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Abstract

The long-spine porcupinefish (Diodon holocanthus) is the most common and

abundant species among all members of family Diodontidae, which has the

circumtropical distribution pattern. As a marine fish with such wide geographic range

but without known dispersal mechanism and the capability of long-distance migration,

it is suspected that gene flows between populations of D. holocanthus should be limited,

and thus in recognizable genetic differentiations among populations. We used the

mitochondrial control region (D-loop) and cytochrome b (Cyt b) sequences to

investigate whether the geographical structure exists among populations from Taiwan

and Japan, within Western Pacific waters. The F-statistics analysis and AMOVA were

applied for to detect genetic differences between populations. Phylogenetic trees and

haplotype networks were constructed to elucidate the relationship among haplotypes.

Demographic changes in the past were also addressed by analysis of mismatch

distribution, as well as coalescence estimations. The result shows that the genetic

difference between populations of different locations is insignificant. It indicates that

gene flows between different populations are not limited by the geographical distances

between sampling sites. Mechanisms may exist to enhance gene flows and thus prevent

genetic differentiation, such as extended pelagic larval duration.

v



Contents

N R L & & T i
ACKNOWIEAZEIMENL ...ttt et sttt st s aae e i
B B e iii
ADSETACE. ..ttt ettt ettt ettt et e e et e e bt e ente e bt e enbeeeateenteens v
COMEENES ...ttt ettt et e e et e sttt e e bt e e et e e sabeeesabeeenabeeeaes \%

1. Introduction

1.1. Introduction to Diodon holocanthus ...............c..ccccoccevouineeciniiincnnineeneecneenn, 1
1.2. Dispersal ability and length of pelagic larval stage ...........ccccceevieniiiiieniiienennne 5
1.3. Phylogeography and marine population Structure ............ccccceceeveevveneeneenucnnnee 8
1.4. Objective of reSEarch .........coceeviiiiiiiiiiiiiicie e 10

2. Materials and Methods

2.1. Sample collection, processing and preservation .........coc.eeeeveeeeereenierseeneeneenns 12
2.2, GENEtiC MATKETS ...c..evuiiriiiiiiiiriieteeteet ettt sttt 14
2.3, AcqUITing target SEQUETICES ....c..eeereerureereerieeeteenieeeteesseeeseesaeeeseesseesseesseesseennns 16
2.4. Analyses of molecular data..........ccoooiieiiiiiiiiiieiie e 19
3. Results

3.1, GENEtiC dIVEISILY  ..eoviriiiiiiiieiienieeie ettt sttt 28
3.2, Population STIUCTUIE ......cooiuieiiiiiiieiie ettt et et e 31



3.3. Phylogenetic relationShip .......cccceeciiiieiiieeniieeciie et 33

3.4. DemographiC €StMATION ......ccceeeviieeiiieeiieeeiieeeiteeeeeeeeeeesareeeaeeesnreeesnseeeeanes 35

4. Discussion

4.1. Genetic diversity of D. h0I0CANIAUS  .........ccoeeeeueeeeiieeeieeecieeecee e 38
4.2. Pattern of population structure of D. holocanthus .............ccccceeeeeveeeecvneecnnnan. 39
4.3. Glacial refugia and origin of extant population ...........c.ccceccveevviieeiiieeniiieeeiieens 45
4.4, Comparing to SYMPALLIC SPECIES ..cuvvrerrrreriireerireeeairreeniteeessseeesseeessseeessseeessseesnns 46
4.5, CONCIUSION  .niiiiiiiiiiietie ettt sttt ettt e bt e bt e e abe e bt e sabeesaeeeas 48
5. References ......cooooueveeeeesimaee. ARt L et 50
Tables ....cccovevenvcenevecccnccn g b LT 8 e 59
FIgures ......ccccoevveeveveeveveeenevneeeiatioaiied Wl IS0 e 67

vi



1. Introduction

1.1. Introduction to Diodon holocanthus

The Family Diodontidae, with common names such as porcupinefish, balloon fish

or spiny puffer, is characterized by the scale-derived long spines covering most of the

body surface, the reduced pelvic fins and the capability of inflation (Leis, 2001). In total,

