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In contrast, a total of 427 genes were found to be downregulated by TTX administration, as shown
in Figure 1. The genes downregulated three-fold and more were extracted and are listed in Table 3.
The highest downregulated gene in the TTX-administered group was elongation factor G2, and its FC
value was —13.0. As shown in Figure 3, gene ontology classification of the downregulated genes
showed that those involved in protein binding and enzyme and cofactors (metabolism) accounted for
20.8% and 13.1%, respectively, whereas those involved in the transcription factor, receptor activity
and transporter activity accounted for 15.9, 10.1 and 6.6%, respectively.

To confirm the validity of the microarray data, real-time PCR was performed for the highest
upregulated gene, chymotrypsin-like elastase family member 2A (Figure 4). There was a significant
difference in the mRNA expression level between the TTX-administered (27.22 + 4.18) and control
group (1.00 = 0.77) (p = 0.0019). This result i1s well correlated with the data of microarray analysis,
FC 37.6 (Table 2).

Figure 3. Functional classification of 427 genes significantly downregulated in the liver of
Takifugu rubripes in the TTX-administered group.
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Table 3. List of genes downregulated in the liver of the TTX-administered pufferfish
Takifugu rubripes group compared to those in the buffer-administered control group
(FC'>3.0).

Ensemble ID Gene Predicted description Func'tlona’l FC

name classification

ENSTRUTO00000047556 Fusa2 Elongation factor G 2 Transcription factor —3.0

ENSTRUT00000009260 Rspo3  R-spondin-3 Transduction -7.8

ENSTRUTO00000029878 Ncoa2  Nuclear receptor coactivator 2 Transcription factor —7.3

ENSTRUTO00000005082 Sasb Fatty acyl-CoA hydrolase precursor, medium chain Enzyme, cofactor —6.2

ENSTRUTO00000042623 Kcnj3 G protein-activated inward rectifier potassium ... =59

Ion channel activity
channel 1

ENSTRUTO00000029012 Galntl  Polypeptide N-acetylgalactosaminyltransferase 1 Enzyme, cofactor —5.7

ENSTRUT00000034755 Stkllip Serine/threonine kinase 11-interacting protein Protein binding =55

ENSTRUTO00000007314 Unc5d  Netrin receptor UNC5D Receptor activity —5.3

ENSTRUT00000024559 Dnmt3a DNA (cytosine-5)-methyltransferase 3A Transcription factor —4.7

ENSTRUTO00000028271 finTRIM Fish virus induced TRIM protein Metal ion binding —4.7

ENSTRUTO00000021561 Synpo2  Synaptopodin-2 Protein binding —4.4

ENSTRUTO00000035155 Klhl8 Kelch-like protein 8 Protein binding —4.4

ENSTRUTO00000013283 Lnx2 Ligand of Numb protein X2 Metal ion binding —4.3

ENSTRUTO00000005282 Sox5 T.  rubripes  transcription  factor  SOXS5 Transcription factor —4.1

_ (AY277973.1) '

ENSTRUTO00000004950 Egr3 Early growth response protein 3 Transcription factor —4.0

ENSTRUT00000001876 Nmel Nucleoside diphosphate kinase A Transcription factor —4.0

ENSTRUTO00000037748 Cadm2  Cell adhesion molecule 2 Protein binding -39

ENSTRUT00000029148 CIn3 Battenin Enzyme, cofactor -3.8

ENSTRUTO00000018412 Hecd3  Probable E3 ubiquitin-protein ligase HECTD3 Protein binding -3.7

ENSTRUTO00000010231 Wipi2 ~ WD repeat domain phosphoinositide-interacting -3.7

. Enzyme, cofactor
protein 2

ENSTRUTO00000038056 Angpt2  Angiopoietin-2 Receptor activity —3.7

ENSTRUTO00000011781 - Putative F-type lectin Sugar binding -3.6

ENSTRUT00000025271 Tyro3 Tyrosine-protein kinase receptor TYRO3 Transduction -3.6

ENSTRUTO00000036834 Pcolce  I.  rubripes  procollagen  C-endopeptidase Protein binding -34

enhancer 1 (AF016494.1)

