut, xianthophores on the dorsal side, and melanophores on the ventral side in D. fluviatilis, here. In 

Dichotomyctere species, morphologilcal information of larvae has been described in two species, D. 

nigroviridis and D. ocellatus (Zaucker et al. 2014; Doi et al. 2015). D. nigroviridis was described as: the body 

is covered with rich and colorful pigmentation except the tail (Zaucker et al. 2014). D. fluviatilis, in contrast, 

had a poor pigmentation pattern and limited ventral side and dorsal side of the gut. Therefore, in hatched 

larvae, this species was identified from D. nigroviridis by its pigmentation pattern. D. ocellatus described that 

melanophores covered the surface of the gut and bush-like erythrophores covered the head and body to the 

anus, rich pigmentation covered everywhere except the tail in hatched larvae (Doi et al. 2015). D. fluviatilis, 

in contrast, had only melanophores and xanthophores. The color of chromatophore in larvae was thought to 

become a taxonomic character between the two species. From this information, color and pigmentation 

patterns of chromatophores were considered to be useful characters for identified Dichotomyctere larvae. 

However, there is few information about three out of the six species in Dichotomyctere. Therefore, more 

information about the unknown three species is needed for discussion about identification in Dichotomyctere 

larvae.  

 

The results of the present study should provide useful information for future breeding trials of Dichotomyctere 

species. The aquarium-bred offspring as the present study should also be available for future aquaculture 

studies such as the pufferfish toxicology as shown by Zhu et al. (2021).  
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Besides, Dichotomyctere is thought to be like marine pufferfish from an ecological viewpoint, as shown in 

this chapter. These results suggest the possibility that this genus was not well adapted to freshwater habitats 

yet. Therefore, Dichotomyctere might be a relatively primitive group among freshwater and brackish water 

pufferfishes.    
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CHAPTER 4: Tandem spawning and development in the African freshwater pufferfish Tetraodon 

schoutedeni 

 

Tetraodon schoutedeni is a freshwater pufferfish, distributed in Africa. Tetraodon is the only freshwater genus 

distributed in Africa, and phylogenetically far from the other freshwater genera (Yamanoue et al. 2011; 

Igarashi et al. 2013; Santini et al. 2013a). About their reproductive behavior, Feigs (1955) reported that the 

female swims with males while biting her belly during spawning (tandem spawning). However, the details 

were not shown, and there is no morphological information about its larvae and juvenile. 

In this chapter, through captive breeding of Tetraodon schoutedeni, details of their reproductive behavior and 

early development were described, and the biological significance of their tandem spawning was discussed.  

 

4.1. MATERIALS AND METHODS 

 

4.1.1 Parental fish and rearing  

Eight individuals of Tetraodon schoutedeni (Fig. 4.1), approximately 60 mm total length (TL), were all wild 

caught in the Lua River, Ubangi River basin, Republic of Congo, were purchased from a Japanese fish trader 

(Rio Co. Ltd.) in October 2015, and maintained in a closed circulation/filtering cylindrical aquarium (170 l 

capacity) containing freshwater, at Osaka Aquarium NIFREL. One-third of the rearing water was replaced 



 

57 

 

Fig. 4.1.  Tandem swimming of Tetraodon schoutedeni, the male biting and clinging to the female.  
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with new water once a week. Water was maintained at 24 – 25 ˚C and pH 6.4 – 7.7, with a daily light period 

from 07:00 – 19:00. The aquarium floor was covered with sand [4 mm ⌀ (MeritSand, Matsuda Co. Ltd.)] to 3 

cm depth, together with sunken wood and the water plants Aubias barteri, Hemionthus micronthemoides, and 

Microsorium pteropus. Commercially prepared chironomid larvae and compound feed (NEOPROS) (Kyorin 

Food Industries, Hyogo, Japan) were provided to fish satiation level once a day, and uneaten food and 

excrement removed daily. 

 

4.1.2 Observation  

Spawning behavior of T. schoutedeni spawning behavior were recorded intermittently by video camera or 

mobile phone, and photographed by a digital camera (Table 4.1). Visual observations were also noted. 

Spawned eggs scattered on the substrate were collected with a glass pipette, counted, and measured in a glass 

Petri dish. In one instance, when spawning was videoed, eggs just released into the water were counted from 

the video. 

Eggs and larvae were observed and measured using a binocular microscope equipped with a measuring system, 

following anesthetization with FA100 (Bussan Animal Health Co., Ltd., Osaka, Japan). Standard length (SL, 

notochord length of early stage and body length of later stage larvae) and total length (TL) were measured.   

Definition and terminology of developmental intervals followed Okiyama (2014): larval period, the stage 

before the complete development of countable characters; preflexion stage, the larval stage before notochord 
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T a b l e  4 . 1 .  S u m m a r y  o f  t a n d e m  s w i m m i n g  a n d  s p a w n i n g  o f  T e t r a o d o n  s c h o u t e d e n i  o b s e r v e d  i n  c a p t i v i t y  f r o m  

M a y  2 0 1 6  t o  N o v e m b e r  2 0 1 7 .  

  

before

spawning
1

between two

spawnings

after

spawning

10th May 2016 unknown — unknown 17:00 20 eyes only spawned eggs were

found

20th May 2016 90 — 0 14:30 50 eyes actual spawning failed to

observe

7th July 2016 65 — 0 17:05 3 eyes

movie recorded 2 times

for 47 seconds in total

two males attatched for

several minutes

27th July 2016 70 — 0 17:10 21 eyes two males attatched for

several minutes

9th November 2016 70 — 10 19:10 31 eyes

movie recorded for 459

seconds

spawned eggs were

counted from video

movie

1st January 2017 70 — 30 17:10 20 eyes

movie recorded 6 times

for 54 seconds in total

two males attatched for

several minutes

25th August 2017 10 — — — 0 eyes not spawn

3rd September 2017 50 — — — 0 eyes not spawn

4th November 2017 150 100 0 16:00

17:40

38 eyes

movie recorded 3 times

for 165 seconds in total

eggs were collected after

the second spawning

9th November 2017 unknown — unknown 17:00 32 eyes only spawned eggs were

found

1
 From noticing of tandem swimming to spawning or finding eggs

RemarksTandem duration (minutes)Spawning or

tandem  date

Time of

spawning or

finding eggs

Number of

collectable

eggs

Observation
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flexion; flexion stage, the larval stage incorporating notochord flexion; postflexion stage, the larval stage 

following completion of notochord flexion; and juvenile period, the stage immediately following the larval 

stage, characterized by adult complements of countable characters (e.g., fin rays). 