6 genera, 19 species have been recognized all over the world. Among them, 3 genera, 6

species can be found around Taiwan waters (Shen et al., 1993), including the most

common and abundant species, Diodon holocanthus L., the long-spine porcupinefish. D.

holocanthus were found in warm seawaters and coasts around the world, from the

Atlantic, the Indian Ocean, to the Pacific and the Oceanic islands, distributed in a

circumtropical pattern (Figure 1). Within its native ranges, adult individuals reside

solitarily in coastal waters, shallow reefs to open, and soft bottom (to at least 100 m

depth). Their eggs, larvae and juveniles, however, are pelagic and can be caught

offshore (Nishimura, 1960). Similar to many of its puffer relatives, D. holocanthus is a

nocturnal hunter who possesses beak-like fused teeth, which act as crushing structure to

be used to prey on hard-shelled benthic invertebrates, such as mollusks, crustaceans,

and echinoderms (Leis, 2001).

As a species without much economical importance, the abundance and



commonness of D. holocanthus are the sole reason for theirs extensive appearances in

literatures. However, the majority of previous studies focused on morphological

descriptions, distributions and taxonomic status of the long-spine porcupinefish (Leis,

1978 and 2006a), and few others mentioned their physiological and mechanic

mechanisms of inflation (Brainerd, 1994), food habitat (Pérez-Espafia et al., 2005),

toxicology (Hwang et al., 1992; Noguchi and Arakawa, 2008), parasitic infection

(Kirtisinghe, 1934), and the cryopreservation of gonad and gamete (Chen, 2008).

Biogeographic issues, in particular, the geographic genetic structure of this fish, have

not been well investigated.

Despite their fishery importance is minimal (but still increasing, especially in

Southern Taiwan or Pescadores), D. holocanthus sometimes appears in fish tank as an

ornamental species, and adults can be kept in marine aquarium without much difficulty.

As the result, many observations and recorded descriptions regarding its life cycle

events, such as mating behavior and larval development, were made for the individuals

that lived in artificial environment (Wolfsheimer, 1957; Leis; 1978; Sakamoto and

Suzuki, 1978). While those observations may be biased from those in natural conditions,

they still provide valuable information regarding the life cycle of D. holocanthus. There

were also some observations based on natural populations or catching records of larvae

or eggs (Nishimura, 1960). Combining both sources of observations from previous
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studies, we can obtain preliminary knowledge regarding the life history of D.

holocanthus.

The spawning event of diodontid in artificial tank was first described by

Wolfsheimer (1957), but little descriptive information on eggs was mentioned. In

addition, these eggs were failed to be fertilized, thus no further observation could be

made on larval development (Wolfsheimer, 1957). After twenty years, two observational

records of early life history of D. holocanthus were published independently by Leis

(1978) and Sakamoto and Suzuki (1978). Both papers provided profound details about

the spawning, embryogenesis, hatching, metamorphosis events of reared D. holocanthus

individuals. Some observations, especially those made on morphological characters,

were identical between the two papers. Both researches described that the fertilized egg

was buoyant or pelagic, and the observed morphological characteristics of egg and larva

were similar. But the measures regarding of morphometric characters, such as body size

and length, of certain stage varied greatly. Except for days before hatching, which were

around 4-5 days in both publications, larvae and juveniles of Leis showed a trend

toward slower growth and longer development duration. Most notably, metamorphosis,

the process that larvae grow and transform into juveniles, took place around 3 days after

hatching in the paper of Sakamoto and Suzuki, but for Leis’ record, metamorphosis

occurred after 3 weeks. Nevertheless, combining the observations of both papers, the
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pelagic larval duration (PLD) of D. holocanthus was at least 3 weeks, if we considered

metamorphosis signified the end of pelagic stage here.