ENSTRUTO00000009581 Rimsl  Regulating synaptic membrane exocytosis protein I Protein binding =34

ENSTRUTO00000013940 Pdlim5 PDZ and LIM domain protein 5 Protein binding  -3.4

ENSTRUT00000041778 Foxa3 T. rubripes folkhead transcription factor FoxA3 Transcription factor -33

(AB604763.1)

ENSTRUTO00000026385 Fam70a Protein FAM70A Unknown -33

ENSTRUTO00000003229 Arhgef26 Rho guanine nucleotide exchange factor 26 Transcription factor —3.2

ENSTRUT00000007982 Kif2c Kinesin-like protein KIF2C Protein binding ~ —3.2

ENSTRUT00000013282 Lnx2 Ligand of Numb protein X2 Protein binding -32

ENSTRUTO00000005850 Crybb2  Beta-crystallin A2 Protein binding =32

ENSTRUTO00000003860 Edaradd Ectodysplasin-A receptor-associated adapter protein Protein binding -3.1

ENSTRUTO00000015819 Pbxipl  Pre-B-cell leukemia transcription factor-interacting - -3.1

. -~ Transcription factor
protein 1
ENSTRUTO00000011222 Serpinhl Serpin H1 Protein binding —-3.1
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Table 3. Cont.
Ensemble ID Gene Predicted description Fllngtlona'l FC
name classification
ENSTRUT00000020096 Atp2b3  Plasma membrane calcium-transporting ATPase 3 Transporter activity —3.1
ENSTRUT00000009874 Plxdcl  Plexin domain-containing protein 1 Unknown -3.1
ENSTRUT00000047512 Suox Sulfite oxidase, mitochondrial Enzyme, cofactor -3.1
ENSTRUT00000020028 finTRIM Fish virus induced TRIM protein Metal ion binding -3.0
ENSTRUT00000041535 Pxn Paxillin Protein binding ~-3.0
ENSTRUT00000033313 Nox5 T rubripes NADPH oxidase 5 (BR000279.1) Enzyme, cofactor -3.0
ENSTRUT00000027204 Pacs2 Phosphofurin acidic cluster sorting protein 2 Unknown -3.0
ENSTRUT00000044222 Tgfbrapl Transforming growth factor-beta  receptor- S -3.0
. . Protein binding
associated protein 1
ENSTRUT00000027017 Hnrnpk  Heterogeneous nuclear ribonucleoprotein K Transcription factor —3.0
ENSTRUT00000043644 Hsp90bl Heat shock protein 90kDa beta member | Protein binding =-3.0
ENSTRUT00000043157 Tle3 I’ rubripes transducin-like enhancer protein 3 Transeription factor -3.0
(AB236415.1)
ENSTRUT00000022207 Vwal Von Willebrand factor A domain-containing -3.0
. Unknown
protein 1
ENSTRUT00000026592 Tacr3 Neuromedin-K receptor Receptor activity 3.0
ENSTRUT00000028610 Dachl  Dachshund homolog 1 Protein binding ~ -3.0
ENSTRUT00000011629 Gas2I3 ~ GAS2-like protein 3 Protein binding -3.0
ENSTRUTO00000018505 Epha2  Ephrin type-A receptor 4 precursor Receptor activity -3.0

VFC is the average fold change of the TTX-administered (n = 5) compared to buffer-administered control group (n = 5).

Figure 4. Real-Time PCR of the gene encoding chymotrypsin-like elastase family member 2A
in the liver of Takifugu rubripes from both TTX- and buffer-administered groups.
Each value represents the mean + SE of three individuals, each performed in duplicate.

Relative fold change

35

— e RN W2
o O e © i O

TTX

p=0.0019

100

Buffer




Microarrays 2014, 3 237

4, Discussion

In this study, we performed a single intramuscular administration of TTX to cultured marine
pufferfish specimens of 7. rubripes and DNA microarray gene expression analysis on Day 5 after the
administration to identify genes possibly related to TTX accumulation in the liver.