 

1.3 Rearing of eggs and larvae  

The eggs were subjected to antibacterial treatment with 1 ppm methylene blue solution after collection. 

Subsequently, both collected eggs and hatched larvae were reared in 5 or 7 l plastic tanks set in a water bath 

(24–25 ˚C). From two days after hatching, fish larvae were fed initially with small type Brachionus (B. 

plicatilis spp. complex), with B. calyciflorus added from 18 days, and the latter only from 20 days. Moinidae 

sp. were added from 48 days, Moinidae sp. only from 50 days, and Artemia larvae added from 60 days, Artemia 

larvae and chironomid larvae were supplied from 70 days, and chironomid larvae only from 90 days. One-

third of the tank water was changed, and leftovers and excrement removed daily. 

 

4.2. RESULTS 

 

4.2.1. Spawning  

The sex of each parent fish was not apparent at the time of carry in October 2015, but became clear in the 

2016 summer (three females and five males), the former being slightly larger and more swollen than the latter, 

as indicated by Preston John Aquatics (PJA) (2021). Although Kyoto Freshwater Pufferfish Institute (KFPI) 
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(2021) indicated that males had a shorter snout and darker cheek spot than females, such were not confirmed 

in present study.  

Spawning occurred six times between May 10, 2016 and January 1, 2017, and twice on 4th and 9th November 

2017 (Table 4.1). Tandem swimming with no actual spawning was also observed twice, on August 25, and 

September 3, 2017. Tandem swimming always started in the afternoon, with spawning occurring in late 

afternoon. The largest pair at first spawning comprised 55.0 mm SL (70.9 mm TL) female, and 51.5 mm SL 

(68.5 mm TL) male. Whether or not the same female and male were involved on other spawning occasions 

was uncertain due to the sizes of the other fish being similar in both sexes.  

Four video recordings of tandem spawning (July 7, and November 9, 2016; January 1, and November 4, 2017). 

There were no signs of male pursuit or ambushing of females. Despite that the female sometimes avoided or 

swam away from nearby males before attachment, the female in tandem swimming pair delivered little 

warning to other surrounding individuals (Figs. 4. 1, 4. 2-a). 

Successive spawning behavior, from pre-spawning tandem, spawning to post-spawning tandem, occurred on 

November 4, 2017 and was recorded by video (NIFREL 2021). A male was observed biting and clinging to 

the abdomen of a female, midway between the pectoral fins and anus. The female sometimes tried to shake 

off the male, but without inflating her body. Instances of tandem swimming followed by successful spawning 

which lasted for 65 – 150 minutes (Table 4. 1, Fig. 4. 2-b). At such times, the female continued swimming, 

searching for and pecking at food as normal, with the male clinging without any action like pushing (Fig. 4. 

2-c). A second male bit and clung onto the female on three occasions, July 7 and 27, 2016, and January 1, 

2017 (Fig. 4. 2-d), the initial male making no attempt to prevent or block the second male biting. The second 
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Fig. 4.2 Diagrammatic tandem spawning behavior of Tetraodon schoutedeni: a, a male biting and clinging to the 

female abdomen; b, tandem swimming; c, the female pecking at food while the male clings passively; d, two males 

biting and clinging to the abdomen of a female; e, reorientation of the male prior to spawning; f, spawning of the 

tandem pair.  
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male bit the female on a more lateral aspect (anteriorly or posteriorly) on the abdomen than the initial male, 

maintaining its position for several minutes before departing. Just prior to spawning, the male pushed the 

abdomen of the female repeatedly with its head. Both fish bodies then trembled, with the male upturning its 

body, thereby enabling its abdomen to oppose that of the female (Fig. 4. 2-e). Shortly thereafter, spawning 

took place, the female rising upwards swiftly (Fig. 4. 2-f). The weakly adhesive eggs were scattered on the 

sand, sunken wood, and leaves, being unguarded by either parent. Batch sizes ranged from 3 – 50 eggs, 

partially eaten by cohabitants. A video of spawning on November 7, 2016 revealed 31 eggs released.  

Repeated spawning over an interval of 100 min of tandem swimming, occurred on November 4, 2017. This 

spawning series was interrupted by the brief departure of the male for a while. After the second spawning, the 

male quickly departed from the female. In other cases, the male also departed quickly from the female after 

spawning, although in two instances the male clung continuously to the female, for a further 10 min 

(November 9, 2016) and 30 min (January 1, 2017), but without subsequent spawning. A weak bite mark was 

seen on the abdomen of the female, but no apparent of a wound or bleeding. 

 

4.2.2. Development  

The following observations were based on eggs spawned on May 20, 2016 (to 10 days after hatching) and on 

July 27, 2016 (from 20 days after hatching). 

Mean egg diameter was 0.91 mm (0.01 mm SD, n = 12), the eggs being spherical, transparent, demersal, and 

weakly adhesive (typically picking up incidental matter on the surface), with a mass of small oil globules (Fig. 
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4. 3-a, 0.90 mm diameter, two hours after spawning). The embryo was obvious after two days, and the eyes 

after five days. Hatching occurred seven days after spawning.  