Japanese scientists had published additional papers discussing reproduction events

and larval movement of D. holocanthus. Nishimura (1960) presented a table of more

than 70 collected “young-stage” (smaller than 100 mm in total length by his definition)

larvae of D. holocanthus in Western Pacific waters during the period of 1950s, and used

the information to infer the possible spawning site and putative larval migration routes.

Nishimura suggested that the migration of D. holocanthus might be classified into

“propagative migration”, which would be easily affected by ocean currents, based on

the planktonic or pelagic nature of diodontid larvae. Fujita et al. (1997) showed the

annual reproductive cycle of D. holocanthus inferred by female GSI (gonad-somatic

index) and histological feature of ovaries. They deduced that there could be several

spawning events within the spawning season from May to June. They also speculated

that the possible spawning grounds of D. holocanthus might be not located near the

coast, since they could not collect females having ripe eggs along the coast during

spawning season.

It was supposed that D. holocanthus larvae would stay in offshore waters until they

grow to a fair size (100 mm by Nishimura’s definition) before they recruit back to the



nearshore populations. The life history of early stages, after metamorphosis and before

recruitment, is not clear. But events of mass recruitment, which by definition means

recruiting with extraordinary huge number of individuals, were occasionally been

spotted and recorded. For example, Debort and Nagelkerken (1997) published an

observation on the mass recruitment event of juvenile D. holocanthus in Leeward

Antilles. They hypothesized that D. holocanthus recruited primary in rare mass event

and have extreme wvariation in settlement which similar to the case in another

tetraodontiform, Balistes vetula, reported by Robertson (1988). Such mass recruitment

event, followed by high mortality rate of recruits, was also spotted in Taiwan for several

times (Hwang et al., 2009).

1.2. Dispersal ability and length of pelagic larval stage

For species that are highly residential during adult stage, dispersal by pelagic

early-life stages determines patterns of population inter-connectivity. Pelagic larval

stage can be found in many invertebrate and nearly all marine teleost fishes with

demersal adult stage, and it is during this pelagic stage that the geographic scale of

dispersal is determined for species with sessile or non-migratory adult stage (Leis,

2006b). Summarizing above previous studies, despite the fact that the migratory

capability of adult D. holocanthus is limited by its poor swimmer ability, it is still



possible that D. holocanthus is capable of long-distance movement by the means of

pelagic larval dispersal, although all evidences were indirect and this inference was

tentative.

Pelagic egg has no mechanism for active movement, and its direction and speed of

advection were determined by external forces only. As for larva, which was thought to

have relatively limited ability for active locomotion, its dispersal is assumed to be

heavily influenced by physical factors, such as wind, current or temperature (Gilg and

Hilbish, 2003). No matter egg or larva, it can be assured that oceanographic or

hydrodynamic conditions have strong influences on how and where pelagic early life

may go. It is reasonable that under proper circumstances, such as strong mechanical

forces provided by wind or surface oceanic current, buoyant particles can travel across a

certain degree of range if they stay with the force long enough. If this is the case, one

can easily deduce that the longer the length of pelagic duration, the longer the distance

those buoyant particles can travel, in other term, better dispersal ability.

However, whether long pelagic larval duration does indeed have a positive

correlation with dispersal ability or not is still in dispute, and evidence for low realized

dispersal is accumulating from genetic and ecological studies for many marine species

with a strong dispersal potential (Taylor and Hellberg, 2003; Johansson et al., 2008).



One problem is that the physical driving force must persist long enough to carry pelagic

lifeforms away from their natal place. If the force ceased, or had varied considerably,

the connections between populations by means of larval dispersal may not so solid.