TTX was detected in the liver, skin and ovary, but not in the muscle and testis of the pufferfish
specimens in the TTX-administered group. The amount of TTX was highest in the liver and skin.
The skin accumulated 28 + 5% of the administered dose at the same level as that of the liver (28 + 6%) on
Day 5. We previously reported that the liver and skin of cultured pufferfish specimens of 7. rubripes
(940-1120 g body weight) accumulated up to 63 £ 5% and 9 = 3% of the administered dose of 0.25 mg
TTX/kg body weight at 60 min after intravascular administration, respectively [17]. In this connection,
the examination of the tissue distribution of *H-labeled TTX in cultured 7. rubripes (90 and 110 g body
weight) revealed that the total radioactivity was distributed mainly in the skin (45.1% and 54.1%,
respectively), muscle (7.4% and 8.0%, respectively) and liver (19.0% and 15.7%, respectively) on Day 6
after intraperitoneal administration of *H-labeled TTX [34]. In addition, Honda et al. [5] performed the
feeding experiments, in which zero-year- and one-year-old pufferfish specimens of cultured
T. rubripes were reared for 60 days with various types of TTX-containing diets, and revealed that the
test fish accumulated a small amount of TTX (less than 3 MU (mouse unit)/g in most cases) mainly in
the skin and liver at low doses (0.1 MU/g body weight/day) and a large amount (up to 57 MU) mostly
in the liver and ovary at higher doses (0.2-1.0 MU/g body weight/day). Moreover, Ikeda et al. [35]
examined the transfer profile of intramuscularly administered S0 MU of TTX to the cultured young
immature pufferfish 7. rubripes (approximately four-months-old, 13.2 £ 3.4 g body weight).
They reported that TTX tends to be transferred to the skin from the other tissues, such as the liver and
circulating blood, and that the total amount of TTX remaining in the entire body at 72—-168 h after
administration was approximately 60%—-80%. These results suggest that TTX was transferred to skin
tissues regardless of the administration routes and would be released from the skin tissues to excrete
excess TTX or as a biologic defense substance against predators [36-38].

Lee et al. [22] previously reported three fibrinogen-like protein genes expressed in toxic liver of
two different pufferfish, akamefugu 7. chrysops and kusafugu 7. niphobles. However, the expressions
of these genes were not observed in this study. Little is known about the timing of expression of these
genes after the toxification of pufferfish liver. The other possibility is that these genes were
tremendously expressed, and their transcripts were too highly labeled with Cy3 to be measured by
microarray analysis. Further investigations are required about the relationship between the hepatic
toxicity and the expression mechanism to understand the functions of these genes.

Matsumoto et al. [23] examined the hepatic gene expression profile of cultured 7. rubripes at
12 h after intramuscular administration of TTX by suppression subtractive hybridization and found that
upregulated genes encoded acute-phase response proteins, including hepcidin, complement
components, serotransferrin, apolipoprotein A-1, high temperature adaptation protein Wap65-2,
fibrinogen beta chain and 70 kDa heat-shock protein 4, in the liver. In this study, the increased
expression of these genes were not detected, suggesting that these proteins subsided within five days
after intramuscular administration of TTX.
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Feroudj et al. [24] performed DNA microarray analysis with total RNAs from toxic and non-toxic
wild pufferfish, demonstrating that 1108 transcripts were more than two-fold higher in toxic than
nontoxic specimens. The expression levels of nine genes were upregulated more than 10-fold in toxic
and proteins encoded by these genes were related to vitamin D metabolism and immunity.

Yotsu-Yamashita et al. [39] reported liver-specific expression of pufferfish saxitoxin and tetrodotoxin
binding protein (PSTBP) in the marine pufferfish, 7. pardalis. In addition, Tatsuno et al. [40] found
four genes (Tr1-Tr4) encoding PSTBP homologs from the publicly available Fugu genome database
and revealed the constitutive expression of two distinct isoforms (Trl and Tr3) in the liver of cultured
non-toxic 7% rubripes specimens, declining in their toxin-triggered gene expression. In this study,
the expression change of genes encoding PSTBP homologs was hardly observed. PSTBP and its
homologs may have functions to bind toxic substances other than TTX, when TTX is absent.