Larvae at hatching (Fig. 4. 3-b, 2.15 mm SL, preflexion stage) were mean 2.21 mm SL (0.08 mm SD, n = 5) 

and mean 2.34 mm TL (0.02 mm SD, n = 5), with the eyes well developed, mouth and anus opened slightly, 

and a pectoral finfold and continuous dorsal, caudal, and anal finfolds apparent. Melanophores and 

erythrophores occurred mainly dorsally on the head, under the brain and around the eyeballs, around the anus 

and under the mid-caudal region, as well as anteriorly on the yolk surface. Weak xanthophores were apparent 

dorsally on the head to the caudal region, and on the caudal finfold. A large yolk persisted at this stage. Larvae 

1 DAH (Fig. 4. 3-c, 2.46 mm SL, preflexion stage) were mean 2.48 mm SL (0.03 mm SD, n = 5) and mean 

2.62 mm TL (0.04 mm SD, n = 5), and 2 DAH (Fig. 4. 3-d, 2.59 mm SL, preflexion stage), mean 2.57 mm SL 

(0.07 mm SD, n = 5) and mean 2.72 mm TL (0.02 mm SD, n = 5). Chromatophores became scattered and 

denser. Although the yolk was fully absorbed, larvae remained on the bottom without feeding. After three 

days, the mouth and eyes moved, and larvae began to swim and actively feed. Prey of Brachionus spp. were 

observed in the gut on day 4. 

Ten DAH, larvae had attained mean 2.94 mm SL (0.05 mm SD, n = 3) and mean 3.08 mm SL (0.05 mm SD, 

n = 3), and actively swam and fed (Fig. 4. 3-e, 2.97 mm SL, preflexion stage), although still lacking 

rudimentary rays of any fins. Melanophores had developed in bands between the eyes and on the dorsum, with 

xanthophores obvious on the head, body sides and caudal region. Erythrophores were present on top of the 

eyes, around the pectoral fins and on the body sides.  

Notochord flexion had already started by day 20 in mean 4.95 mm SL (0.20 mm SD, n = 5) and mean 6.08  
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Fig. 4.3  Development of Tetraodon schoutedeni: a, egg, two hours after spawning, 0.90 mm diameter; b, just-

hatched larvae, 2.15 mm standard length (SL); c, one DAH larva (preflexion stage), 2.46 mm SL; d, 2 DAH larva 

(preflexion stage), 2.59 mm SL; e, 10 DAH larva (preflexion stage), 2.97 mm SL; f, 20 DAH larva (flexion stage), 

5.38 mm SL; g, 30 DAH juvenile, 5.51 mm SL; h, 50 DAH juvenile, 9.55 mm SL.   
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mm TL (0.18 mm SD, n = 5) larvae, with rudimentary fin rays obvious in all fins, and chromatophores spread 

over the back and sides of the body (Fig. 4. 3-f, 5.38 mm SL, flexion stage).  

Notochord flexion and all fin rays were completed by day 30 in mean 5.55 mm SL (0.30 mm SD, n = 5) and 

mean 6.95 mm TL (0.30 mm SD, n = 5), being the onset of the juvenile stage (Fig. 4. 3-g, 5.51 mm SL, 

juvenile). Irregularly shaped xanthophores had developed on the pectoral and caudal fin bases, and 

erythrophores on the dorsal and anal fin bases, caudal region and caudal fin edge. Individuals had grown to 

9.55 mm SL and 12.81 mm TL by day 50 (Fig. 4. 3-h, n = 1, juvenile), mean 9.13 mm SL (0.59 mm SD, n = 

5) and mean 11.87 mm TL (0.97 mm SD, n = 5) by day 60, mean 23.30 mm SL (1.00 mm SD, n = 3) and 

mean 30.32 mm TL (1.22 mm SD, n = 3) by day 180, and mean 27.92 mm SL (2.36 mm SD, n = 3) and mean 

35.84 mm TL (2.91 mm SD, n = 3) by day 360.  

 

4.3. DISCUSSION 

 

4.3.1. Breeding of Tetraodon schoutedeni in captivity  

Feigs (1955) observed tandem swimming and spawning of Tetraodon schoutedeni on two occasions; on 16th 

February 1955, two males successively bit the abdomen of a female and formed a tandem trio for about 2 

hours from 7:00 PM, but actual spawning was not seen; on March 14, 1955, a tandem trio formed at 7:30 PM, 

although the third male tried to participate, it departed soon. Spawning by the trio occurred at 8:40 PM, 

yielding about 80 eggs, followed by additional spawning at 1–2 min intervals. After the observer removed 
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other cohabitants to protect the spawned eggs, the trio again started spawning repeatedly (seven times from 

9:23 PM to 9:39 PM), resulting in 30–60 eggs each time (over 400 eggs in total). The trio separated after 20 

min. 

The present observations and those of all the videos recently published online (AQUAPICASSO 2022; 

GeoPhilgus Fishkeeping 2018; KFPI 2018a,b; Monaco Fish 2020; NIFREL 2021; PJA, 2018a,b,c,d;2021; 

TOEKIEWORLD–Marc 2018) were essentially similar to those of Feigs (1955), though a sequence of the 

male initially biting and clinging to the female abdomen was not observed in any case of both previous videos 

and present study.  

In the present observation, there were no signs of male pursuit or ambushing of females before tandem 

swimming. In contrast, the female sometimes avoided or swam away from nearby males and seemed to evade 

approach of the male. Therefore, to succeed spawning, males might need to approach the female sneakily. 

Besides, despite that the female sometimes avoided or swam away from nearby males, tandem swimming pair 

with little warning and surrounding individuals (Figs. 4. 1, 4. 2-a). The males biting behaviors might stimulate 

females into spawning. Therefore, the behaviors might be the initial sign of its spawning without any 

indication. However, the present observation was intermittent, long-term observation such as recording by 

fixed pointed camera is necessary to clarify the detail of the male initially biting and clinging to the female 

abdomen.  

After tandem swimming for a while, the tandem pair suddenly rose toward the near surface and spawned 

dozens of eggs in a single release (Feigs 1955; KFPI 2018b; PJA 2018c, 2018d; present study). Although PJA 

(2018c) and TOKIEWORLD-Marc (2018) suggested cave spawning, contrary to the above observations, its 
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behavior could not be observed in their videos. PJA (2018a) and GeoPhilgus Fishkeeping (2018) both 

suggested male protection of spawned eggs, but also could not be observed. 

The number of spawning times in a single overall spawning period varied considerably, once or twice at most 

yielding fewer than 100 eggs in total. In contrast, in previous information, the number of spawning times in a 

single overall spawning period were described as several times, more than the present study (Feigs 1955; PJA 

2018d). Moreover, the total number of eggs were also larger, over 400 (Feigs 1955) or 300 eggs (PJA 2018d). 