Another influencing factor is larval behavior. Contrasting to traditional knowledge,

active behaviors of larvae, such as vertical migration, horizontal migration or even

homing (retention or self-recruitment), have been recorded and documented for

different marine taxa, as well as been proven to be a definite factor influencing the

migrating route during pelagic larval stage, but such locomotion seems to be species

specific (Leis, 2006b; Leis et al., 2007). And despite techniques such as otolith marking

using tetracycline, tracking of larval movement in the open ocean is still limited in

many other aspect. Thus Taylor and Hellberg (2003) concluded that, the simple

assumption which extended pelagic stage will result in better dispersal ability is a faulty

consideration at least for some taxa. Shanks (2009) revisited the relationship between

pelagic duration and dispersal distance. While largely agreed upon the correlated

relationship, he also emphasized that larval behavioral and species-specific life history

traits play critical roles in dispersal distance.

As mentioned before, the pelagic larval duration of D. holocanthus is at least 3

weeks, with certain degrees of plasticity. Leis (1978) also commented that the length of

pelagic stage is clearly must be measured in terms of month, and D. holocanthus had
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been proven to be able to cross the eastern Pacific barrier (Lessios and Robertson, 2006).

But in regions of western Pacific the population structure of D. holocanthus had never

been investigated in detailed manner.

1.3.  Phylogeography and marine population structure

The field of biogeography deals with where organisms distribute in the world, and

how the distribution was achieved (Avise, 2009). A recent branch of biogeography,

phylogeography, focuses more on the principles and historical processes that

responsible for the contemporary geographic distributions of genealogical lineages,

especially within and among closed related species (Avise, 2009). Combing knowledge

from population genetics and phylogenetics, those who studying phylogeography

always infer insights from modern molecular data, in which the evidences for historic

events hidden.

After the birth of neutral theory by Motoo Kimura, we know that most mutations

which took place in the genome are relatively harmless, and thus can stay within the

genome without being removed (Kimura, 1969). These neutral mutations, as well as

mutated nucleotides that sit in non-functional or non-coding sequences, will “reside” in

the genome for generations. If random mating was realized for a given population,

mutations will be distributed across members of populations freely by maximized
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intrapopulation gene flows. However, since neutral mutations occur in a random manner,

if gene flows between groups of individuals were restricted by external factors, genetic

homogenization is ought to be weakened and every group of a population accumulate

mutations independently. This is how genetic differentiation comes about and these

groups of population are on their way of divergence. By investigating population

structure, the isolating or homogenizing forces underlie the formation of genetic

differentiation can be revealed.

Collaborated with biological events in the past, such as dispersal or migration,

extrinsic events along with their interactions contribute to the formation of modern

population structure. Such extrinsic forces including geographical events, which limited

where organisms lived, moved, and distributed, is the fundamental factor that hinders

the movement of organisms and thus obstructs the gene flow. Geographical features that

block the way gene flow goes may be insurmountable obstacles, such as water body for

terrestrial animals, or simply a great amount of distance. On the other hand, climate

changes such as glaciation, led to demographic changes. When glacier expanded during

periods of global cooling, suitable habitats for a given species became compressed or

fragmented and caused extensive reduction in population size. When glaciation ended,

however, survivors which retreated to glacial refugia and lived there for many

generations recolonized back to the habitable places once their ancestor lived, and

9



population size rose afterward. These demographic changes left evidences in genetic

composition, such as population bottleneck or founder effect, which can be used for

studying the history of populations (Templeton et al., 1995).

Comparing to the freshwater ichthyofauna, the marine fishes are thought to have a

higher degree of genetic homogeneity, since biological barriers in the ocean are much

more ambiguous and relatively inefficient (Palumbi, 1994). Oceanic trenches, for

instance, are inoperative to species with pelagic phases. Also, the continuous water of

marine environment represents a potential passage for migration, especially for nektonic

species with good swimming performance, thus enhancing intermixing of genealogical

lineages over the species range (Knutsen et al., 2003). Moreover, as partly described

before, pelagic stages of marine organisms can potentially interconnect distant

populations through dispersal on ocean currents, and species with such dispersing larvae

should be genetically homogeneous over spatial scale (Taylor and Hellberg, 2003). But

also as mentioned before, such interpretations must be made with cautions, for there are

many other factors interplay within the relationship between pelagic stage and dispersal

ability.