In the TTX-administered group, 59 and 427 genes were significantly upregulated and downregulated,
respectively, in comparison with the buffer-administered control group (two-fold change, p < 0.05).
The highest upregulated gene was chymotrypsin-like elastase family 2A (Cela2a), known as elastase-2A,
with 37.6 FC. The validity of this value was confirmed by real-time PCR analysis, indicating a good
quantitative performance of the microarray analysis. A homologous gene encoding elastase 2A was
first cloned from the human pancreas [41]. Further details about human pancreatic elastase has recently
been revealed through the human gene project, and the expression of human elastase 2A gene
encoding “neutrophil elastase” has been found to be regulated by hematopoietic transcription factors,
such as AMLI1, C/EBPa., PU.1 and c-Myb transcription factors [42,43]. However, there is still limited
information on secretion in pancreatic juice [44]. Although 7. rubripes Cela2a is estimated to
correspond to elastase 2A in hepatopancreatic juice, which digests elastic and fibrous proteins,
little information is available on the gene expression and regulation mechanism of 7. rubripes Cela2a.
One possibility is that the hepatopancreatic digestion is activated during enterohepatic metabolism of
TTX in the pufferfish liver.

This study demonstrated the upregulation of the sodium channel beta-2 subunit gene (Scn2b, FC
value of 4.0) by TTX administration. The sodium channel beta-2 subunit modulates the kinetics of
channel gating, as well as the stabilization and location of TTX-sensitive voltage-gated sodium
channels [45-47]. Pertin et al. [48] reported a marked upregulation of the beta-2 subunit in the spared
nerve injury model of rat. Lopez-Santiago et al. [49] also reported that beta-2 subunit modulates
mRNA and protein expression of TTX-sensitive voltage-gated sodium channels. These findings
suggest that TTX accumulation in pufferfish liver affects the expression and composition of
voltage-gated sodium channels.

Dysferlin gene (Dysf, an FC value of 4.1) was also upregulated in the liver of the
TTX-administered group. Dysferlin is a ubiquitously expressed transmembrane protein involved in
Ca**-mediated plasma membrane repair, vesicle fusion and Ca®" homeostasis in skeletal muscle,
regulating cell adhesion in human monocytes [S0-52]. Oulhen ef al. [53] suggested that dysferlin is
essential for endocytosis oogenesis and embryogenesis in the sea star, Patiria miniata.
TTX accumulation may damage plasma membranes, and thus, the upregulation of dysferlin found in
this study may be related to the upregulation of the sodium channel beta-2 subunit gene, because
channel proteins fuse with the plasma membrane.
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Kitamura ef al. [54] investigated gene expression changes in the cerebral cortical cells from E18 rat
embryos by DNA microarray analysis in the presence and absence of TTX. They identified genes
involved in the postsynaptic scaffold, regulation of actin dynamics, synaptic vesicle exocytosis
and regulation of G-protein signaling as those downregulated in the presence of TTX and
upregulated in the absence of TTX. In the present study, Rho GTPase-activating protein 29 gene
(Arhgap29) was upregulated with 12.1 FC on Day 5 after TTX administration. Arhgap29 is a negative
regulator of the Rho GTPase signaling pathway, which controls cytoskeletal rearrangement in human
and other organisms [55-57]. This study also demonstrated the upregulation of the probable
G-protein-coupled receptor 22 gene (GPR22, 3.3 FC), the GTP-binding protein Rheb gene (Rheb, 3.2
FC), Arf GAP with GTPase domain ankyrin repeat and the PH domain 2 gene (Agap2, 3.0 FC).
Recently, Adams ef al. [58] have found that the GPR22 gene is selectively expressed in the brain and
heart of human and rodents, suggesting a possible role of GPR22 protein in the regulation of cardiac
contraction. However, natural ligands for this receptor remain to be understood, and its function in
other animal tissues is also unclear. Rheb protein is a molecular switch in many cellular processes,
such as cell volume increase, cell cycle progression, neuronal axon regeneration, autophagy regulation,
nutritional deprivation, cellular stress resistance and cellular energy control [59,60]. On the other hand,
genes encoding the G-protein-activated inward rectifier potassium channel 1 gene (Kcenj3, FC value of
—5.9) and the Rho guanine nucleotide exchange factor 26 gene (Arhgef26, FC value of —3.2) were
downregulated in the liver of the TTX-administered group. As is well known, these genes are related
to a G-protein-coupled receptor signal transduction system, suggesting that receptors and signaling
pathways involved in cellular response to TTX may exist in pufferfish liver to reduce the toxic effect
and to accumulate TTX.