A possible reason for such differences may be the nutritional status of the fish [fed with commercially prepared 

feed during the present study, and with freshwater snails, possibly natural food in the wild, during Feigs’ 

(1955) and PJA’s (2018a) observations]. Snail feeding of T. schoutedeni is also recommended by many 

aquarium hobbyists, such as GeoPhilgus Fishkeeping (2018), Sykes (2020) and PJA (2022), not only for 

nutrition but also for keeping teeth short and healthy. The male clung continuously after spawning during the 

present study, but further spawning did not occur, possibly due to the poorer conditioned female caused by 

unbalanced food condition of this study. 

Some of the spawned eggs were devoured by cohabitants, as Feigs (1955) and PJA (2018d) noted, and possibly 

by the parental male as well. Whether or not such egg cannibalism occurs in the wild is also unknown. 

The sizes of eggs (mean 0.91 mm diameter) and hatched larvae (mean 2.21 mm SL) of T. schoutedeni were 

similar to those of marine puffers, such as Takifugu spp. (Doi et al. 2014, 0.87–1.31 mm diameter and 2.17–

2.90 mm SL, respectively). This reflects the similar sizes of natural food of both T. schoutedeni larvae and 

marine puffers, such as Takifugu spp. In any case, organisms such as small type Brachionus spp., as used for 
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initial food in the present study, are important for rearing early larval T. schoutedeni. Elsewhere, KFPI (2022) 

and PJA (2022) bred larvae by providing rotifers and Paramecium with rotifers, respectively, as initial food. 

In contrast, the hatching days of this species was seven days in the present study, relatively longer in freshwater 

pufferfishes without egg protection (Doi et al. 2015). This result might be caused by the rearing temperature. 

In the previous study, eggs hatched at the fifth day after spawning, and the author reared eggs at 77 - 80 °F 

(about 25 - 26 °C) (Feigs 1955). In the present study, rearing temperature was maintained at 24 - 25 °C, lower 

than previous studies of other freshwater pufferfishes (25 – 26 °C, Doi et al. 2015). Therefore, this result was 

caused by temperature.  

 

4.3.2. Function of tandem spawning  

The tandem spawning of T. schoutedeni (GeoPhilgus Fishkeeping 2018; KFPI 2018a,b; Monaco Fish 2020; 

NIFREL 2021; PJA, 2018a, b, c, d, 2021; TOEKIEWORLD–Marc 2018; present study) and T. lineatus (e. g. 

Fang 2020) was unknown in other tetraodontids. In the latter species, a pair performed tandem swimming for 

a while (Adrian 2016; Crazypufferfish 2022), abruptly rising to the near surface and releasing eggs (Fang 

2020), a behavioral sequence similar to that observed in T. schoutedeni.  

As function of biting and clinging (tandem) behavior of Tetraodon, two functions would be hypothesized.  

① Preoviposition mate guard 

② Ensuring successful fertilization   
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“Preoviposition (or precopulatory) mate guard” by males prevails among many animals, such as arthropods 

and anuran amphibians (e. g. Ridley 1983). For example, in many crab species, male precopulatory guarding 

of females persists from hours to days, with preoviposition guarding also occurring in possible multi-

copulating species (e. g. Koga 2007). Tandem flying in many dragonflies is observed in detail, males 

undertaking pre- and post-copulation (namely, preoviposition) guarding by clasping the neck or head of the 

female with the tip of its abdomen (e. g. Corbet 1999; Watanabe 2015). In frogs, preoviposition guarding is 

common, wherein the male clasps the female with its front legs for hours to days (e. g. Light 1976; Ridley 

1983). Such behavior functions as female monopolization in the male competitive system (Ridley 1983). In 

T. schoutedeni, on the other hand, such monopolization of females is less important than in the above examples, 

since the first clinging male did not exclude a second male. The clinging position on the female would be 

more significant for the male as discussed below. Therefore, tandem spawning in T. schoutedeni and T. 

lineatus would have exclusionary effect on monopolization by the first male. 

Male lampreys use their sucking disc to attach to the head of a female, curling their tail around the genital 

pore of the latter, a body position ensuring successful fertilization of eggs (e. g. Hardisty and Potter 1971; 

Scott and Crossman 1973). Many male elasmobranchs bite the cheek or fin of the female to maintain a 

copulating posture (e. g. Uchida et al. 1990; Parsons et al. 2008). In the same manner, the male T. schoutedeni 

apparently maintains the best spawning posture by clinging to a specific position on the abdomen of the female. 

A second male, limited to a less appropriate position, may be restricted to less successful spawning.  

An extreme example of tandem mating is that of deep sea Ceratoidei, wherein a male is attached permanently 

to a female as a sexual parasite (e. g. Pietsch 1976, 2005). Such male-female associations would be crucial for 

the timing of successful spawning in the isolating deep-sea environment. Obligatory sexual parasitism is 
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known for six genera, facultative parasitism for three genera, and temporary nonparasitic attachment for five 

families, among Ceratoidei (11 families, 35 genera, and 160 species) (Pietsch 2005). The females of obligatory 

parasitic species do not develop ovaries without an attached male. Females of facultative parasitic species, 

however, can develop ovaries with or without a parasitic male. On the other hand, small free-living males 

(third category) attach temporarily to females for spawning (Pietsch 1976). In obligatory parasitism, the male 

apparently stimulates maturation of the female. If neither male nor female is ready to spawn in a facultative 

parasitic or non-parasitic species, the male remains attached until spawning occurs. Therefore, the longer the 

male remains attached, the greater the chance of becoming permanently fused as a parasite (Pietsch 1976, 

2005). The attached male possibly stimulates not only maturation but also ovulation of the female. Being able 

to sense the latter accurately when attached would ensure successful fertilization. Therefore, tandem mating 

of deep sea Ceratoidei was thought to have a functional role not to guard the preoviposition mate or ensure 

successful fertilization, but to stimulate its female into maturation and ovulation. Tandem spawning in T. 

schoutedeni and T. lineatus are similar to that of the temporary nonparasitic attachment species of Ceratoidei, 

wherein the clinging male stimulates the pre-ovulatory female, waits for ovulation, and spawns at the 

appropriate time in the most appropriate position. 