1.4. Objective of research

The objective of this research is aimed to reveal the genetic structure of D.
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holocanthus populations in the western Pacific waters, using mitochondrial sequences

as applicable genetic markers. From results one can discuss that whether or not

extraordinary reproductive attributes of this spiny organism, such as extended pelagic

larval duration, did influence the connectivity between populations. Furthermore, by

comparing the results with other sympatric marine animals, a better implication for the

relationship of pelagic larval duration and dispersal ability can be inferred, and the role

which oceanographic factors plays in facilitation of larval dispersal, can be investigated.

Also from present-day genetic structure of D. holocanthus, as investigated in this study,

can be used to draw inferences to reveal how the historical geographic and climatic

changes shaping modern populations.
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2. Materials and Methods

2.1. Sample collection, processing and preservation

2.1.1. Sampling range

Tissue samples of Diodon holocanthus used in this research were collected mainly

from waters around Taiwan and Southern Japan. Other than that, some samples were

captured from East China Sea by a Taiwanese R/V, Ocean Researcher I, during her

cruise designated 905. The detailed information regarding to location and sample size of

each sampling site was presented in Table 1, and distribution map of sampling sites

were shown in Figure 2.

According to their geographical relationships, sampling sites were sorted into

several locality groups, including JPN (Japan), RYK (Ryukyu), JEJ (Jeju Island), ECS

(East China Sea), BEG (Beigan, Matsu), NTW (northern Taiwan waters), ETW (eastern

Taiwan waters) and WTW (western Taiwan waters). Each group consisted of one or

more sampling sites, and was used as the basic unit in some of the following analyses.

2.1.2. Collection, processing and preservation

Most samples were collected by hand-net, fixed net or angling. After capturing,

samples were identified morphologically by several identification guides, including

Fishes of Taiwan (Shen et al., 1993) and FAO species identification guide (Leis, 2001),
12



with measurements of weight and length (standard length) of some samples were

recorded. Specific body part was cut off and preserved in 95% alcohol. Depends on the

condition of sample, this body part could be dorsal fin, anal fin, pectoral fin or whole

caudal peduncle. A few samples used in this research, especially those whose sample

sites were not located near Taiwan, were collected by many foreign scientist, including:

Naohide Nakayama and Hiromitsu Endo of Kochi University, Japan; Yohko Takata and

Keiichi Matsuura of National Museum of Nature and Science, Japan; Choon Bok Song

of Jeju National University, South Korea; H. J. Walker, Jr. of Scripps Institution of

Oceanography, USA; Allan Connell of South African Data Centre for Oceanography,

South Africa; Francesco Santini and Michael Alfaro of University of California, Los

Angeles, USA; Sarah Samadi and Agnes Dettai of Muséum national d'Histoire naturelle,

France; and Tom Near and Kristen L. Kuhn, Yale University, USA. Eleven samples that

are not Diodon holocanthus were collected together in order to used as outgroup in

phylogenetic analyses. These samples are belonging to 4 different taxa within the

Family Diodontidae, including D. hystrix, D. liturosus, Chilomycterus reticulatus and

Cyclichthys orbicularis. Their sampling sites and details are not mentioned specifically.

Samples collected by R/V Ocean Researcher I were captured by trawling using

zooplankton ring net with mesh size 1000 pm. Collected materials were fixed and

preserved by 95% alcohol aboard, and eggs and larvae of Diodon holocanthus were

13



separated from other collected materials in laboratory under dissecting microscopes by

Mr. Han-Yang Chen and Ms. Mei-Yun Chu, as part of their own researches. After

separation, both eggs and larvae samples were preserved in 95% alcohol.