It was demonstrated in the present study that the intramuscular administration of TTX influences
the hepatic gene expression involved in gene transcription, the signaling pathway via receptors and
channels and metabolic pathways. It has been reported that genes related to immunity and acute-phase
responses were found to be upregulated in cultured 7. rubripes on the mtraperitoneal injection of TTX
by SSH [23], in wild T. chrysops and T. niphobles by RAP RT-PCR [22] and in wild T. rubripes
microarray analysis [24]. It is noted that samples were taken on Day 5 after TTX administration in the
present study, differing from those taken at 12 h after administration of TTX for SSH, although both
investigations adopted cultured 7. rubripes. It may be important to have a G-protein-related signaling
pathway for shifting acute-phase to steady-state metabolic responses. Alternatively, health conditions
of pufferfish may cause varied gene expression patterns relating accumulation of TTX. Further
investigation is needed to understand the biological significance of TTX in pufferfish.
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Accumulation of Tetrodotoxin from Diet in Two Species of Scavenging Marine Snails
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A feeding experiment of TTX-containing diet was conducted using the small scavenging marine
snails Pliarcularia globosa and Reticunassa festiva. Seventy-five specimens of each species were
divided into 15 groups of 5 individuals, of which 3 groups were directly submitted, without feeding,
to toxin quantification as described below. TTX was not detected. Each of the remaining 12 groups
was accommodated in a plastic case (80X70X40 mm) filled with seawater, and fed for 24 hours
with ovary tissue (0.1 g) of the pufferfish Takifugu vermicularis, whose TTX content had previously
been determined. Then the seawater was exchanged for fresh seawater, the snails were reared for 4
days without feeding, and then the seawater was changed again. This feeding/rearing cycle (5
days) was repeated 8 times, and 3 groups were sampled every 2 cycles. The combined viscera and
combined muscle of each group were each extracted with 0.1% aqueous acetic acid, and then TTX
was quantified by liquid chromatography-mass spectrometry. The estimated amount of ingested
TTX was calculated by multiplying the difference between the amounts of ovary tissue supplied and
remaining by the toxin content (122-126 MU/g). Similar mean values of 5.1 MU/group/eycle in
P. globosa and 5.3 MU/group/cycle in R. festiva were obtained. Toxin content (TTX amount per
gram of tissue) and toxin amount (TTX amount per group) during the experimental period were
0.23-2.85 MU/g and 0.05-0.96 MU/group, respectively, in P. globosa viscera. Both values increased
markedly from the 2nd cycle to the 6th cycle. In contrast, no such increase in toxin content/amount
was observed throughout the experimental period in P. globosa muscle (<0.05-0.86 MU/g, <0.02—
0.27 MU/group), R. festiva viscera (<0.05-0.8 MU/g, <0.02-0.33 MU/group), and R. festiva muscle
(<0.05-0.81 MU/g, <0.02-0.23 MU/group). The remaining ratio of TTX (percentage of total toxin
amount [sum of the toxin amount of viscera and muscle] to estimated TTX ingestion amount) was
less than 4% in P. globosa, and less than 2% in R. festiva after the 4th cycle, suggesting that the
possibility that these two species would accumulate TTX at levels high enough to raise food hygiene
issues is low.
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Abstract When the first Indo-Pacific Fish Conference
(IPFC1) was held in Sydney in 1981, there were still many
problems in the generic- and species-level taxonomy of all
tetraodontiform families except for the recently reviewed
Triacanthodidae and Triacanthidae. The period from IPFC]
to IPFCO (1981—-2013) was a time of great progress in the
taxonomy and systematics of the Tetraodontiformes: many
review and revisional papers have been published for
various genera and species, with descriptions of many new
taxa occurring mainly on coral reefs and in tropical
freshwaters; and cladistic analyses of morphological char-
acters have been performed to clarify phylogenetic rela-
tionships of various families and molecular analyses have
greatly progressed to provide detailed phylogenetic rela-
tionships of families, genera, and even species. The pur-
pose of this paper is to provide a review on developments
in the taxonomy and systematics of the Tetraodontiformes,
focusing primarily on contributions since 1980 (when
James C. Tyler’s monumental work was published)
through the period of IPFCs, including pertinent publica-
tions before 1980. This paper recognizes 412 extant species
in the 10 families of living Tetraodontiformes, with the
allocation of species and genera as follows: Triacanthodi-
dae including 23 species in 11 genera, Triacanthidae seven
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species in four genera, Balistidae 37 species in 12 genera,
Monacanthidae 102 species in 27 genera, Aracanidae 13
species in six genera, Ostraciidae 22 species in five genera,
Triodontidae monotypic, Tetraodontidae 184 species in 27
genera, Diodontidae 18 species in seven genera, and Mo-
lidae five species in three genera. Phylogenetic relation-
ships of the families have been clarified by morphological
and molecular analyses and have provided well-supported
sister relationships of the families: Triacanthodidae and
Triacanthidae, Balistidae and Monacanthidae, and Tetra-
odontidae and Diodontidae. However, there remain prob-
lems with the phylogenetic positions of the Triodontidae
and Molidae due to conflicts of differing positions in
morphological and molecular studies (e.g., Molidae has
been placed differently among molecular studies).