However, a behavioral difference between these species was apparent during tandem swimming. Whereas the 

female T. schoutedeni swims and drags the clinging male, the male T. lineatus often initially swims and pushes 

the female from the underside, shaking and rubbing its abdomen against that of the female. Additionally, 

whereas the male T. schoutedeni actively pushes the female and upturns its body immediately prior to 

spawning, probably sensing female ovulation, the male T. lineatus clings in the upturned posture, continually 

rubbing its abdomen against the female, seemingly stimulating female ovulation. In both instances, the 
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proximity of the males to the females enables them to sense the readiness of the latter to spawn. At the moment 

of spawning, the cloacas of the male and female fish appeared to be closely adjacent, likely ensuring 

fertilization. Therefore, it would be important for the male to bite and cling at the best position on the abdomen 

of the female for gaining the optimal spawning posture. In a case of T. lineatus, a second male deprived the 

initial male from the best position, thereby monopolizing the female (Crazypufferfish 2022). In T. schoutedeni, 

on the other hand, the first clinging male did not exclude subsequent males (Feigs 1955; PJA 2018b; Monaco 

Fish 2020; present study). Whereas the clinging position on the female was significant for the initial male, the 

subsequent males seemingly accepted less appropriate positions (PJA 2018b; Monaco Fish 2020), which 

would result in less successful spawning. Therefore, tandem spawning in T. schoutedeni has a secondary, 

exclusionary effect of monopolization by the first male. The overall function of tandem spawning in T. 

schoutedeni and T. lineatus is therefore hypothesized as follows: semi-monopolization of the female, 

stimulation and sensing of ovulation, and maintenance of a spawning posture ensuring fertilization. 

The only genus known as African freshwater pufferfish, Tetraodon, is considered phylogenetically far from 

other freshwater genera (Yamanoue et al. 2011; Igarashi et al. 2013; Santini et al. 2013a). The unique 

behaviors like biting, clinging, and tandem swimming of this species are shared with T. lineatus, considered 

to have separated relatively earlier among Tetraodon (see Igarashi et al. 2013). Therefore, these behaviors 

might be common in the genus Tetraodon.  
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GENERAL DISCUSSION 

Spawning features of freshwater and brackish water pufferfish 

Information on eggs, larvae, juveniles, spawning manner of eight genera, and 18 species of freshwater and 

brackish water pufferfishes is accessible (Araujo-Lima et al. 1994; Watson et al. 2009; Yamada 2013; Zaucker 

et al. 2014; Doi et al. 2015, 2022a, b; Ahmad-Nasir et al. 2016, 2020) (Table gd. 1). In marine pufferfishes, 

spawning manner tends to be resembled among intra-genetic species (Matsuura 2017). This tendency is also 

recognized in freshwater and brackish water pufferfishes (Table gd. 2).  

 

In freshwater and brackish water pufferfishes, the reproductive biologies of eight genera were reported 

(Araujo-Lima et al. 1994; Watson et al. 2009; Yamada 2013; Zaucker et al. 2014; Doi et al. 2015, 2022a, b; 

present study) (Table gd. 2). Although the spawning manner of Colomesus is unknown, the other seven genera 

can be separated into two types: egg protection types (Leiodon, Pao) (Doi et al. 2015, 2022a, b) and scattering 

egg types (Carinotetraodon, Dichotomyctere, Tetraodon, Auriglobus, Chonerhinos) (Watson et al. 2009; 

Yamada 2013; Doi et al. 2015, 2022a). Observing the number of genera of each type, the egg protection type 

seems to be a minor feature among them. Also in marine pufferfishes, parental egg protection is quite rare, 

only known in Torquigeiner species (Kawase et al. 2015; Matsuura 2017).  

Regarding the egg shape, only two genera, Auriglobus and Chonerhinos spawn oval eggs. Two genera are 

phylogenetically very close with each other as shown in Chapter 2. However, the egg diameter and size of 

hatched larvae were slightly different between the two (Table gd. 2). Auriglobus is larger than Chonerhinos 
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T a b l e  g d .  1 .  S p a w n i n g  d a t a  f o r  1 8  b r a c k i s h  a n d  f r e s h w a t e r  p u f f e r f i s h  s p e c i e s   
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T a b l e  g d .  2  S p a w n i n g  d a t a  f o r  s e v e n  b r a c k i s h  a n d  f r e s h w a t e r  p u f f e r f i s h e s  g e n e r a .  
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in both sizes [Auriglobus: 1.68±0.06mm (short axis), 4.85±0.35mm TL; Chonerhinos: 1.28±0.17mm, 

3.42±0.23mm TL] (Ahmad-Nasir et al. 2016, 2020). These differences are thought to be affected by the 

ecology of their habitats. To stay in the river, diameters of fish eggs are generally larger in freshwater species 

than marine species (Nishida 2001). Auriglobus spends almost of its life in freshwater in contrast to 

Chonerhinos which usually lives in coastal water and rises up to the river for spawning. These differences in 

lifecycles might cause the differences of sizes of eggs and larvae.  

Except for these two genera, all species spawned spherical, adhesive, demersal eggs (Table gd. 2); the same 

in marine pufferfishes (Fujita and Shinohara 1986; Arai and Fujita 1988; Stroud et al. 1989; Sikkel 1990; Doi 

et al. 2014). The egg diameters were 0.53 - 1.4 mm in marine species (Fujita and Shinohara 1986; Arai and 

Fujita 1988; Stroud et al. 1989; Sikkel 1990; Doi et al. 2014) and 0.39 - 2.25 mm in freshwater and brackish 

water species (Table gd. 2); hence, they seem almost similar. As intraspecific variation in amphidromous fish 

like sculpins and species of Rhinogobius, eggs of landlocked types (living in freshwater areas for entire life) 

are known to become larger than the original amphidromous one (Nishida 2001). The reason for this tendency 

is generally thought that the larvae from larger eggs develop to larger sizes for staying in the river (Hutchinson 

1957: Nishida 2001). This tendency, however, was not observed in pufferfish. It could be unnecessary to be a 

large larvae at hatching because pufferfishes invade into the continental large rivers without strong stream 

such as the Mekong River, Congo River, and Amazon River.   