2.2. Genetic markers

In this research, two genetic markers were utilized for revealing relationships

among samples from different locations. One was mitochondrial control region, also

known as D-loop or abbreviated as CR, a non-coding region at where replication of

mitochondrial genome is initiated, and the other one was the gene that codes for

Cytochrome b protein, which plays a certain role in electron transport chain, a

component of cellular respiratory mechanism. Both markers locate in the mitochondrial

genome.

The mitochondrial DNA (mtDNA), the nucleic acid that is carried by the organelle

which is accountable for cellular respiration, is a double-stranded circular molecule with

total length ranging approximately from 15 to 18 thousand base pairs. MtDNA has

many characteristics that differ from nuclear DNA, including haploidy, maternal

inheritance, rare heteroplasmy, and lack of introns, to name a few. Some of these

features make mtDNA an ideal genetic material that suits well in related to molecular

ecology, phylogenetics and population genetics. Also, even though protective or repair

14



mechanisms do exist in mitochondria, extraordinary high oxidative pressure still causes

the mutation rate of mtDNA five to ten times higher than nuclear DNA, which makes

mtDNA a practical choice for studying relationships at population level. Furthermore,

most cells, especially those with greater metabolic requirement, such as muscle cells,

have multiple mitochondria within a single cell, and full-length mitochondrial genome

of Diodon holocanthus had been published on the GenBank (Yamanoue et al., 2007),

which greatly reduced the efforts needed in the designing process of usable primer sets.

These characteristics make the amplification of mtDNA by PCR approach much more

feasible for studies.

The mitochondrial control region (D-loop) is the sequence among all segments of

mitochondrial genome that has the highest mutation rate (Meyer, 1993), thanks to its

non-coding attribute. As an appropriate genetic marker for addressing population-level

questions, D-loop was used widely in researches of different taxa, including fishes,

birds, mammals and many invertebrates. Cyt b, or the other hand, does not has a

mutation rate as extremely high as D-loop, but is still demonstrated by a variety of

studies to be an effective genetic markers when dealing with phylogenetic researches

that discuss lower-level relationships of different taxa.

Due to their convenience and efficiency when isolating haplotypes, and ideal

15



power of resolution as genetic markers for population level, both as mentioned above,

D-loop and Cyt b were selected as the genetic markers in this study.

2.3. Acquiring target sequences

2.3.1. DNA extraction

The DNA molecules, which contain sequences that will be used as template in the

following PCR amplification, were extracted and purified with the whole nuclear and

mitochondrial genome, using a commercial DNA extraction kit (Genomic DNA Mini

Kit, Geneaid Biotech Ltd.), which applies column with silica membrane for bounding to

and separating DNA molecules from other cellular materials. Procedures described

below followed the protocol provided by the kit’s manufacturer, with minor

modifications.

About 20 mg of tissue was cut off from sample which was preserved in 95%

alcohol. The tissue was placed in 1.5 ml centrifuge tube, and was incubated at 55~60 °C

in oven for 15 minutes in order to remove alcohol. After dealcoholization, 20 ul

Proteinase K solution and 200 pl GT Buffer were added into the tube and then incubated

at 60 °C for 1 hour. After all visible tissue had been dissolved, 200 ul GBT Buffer were

added, and then incubated at 70 for 20 minutes. 200 pl absolute (99%) alcohol was

added into the centrifuge tube after incubation was over, and mixed by vortex. The

16



well-mixed clear liquid with any precipitate then were transferred into a 2 ml GD

column with a silica membrane in the middle of the column. The GD column was

mounted on a collecting tube and then was centrifuged at 13200 rpm for 30 seconds,

using Centrifuge 5415 D (Eppendorf Inc.). Subsequently, 400 ul W1 Buffer were added

into the column, following by a second centrifugation, an addition of 600 ul Wash

Buffer and a third centrifugation with the same condition. A fourth centrifugation was

performed at 13200 rpm for 3 minutes in order to remove any remaining buffer. Before

the final centrifugation, all collected liquid was discarded and 70 pl Elution Buffer that

was preheated to 70 °C was added into the column. After 5 minutes for silica membrane

to fully absorb the extractant, the final centrifugation was performed at 13200 rpm for

30 seconds. After collecting, the purified DNA was stock in -20 °C for further

application.