Keywords Tetraodontiformes - Classification -
Morphology - Molecular - Phylogenetic relationships

Introduction

Tetraodontiform fishes are distributed in tropical to tem-
perate seas and freshwaters of the world. They show a
remarkable diversity in shape, size, and way of life
(Fig. 1). A small filefish of the genus Rudarius Jordan and
Fowler 1902 and a small pufferfish of the genus Carino-
tetraodon Benl 1957 mature at about 2 cm in total length
(TL) (Lim and Kottelat 1995; Tyler 1970), whereas ocean
sunfishes of the genus Mola Koelreuter 1766 attain over
300 cm TL (Yoshita et al. 2009). Tetraodontiform fishes
are characterized by a small mouth with either relatively
few teeth that are often enlarged or massive beak-like tooth
plates, a small gill opening restricted to the side of the
body, scales usually modified as spines, enlarged plates, or
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<Fig. 1 Representatives of the 10 extant families of Tetraodontifor-
mes. a Triacanthodidae, Triacanthodes anomalus; b Triacanthidac,
Triacanthus biaculeatus; ¢ Balistidae, Abalistes filamentosus; d Mon-
acanthidae, Thamnaconus hypargyreus; e Aracanidae, Kentrocapros
aculeatus; £ Ostraciidae, Ostracion immaculatus; g Triodontidae
Triodon macropterus; h Tetraodonitidae, Arothron mappa; i Diodonti-
dae, Diodon liturosus; j Molidae, Masturus lanceolatus, Photographs
of a and e provided by BSKU; b, d, [, h, and i by KAUM; ¢ and g by
NSMT; j by Hideki Sugiyama

a carapace, and pelvic fins that are reduced or absent (Tyler
1980; Nelson 2006). In addition, many pufferfishes are
characterized by having a strong toxin in the viscera and
skin, and even in the musculature of some species of
Lagocephalus Swainson 1839 (Matsuura 1984). Because of
their peculiar morphological characters, tetraodontiforms
have long attracted the attention of ichthyologists and
biologists.

Since Cuvier (1816) classified tetraodontiforms in the
order Plectognathi, tetraodontiforms were usually consid-
ered to form a monophyletic group among the advanced
percomorph fishes (Nelson 2006). Although the taxonomy
of tetraodontiform fishes progressed greatly in the nine-
teenth century (see Tyler 1980, for a history of the clas-
sification of the order), information about tetraodontiform
taxonomy was scattered in many articles, making it diffi-
cult to understand the taxonomic relationships of tetra-
odontiforms overall. Alec Fraser-Brunner published an
important series of articles on various groups of tetra-
odontiforms as reviews of genera and families during the
mid-1930s to early 1950s: however, many parts of his
publications were based on cursory examinations of rela-
tively few specimens. There were no comprehensive phy-
logenetic studies until Winterbottom (1974) and Tyler
(1980) provided their interpretations of the phylogenetic
relationships of tetraodontiforms based on myology and
osteology, respectively.