On the other hand, some genera (Leiodon, Pao, some of Carinotetraodon) spawn relatively large eggs (0.88 - 

2.25 mm). These three genera were phylogenetically clustered into the same clade (Table gi. 1), being thought 

to share the same origin (Yamanoue et al. 2011; Igarashi et al. 2013; Santini et al. 2013a). Therefore, spawning 
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larger eggs has possibly evolved uniquely in this clade. Therefore, this clade may have been more adapted to 

freshwater habitats than other genera. 

Morphological features of eggs and larvae are generally thought to be controlled by reproductive strategy and 

behavior (Moser 1981; Senta et al. 2001; Minami 2019; Iida 2019). The egg protection genera (Leiodon, Pao) 

spawn larger eggs (diameter over than 1.42 mm) than the eggs of the scattering genera (Carinotetraodon, 

Dichotomyctere, Tetraodon) (less than 1.43 mm) (Watson et al. 2009; Yamada 2013; Doi et al. 2015, 2022a, 

b). When eggs become larger; the numbers must become smaller. Then the parental cost for one egg (e. g. 

parental egg protection) become higher (Smith and Fretwell 1974). Similarly, the size of hatched larvae of the 

egg protection genera are larger (2.38 - 5.27 mm) than the egg scattering genera (1.69 - 3.15 mm). Thus, the 

size of hatched larvae was thought to be related to the egg size (Fig. gd. 1). The egg scattering genus 

Carinotetraodon, however, yields middle sized eggs (0.88 - 1.43 mm) and larvae (2.25 - 3.15 mm) between 

the egg protection genera and the other egg scattering genera, rather being about the same size with the egg 

protection genus Leiodon (1.42 mm eggs and 2.53 - 3.15 mm larvae). These size differences might be related 

to their differences in their ecological as well as phylogenetical background as described above and in 

preceding chapters. The early-stage morphological features were also slightly different between Pao and 

Leiodon, which might reflect the similar difference in their phylogenetic or ecological (including mating 

system) background as shown in Chapter 1.  

Regarding the morphological features of hatched larvae, Auriglobus, Chonerhinos, Carinotetraodon, and 

Dichotomyctere ocellatus are hatched with undeveloped optic vesicles (Chapter 2; Doi et al. 2015). On the 
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Fig. gd. 1 Relatiionship between egg diameter and TL of hatched larvae in each genus spawning spherical eggs 

(crosses indicate Carinotetraodon; circles indicate Dichotomyctere; triangle indicates Leiodon; diamonds indicate 

Pao; square indicates Tetraodon)  
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other hand, Leiodon, Pao, Tetraodon, and other Dichotomyctere species are hatched with complete optic 

vesicles (Chapter 1, 3, 4; Zaucker et al. 2014; Doi et al. 2015; 2022a, b). The hatching days of each genus 

were three days in Auriglobus and Chonerhinos (Chapter 2; Ahmad-Nasir et al. 2020), two to five days in 

Carinotetraodon (Doi et al. 2015), four to five days in Dichotomyctere (Chapter 3; Watson et al. 2009; 

Yamada 2013; Doi et al. 2015), six days in Leiodon (Chapter 1), seven days in Tetraodon (Chapter 4), and 

seven to ten days in Pao (Doi et al. 2015; 2022a, b). Basically, the hatching days tend to be shorter in the 

genera (or species) with undeveloped optic vesicles than in those with developed optic vesicles. Besides, the 

hatching days in the egg protection genera tend to be longer than the genera without egg protection. It may 

show that the larger protected eggs produce more developed larvae, while taking longer hatching days. The 

larger developed larvae from larger protected eggs will make their survival rate higher in the river environment 

(Hutchinson 1957; Nishida 2001). The genus Tetraodon took relatively long days to hatch despite its no egg 

protection, probably caused by its rearing temperature, as shown in Chapter 4. 

 

Keys to eggs and hatched larvae of Asian and African freshwater and brackish water pufferfish genera 

Morphological keys to the eggs and hatched larvae of all genera of Asian and African freshwater and brackish 

water pufferfishes based on the information from the present and previous studies are arranged. The South 

American genus Colomesus is omitted because of deficiency of information.  

 

1a. Eggs shape is oval      … 2 
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1b. Eggs shape is spherical     … 3 

2a. Egg diameter is small (1.03 - 1.53 mm), TL of hatched larvae is small (3.42 mm) 

                         …Chonerhinos 

2b. Egg diameter is relatively large (1.68 mm in short axis), TL of hatched larvae is large (4.85 mm) 

                                                 …Auriglobus 

3a. Egg diameter is less than 0.8 mm   … Dichotomyctere 

3b. Egg diameter is over than 0.9 mm   … 4 

4a. TL of hatched larvae is less than 3.2 mm   … 5 

4b. TL of hatched larvae is over than 4.2 mm  … Pao 

5a. Egg diameter is large (1.42 mm), larvae are hatched with complete optic vesicle 

       … Leiodon 

5b. Egg diameter is relatively small (0.88 - 1.43mm), larvae are hatched with incomplete optic vesicle. 

… Carinotetraodon 

5c. Egg diameter is small (0.91 mm), larvae are hatched with complete optic vesicle, Africa 

       … Tetraodon 
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As showing above, the shape of eggs, egg diameter, developmental status of hatched larvae (e. g. optic vesicle, 

mouth opening), and TL of hatched larvae are thought to be important characters to identify genera in Asian 

and African freshwater and brackish water pufferfishes. Besides, the pattern and kind of chromatophore might 

be identical in character for species as the case of Dichotomyctere (Chapter 3). However, the information 

collected in the present and previous studies has been only scarce, therefore the accumulation of 

comprehensive and detailed knowledge being necessary in the future.  

 

Invasion to freshwater and brackish water of pufferfishes 

Phylogenetic studies of Tetraodontidae (Yamanoue et al. 2011; Igarashi et al. 2013; Santini et al. 2013a) (Fig. 

gi. 1) uncovered the polyphyletic origin of freshwater and brackish water pufferfishes invading separately into 

the inland waters of Southeast Asia, Central Africa, and South America.  