2.3.2. Amplification of interested sequences

The polymerase chain reaction (PCR) was applied here for the amplification of

target sequences. Primers were designed based on whole mitochondrial genome of two

members of Family Diodontidae, Diodon holocanthus and Chilomycterus reticulatus

published on GenBank by Yamanoue et al. (2007), with accession number as AP009177

and AP009188, respectively. Two sets of primers were designed: DiL15535 (5°-GGT
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CTT GTA AGC CGG ACG-3)/DiH123 (5’-GTC AGG ACC AAACTT TTG TGC-3°),

whose target is the complete mitochondrial control region; and DiL14061 (5’-GAA

ACG GCT CCG CAG CCA AC-3%)/DiH15551 (5’-CGG CTT ACA AGA CCG GCG

CT-3"), for amplification of nearly complete cytochrome b sequence. Figure 3 showed

the relationship between primer sets and the mitochondrial genome.

PCR reactant was prepared in 200 pl microcentrifuge tube, with final volume equal

to 25 pl. The PCR mix comprised of several well-mixed solutions, including: 2 ul

extracted DNA containing approximately 1 pug DNA, 2.5 pl 10x PCR Reaction Buffer

with 15 mM MgCl, (Genomics BioSci & Tech Co., Ltd.), 2 pl for each forward and

reverse primer (both 2.5 uM), 0.5 pul 40 mM dNTPs Mixtures (Genomics BioSci & Tech

Co., Ltd.), 0.5 pl 2.5U0/ul Tag DNA polymerase (Genomics BioSci & Tech Co., Ltd.),

and 16 pl ddH,O.

PCR reaction was performed using a DNA Engine Dyad Peltier Thermal Cycler

(Bio-Rad Laboratories, Inc). The program for amplification consists of an initial

denaturation stage (94 °C, 4 minutes), following by 35 cycles of denaturation (94 °C, 30

seconds), annealing (52 °C and 60 °C for D-loop and Cyt B, respectively, 30 seconds),

and elongation stages (72 °C, 1 minute), and a final extension stage (72 °C, 10 minutes).

PCR products were examined by agarose gel electrophoresis method. 5 ul PCR

18



product was loaded into the wall of 1% agarose gel after mixed with 1 pl 6x Loading

Dye (Genomics BioSci & Tech Co., Ltd.). The gel for casting contained 0.05 pl/ml

HealthView Nucleic Acid Stain (Genomics BioSci & Tech Co., Ltd.), as an alternative

DNA stain to traditional ethidium bromide. The electrophoresis was performed under

100V for approximate 30~40 minutes, using MJ-105-S electrophoresis system (Major

Science Co., Ltd.). Then the gel was inspected using gel documentation system

UVCI-01-312 (Major Science Co., Ltd.), when gel was transilluminated by UV light,

visible bands from valid PCR products can be detected.

Sequencing of validated PCR products was performed by a commercial company

(Genomics BioSci & Tech Co., Ltd.), who utilizes Applied Biosystems 3730XL DNA

Analyzer for DNA sequencing. PCR products of both markers (CR and Cyt b) were

sequenced in both directions in order to increase accuracy and to eliminate artificial

errors as possible.

2.4. Analyses of molecular data

2.4.1. Sequences management and alignment

Raw sequencing results were examined manually and individually, using Chromas

v2.33 (Technelysium Pty. Ltd.), and those with substantial noise were removed from

further analyses. D-loop and Cyt b sequences were compare to reference sequences,
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namely Diodon holocanthus whole mitochondrial genome that was published on

GenBank by Yamanoue et al. (2007), in order to check length and nucleotide position

and to remove any artificial nucleotide substitution and insertion/deletion. Moreover,

since Cyt b is a coding region, Cyt b sequences were checked to ensure that no stop

codons exist along the length.