When the first Indo-Pacific Fish Conference (IPFCI1)
was held in Sydney in 1981, many problems remained in
the generic- and species-level taxonomy of all tetra-
odontiform families, except for the Triacanthodidae and
Triacanthidae for which Tyler (1968) had provided a
monographic revision. The period from IPFC1 to IPFC9
(1981—-2013) was a time of great progress in the taxon-
omy and systematics of tetraodontiforms. Many review
and revisional papers have been published for various
genera and species, with descriptions of new taxa found
mainly in coral reefs and tropical freshwaters; and cla-
distic analyses of morphological characters have clarified
phylogenetic relationships of a number of families and
molecular analyses greatly assisted our understanding of
the detailed phylogenetic relationships of families, genera,
and even species. The purpose of this paper is to present a
review of the developments in the taxonomy and

Q_) Springer

systematics of the Tetraodontiformes, focusing primarily
on contributions from 1980 (when James C. Tyler’s
monumental work was published) through the period of
IPFCs, but including pertinent publications before 1980.
This paper is composed of two parts, the first reviewing
taxonomic studies and the second focusing of studies on
systematics. Institutional abbreviations follow Fricke and
Eschmeyer (2014).

Triacanthodidae (Spikefishes, Fig. 1a; Table 1)

Spikefishes of the family Triacanthodidae are usually
found in depths of 100—600 m on continental shelves and
slopes (Tyler 1968; Matsuura and Tyler 1997). They are
easily distinguished externally from other families of the
order Tetraodontiformes by the following combination of
characters: body deep and slightly compressed, covered by
moderately thick skin with numerous small scales not
readily distinguishable to the unaided eye, with each scale
bearing upright spinules and having a roughly shagreen-
like appearance; two separate dorsal fins, six spines in the
first dorsal fin and 1218 soft rays in the second dorsal fin;
caudal fin rounded to almost truncate, not forked; most
dorsal-, anal-, and pectoral-fin rays branched; pelvic fins
with a large spine and one or two inconspicuous and
rudimentary soft rays; mouth small and usually terminal;
teeth of moderate size, usually conical, 10 or more in an
outer series in each jaw; caudal peduncle compressed,
deeper than wide, not distinctly tapered (Matsuura 2001).

Spikefishes are still relatively poorly known in terms of
taxonomy and biology among tetraodontiform families,
although Tyler (1968) published an excellent monograph
on the superfamily Triacanthoidea including the Triacan-
thodidae and Triacanthidae. He recognized 19 triacantho-
did species in 11 genera (Table 1): Atrophacanthus Fraser-
Brunner 1950 (one species), Bathyphylax Myers 1934 (two
species), Halimochirurgus Alcock 1899 (two species),
Hollardia Poey 1861 (three species), Johnsonina Myers
1934 (one species), Macrorhamphosodes Fowler 1934 (two
species), Mephisto Tyler 1966b (one species), Parahol-
lardia Fraser-Brunner 1941b (two species), Paratri-
acanthodes Fowler 1934 (two species), Triacanthodes
Bleeker 1857 (two species), and Tydemania Weber 1913
(one species). Because all these genera and species were
described in detail by Tyler (1968), their taxonomic fea-
tures are not repeated here, except for new information that
provides a better understanding of taxa.