Southeast Asian freshwater pufferfishes include four genera (Auriglobus, Carinotetraodon, Leiodon, and Pao) 

(Matsuura 2017), being closely related phylogenetically with each other (Yamanoue et al. 2011; Igarashi et al. 

2013). Among them, the latter three genera form a single clade, all spawning relatively larger eggs than the 

other genera as shown above. Especially the genera Leiodon and Pao perform a special reproductive behavior, 

the male protecting the egg batch. However, in their mating system, details of reproductive behaviors are 

possibly slightly different between the two genera as shown in Chapter 1. Moreover, Pao is genetically not a 

sister of Leiodon but of Carinotetraodon (Yamanoue et al. 2011; Igarashi et al. 2013). Therefore, male egg 

protection habit would have different origins between Leiodon and Pao as discussed above. On the other hand, 

Auriglobus has unique features among Southeast Asian freshwater genera in spawning oval eggs (Chapter 2) 
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and having relatively compressed body (Tyler 1980; Roberts 1982). Santini et al. (2013a) showed the 

monophyly of Auriglobus and Chonerhinos, treating Chonerhinos as a freshwater genus. However, 

Chonerhinos is an euryhaline genus, distributed in coastal water (Ahmad-Nasir et al. 2016). Their close 

relationship is also supported by morphological similarities (Tyler 1980; Roberts 1982) and in their spawning 

of oval eggs (Chapter 2). Auriglobus would be invaded to the freshwater environment at different occasions 

from the other Asian freshwater puffers. It means there might have been at least two separate times for the 

pufferfish invasion to freshwater habitats in Southeast Asia. 

The phylogenetic position of Dichotomyctere has not yet been determined among researchers. While 

Yamanoue et al. (2011) and Igarashi et al. (2013) positioned this genus in a different clade from the other 

Southeast Asian freshwater pufferfishes, Santini et al. (2013a) clustered it in the same clade. Regarding its 

reproduction, Dichotomyctere resembles marine pufferfishes rather than the other freshwater and brackish 

water individuals as shown in Chapter 3. Anyway, it might be possible that Dichotomyctere had invaded 

Southeast Asian brackish water separately from the other genera as argued by Igarashi et al. (2013).  

The Central African Tetraodon and South American Colomesus are thought to invade each freshwater 

environment separately from Southeast Asian genera (Yamanoue et al. 2011; Igarashi et al. 2013; Santini et 

al. 2013a). While the information of reproductive behavior on Colomesus has been scarce, Tetraodon is known 

to have such an unique behavior as tandem spawning (Chapter 4). In recent years, a similar biting and clinging 

behavior by some males to a single female was observed in the marine puffer genus Arothron (Doi et al. 

2022c), genetically and closely related to Tetraodon (Yamanoue et al. 2011; Igarashi et al. 2013; Santini et al. 

2013a) (Table gi. 1). Therefore, the biting and clinging behavior might have originated earlier than its invasion 

into the freshwater environment.  
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From the considerations above, my opinion about the invasion of pufferfishes to the freshwater and brackish 

water are as follows: 

①In the Southeast Asian freshwater group, there are at least two separate times for the invasion to the 

freshwater habitat, for Auriglobus and Chonerhinos, and for the other freshwater genera, Carinotetraodon, 

Leiodon and Pao. 

②The genus Dichotomyctere has invaded the Southeast Asian brackish water separately.   

③Freshwater and brackish water pufferfishes have invaded the inland waters of each continent separately, 

adapting their reproductive behaviors uniquely to each environment clade by clade.  

 

Future study and possibility of study in Aquarium 

Although some information on the reproductive biology and ecology of all eight freshwater and brackish water 

pufferfish genera have been accumulated through the present study and previous studies (Araujo-Lima et al. 

1994; Watson et al. 2009; Yamada 2013; Zaucker et al. 2014; Doi et al. 2015, 2022a, b), the knowledge is still 

nothing more than limited. For example, only the distribution pattern of larvae in the Amazon River has been 

reported about the genus Colomesus (Araujo-Lima et al. 1994). Furthermore, knowledge of many species of 

the speciose genera, such as Pao and Tetraodon is lacking yet. In addition to the future field observation, 

aquarium-based observation and description like the present study must be helpful and necessary to clarify 

more of the adaptation of freshwater and brackish water pufferfishes.  
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Reproductive behaviors in fishes are rich in diversity, being closely related with environmental and evolutional 

background of each species (Sunobe 2018; Sokabe 2018). Pufferfishes, which were distributed and adapted 

in various environments all over the world, might become an optimal model group to study the relationship 

among the environmental factors, ecology, and reproductive behaviors in fishes.  

In aquariums, the improvement and establishment of breeding techniques of animals are very important to 

sustain their exhibition without invasively influencing their nature. The Japanese Association of Zoos and 

Aquariums (JAZA) has been concerned about the current situations that the numbers of many wild animals 

have been reduced and some of them are endangered, and thus prepared the “Reproductive rewards (as 

Certification of reproduction for first time)”, and encouraged the improvement and establishment of breeding 

techniques (Uchida et al. 2014) in order to protect wild animals from destruction of nature, species extinction, 

and sustain species diversity (Kobayashi et al. 2019). 

Aquarium would be an excellent place for the observation and investigation of the reproductive behaviors of 

fishes. Through such studies, aquariums would be able to contribute not only to the species diversity protection 

but also to public education by deepening the meaning of animal exhibition.   
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SUMMARY 

 

CHAPTER 1. To clarify the origin of male egg protection of freshwater pufferfish, I induced artificial maturity 

in ocellated pufferfish Leiodon cutcutia from India through a hormone injection and observed its spawning 

behavior, morphological development, and growth. The male first marked his territory on a flat surface, and 

then invited the female by vibrating his body. The female entered the territory and laid eggs on the spawning 

bed, whereafter the male followed. After the departure of the female, the male protected the eggs till hatching. 