Many species of the Triacanthodidae are known from
the tropical and warm regions of the Indo-Pacific. How-
ever, five species are distributed in the western Atlantic:
Hollardia hollardi Poey 1861, Hollardia meadi Tyler
1966a, Johnsonina eriomma Myers 1934, Parahollardia
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Table 1 A list of 23 species of the Triacanthodidae in the world

Subfamily Species Distribution
Hollardiinae Hollardia goslinei Tyler 1968 Hawaii
Hollardia hollardi Poey 1861 Bermuda and Florida Keys southward to Gulf of Mexico and Caribbean Sea
Hollardia meadi Tyler 1966a Bahamas, Cuba, and Barbados
Paraholardia lineata (Longley 1933) Atlantic coast of the USA from Virginia to Florida; Gulf of Mexico from Florida to
Yucatan
Paraholardia schmidri Woods 1959 Honduras to Panama in the western Caribbean Sea
Triacanthodinae Atrophacanthus japonicus (Kamohara Off Tanzania, Maldive Islands, Japan, and Celebes Sea

1941)

Bathyphylax bombfrons Myers 1934

Bathyphylax omen Tyler 1966¢

Bathyphylax pruvosti Santini 2006

Halimochirurgus alcocki Weber 1913

Halimochirurgus centriscoides Alcock
1899

Johnsoriia eriomma Myers 1934

Macrorhamphosodes platycheilus
Fowler 1934

Macrorhamphosodes uradoi (Kamohara
1933)

Mephisto fraserbrunneri Tyler 1966b

Faratriacanthodes abei Tyler 1997

Paratriacanthodes herrei Myers 1934

Paratriacanthodes retrospinis Fowler
1934

Triacanthodes anomalus (Temminck
and Schiegel 1850)

Triacanthodes ethiops Alcock 1894

Triacanthodes indicus Matsuura 1982

Triacanthodes intermedius Matsuura
and Fourmanoir 1984

Tydemania navigatoris Weber 1913

Off Kenya, China Sea (off Hong Kong). Australia, and New Caledonia
Off Kenya

Marquesas Islands

Arabian Sea, Japan, Mariana Islands, Australia, and New Caledonia
Arabian Sea and Australia

Bahamas to Greater and Lesser Antilles and western Caribbean Sea
Bay of Bengal, Philippines, and Australia

South Africa, off Kenya, Japan, Korea, East China Sea, South China Sea,
Australia, New Caledonia, and New Zealand

Somalia, Arabian Sea, and Andaman Sea

South China Sea

Philippines

East Africa, Japan, Kyushu-Palau Ridge, South China Sea, Australia, and New
Caledonia

Japan, Korea, East China Sea, South China Sea

East Africa, Maldive Islands, Japan, East China Sea, Philippines, Indonesia, New
Caledonia, and Australia

Saya de Malha Bank (western Indian Ocean)

New Caledonia

East Africa, Bay of Bengal, Japan, China, Philippines, Indonesia, and Australia

lineata (Longley

1935), and Parahollardia

schmidti

Massachusetts, whereas this species had previously only

Woods 19359. Hollardia goslinei Tyler 1968 are known
only from nine specimens collected from the Hawaiian
Islands.

Little information about the Atlantic and Hawaiian
spikefishes has been published since Tyler’'s (1568)
monograph. Matsuura (1983) provided a brief morpho-
logical account of Hollardia hollardi with a color photo-
graph based on specimens collected from off Surinam.
McEachran and Fechhelm (2005) also provided a brief
account and line drawing of Hollardia hollardi and Hol-
lardia meadi from the Gulf of Mexico. McEachran and
Fechhelm (2005) and Hartel et al. (2008) reported briefly
Parahollardia lineata from the Gulf of Mexico and off
greater New England, respectively. Tyler et al. (2013)
documented a large northern range extension for Hollardia
hollardi to the northeast coast of the USA off

been known from the Florida Keys, Bahamas, Bermuda,
Gulf of Mexico, Caribbean, and south to Brazil, with the
new northern occurence perhaps associated with warming
currents along the east coast of North America.

In contrast to the Atlantic spikefishes, many papers on
Indo-Pacific spikefishes were published after 1980.
Matsuura (1982) described Triacanthodes indicus based on
13 specimens collected from the western Indian Ocean.
This species is characterized by relatively large nasal
organs compared to other species of Triacanthodes.
Matsuura and Fourmanoir (1984) described Triacanthodes
intermedius based on two specimens collected from New
Caledonia. Triacanthodes intermedius is unique among
spikefishes in having several intermediate characters
between Paratriacanthodes and Triacanthodes. Tyler
(1997) described Paratriacanthodes abei based on a single
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