The eggs were spherical, translucent, demersal, and adhesive, with some small yellow oil globules, with a 

diameter of 1.42 ± 0.07 mm (n = 6). The hatched larvae, measuring 2.39–2.96 mm NL (n = 3), emerged with 

their mouths open. They reached juvenile stage 13 days after hatching (4.77 mm SL). From its reproductive 

behavior, its mating system was thought MTV polygamy. Therefore, its origin was thought to differ from the 

egg protection of Pao, which mating system was pair spawning.  

 

CHAPTER 2. To clarify phylogenetic relationships between Chonerhinos and Auriglobus, DNA barcoding, 

hormone injection-induced maturity, and insemination of Auriglobus modestus from Thailand were 

undertaken; its reproductive manner and morphological development of eggs and early stage larvae observed. 

DNA barcoding comparisons of several pufferfish genera indicated a close genetic relationship between 

Auriglobus and Chonerhinos, being nested in the same clade with 99 % homology of COI sequence. Although 

no fertilized eggs resulted from artificial insemination utilizing a wet (freshwater) method, an isotonic (sodium 

lactate ringer solution) method produced 458 fertilized eggs out of 787 eggs (fertilization rate 61.7%) spawned 
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by one female, although only eight larvae (1.7%) eventually hatched. The eggs were oval [long axis 2.05 ± 

0.06 mm, short axis 1.68 ± 0.06 mm (n = 5)], translucent, demersal, and adhesive, and contained several small 

yellow oil globules. Oval eggs are unusual among pufferfishes, although common in the genus Chonerhinos, 

an indication of the genetic closeness of the latter and Auriglobus, but also suggesting ecological similarity. 

The eggs hatched after two days, larvae one day after hatching [4.54 ± 0.34 mm NL (n = 9)] having a large 

yolk sac. However, the mouth remained unopened, the optic vesicle uncolored, and the pectoral fin membrane 

undeveloped, except for small knob-like rudiments. Seven days after hatching, larvae [5.22 ± 0.10 mm NL (n 

= 3)] had lost the yolk sac and acquired rudimentary soft rays in the pectoral, dorsal and anal fins. All larvae 

died after eight days. In this chapter, closely phylogenetic relationship between two genera was suggested 

from both genetic and reproductive biological perspective. 

 

CHAPTER 3. To clarify the phylogenetic position of Dichotomyctere among fresh- and brackish water 

pufferfishes, artificial reproduction was induced in green pufferfish (Dichotomyctere fluviatilis) specimens 

from India, following hormone injection in full-strength sea water, and subsequent spawning behavior, 

morphological development, and growth observed. Parental fish scattered more than 70,000 demersal adhesive 

eggs (0.73±0.05mm in diameter) on the tank floor, without any subsequent egg protection. Hatching occurred 

four to five days after spawning. The larvae (1.87±0.19 mm in NL) were reared comparatively easily, being 

initially fed Branchionus plicatilis sp. complex, and grew to 88.75 mm mean standard length after 360 days. 

The reproductive manner of Dichotomyctere such as scattering large numbers of small eggs, resembled one 

of the marine puffers rather than fresh- and brackish water puffers. Therefore, this genus was thought to be a 

more ancestral genus than those of the other fresh- and brackish genera.  
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CHAPTER 4. To clarify the biological significance of tandem spawning of the African freshwater pufferfish 

Tetraodon schoutedeni, the reproduction of captive individuals was monitored. Eight spawning sessions 

(stable water temperature 24 – 25 ℃; daily light period 7:00 AM – 7:00 PM) occurred between May 2016 and 

November 2017. After 65 – 150 min of tandem swimming (the male biting and clinging to the abdomen of 

the female), 3 – 50 spherical, weak, and adhesive eggs were spawned, being scattered onto the sandy substrate 

or water plants. The removal of cohabitants (potentially eating spawned eggs) and provision of small initial 

food items, such as small-type Brachionus spp., for larval fish are essential for successful breeding. A broad 

comparison with other online information of tandem spawning of T. schoutedeni as well as of T. lineatus led 

to the hypothesis of tandem spawning function as: semi-monopolization of females, stimulation and sensing 

of ovulation, and maintenance of a spawning posture. Besides, because tandem spawning was shared with T. 

lineatus, this behavior was thought to be shared in Tetraodon broadly. 

 

GENERAL DISCUSSION. From the view of reproductive biology and early life history, the adaptation and 

the invasion into the inland water habitat of Tetraodontidae were discussed. Sizes of eggs and hatched larvae 

of fresh- and brackish water puffers were thought to be controlled by reproductive strategy and behavior. On 

the other hand, there are no differences in the sizes of eggs between marine puffers and this group. The general 

tendency of fish that produces eggs of the landlocked type is they become larger than those of the original 

amphidromous type and this was not observed in Tetraodontidae. It may be due to their invasion into the 

continental large rivers without strong streams. About the invasion into inland water of Tetraodontidae, Asian 
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four freshwater genera were thought to invade at one time in previous studies. However, as shown in Chapter 

2, Auriglobus was thought to have a different origin from other Asian freshwater genera because of their 

closely phylogenetic relationship with Chonerhinos shown in Chapter 2. Besides, the other three Asian genera, 

although Pao and Leiodon perform male egg protection, their behavior would have different origins between 

Leiodon and Pao as shown in Chapter 1. Therefore, this behavior was acquired two times in Asian freshwater 

pufferfishes. Opinions of the Dichotomyctere invasion were divided in previous studies. However, this genus 

has some ancestral reproductive features as shown in Chapter 3 and be thought to have different origins from 

other Asian fresh- and brackish water puffers. Tetraodon, the only African genus, has unique reproductive 

behavior such as tandem spawning as shown Chapter 4. Similar biting behavior was also observed in Arothron, 

a marine genus closely related to Tetraodon. Therefore, this unique behavior might have been acquired before 

its invasion. The hypothesis of the polyphyletic origin for each continent was strongly supported from the 

perspective of reproductive biology. In the present study, some novel views for the invasion into the inland 

water of this family were shown from the perspective of reproductive biology. However, previous information 

was limited in captivity. In future, more information such as field observation might be help to clarify further 

the evolutional background of fresh- and brackish water puffers.  
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