Sequences were managed using BioEdit 7.0.9.0 (Hall, 1999) and the conversions of

sequence alignments between different file types were applied using online program

ALTER (ALignment Transformation EnviRonment, Glez-Pefia et al., 2010). Multiple

sequence alignment was executed using MUSCLE method (MUltiple Sequence

Comparison by Log-Expectation, Edgar, 2004a and 2004b) on an online application

incorporated within the website of European Bioinformatics Institute. The results of

alignment were checked and corrected manually.

2.4.2. Assessment of genetic diversity

Before any analyses were applied on acquired sequences, saturation tests were

executed using DAMBE v5.1.1 (Xia and Xie, 2001) in order to ensure the markerss

were suitable for following analyses. By pairwisely comparing estimated numbers of

transition and transversion versus genetic distance between sequences, the degree of

multiple substitutions of selected genetic markers can be revealed in the resulted plots.
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If the degree of multiple substitutions was severe, as so called “saturated”, phylogenetic

information of this marker may be lost and should be discard for its lack of credibility.

DnaSP v5 (Librado and Rozas, 2009) was executed for computing various indices
of genetic diversity including nucleotide diversity (z), haplotype number (%) and
haplotype diversity. These indices of every individual location group and of whole

population were calculated separately.

The haplotype number simply represents how many unique sequences exist in a
given population. The haplotype diversity, another measure of haplotype uniqueness,
was calculated with the formula described below:

h=n(1-Zf)/(n-1)
where f; is the haplotype frequency of the ith haplotype, and » is the sample size. The
value of haplotype diversity ranges from its theoretical maximum 1 to minimum 0. If
the haplotype diversity of a given population reaches 1, it means that every single
sequence in this population is unique. On the other side, nucleotide diversity deals more
with the difference of nucleotide composition, rather than haplotype, of a given
population, thus acts as a measure of nucleotide polymorphism. The formula for

calculating nucleotide diversity goes as following:
T=2X ﬁ ﬁ TTjj
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where f; and f; are the corresponding frequencies of the ith and jth sequences, m;; is the

proportion of nucleotide differences between ith and jth sequences, and » is the sample

size.

2.4.3. Detection of population structure

2.4.3.1. F-statistics

F-statistics, also known as fixation index, is a statistical index for evaluating the

degree of genetic fixation and heterozygosity. Its application is extended to estimate the

degree of genetic differentiation between two given populations. If the comparison of

two populations shows great and significant genetic differentiation, a population

structure with a subdivided pattern can be inferred from F-statistics results. The

software Arlequin 3.11 (Excoffier et al., 2005) was applied for calculating pairwise ®gr

values, with 10000 permutations testing for significance.

2.4.3.2. Analysis of molecular variance, AMOVA

Other than direct estimation of genetic differentiation, genetic structure among

populations can also be assessed by hierarchical analysis of molecular variance.

AMOVA, which stands for analysis of molecular variance, is an analysis method that

was developed by Excoffier et al. (1992) for estimating the source of molecular variance.

As the proportions of molecular variance that come from three different scales (within
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population, among populations within groups, and among groups) differs, the

subdivision pattern of investigated species can be inferred from data.

The setting of analysis scenarios were as following: (1) all locality groups were

dealt as separated groups; (2) considering that Kuroshio Current may play a certain role

in dispersal mechanism of D. holocanthus, as mentioned before, locality groups were

separated into two geographic groups: west, which includes JEJ, ECS, BEG and WTW;

and east, which includes other locality groups, based on whether the locality group may

be affected by Kuroshio Current or not. AMOVA was also conducted by the software

Arlequin 3.11 (Excoffier et al., 2005), with 10000 permutations testing for significance.

2.4.4. Reconstruction of phylogenetic relationships

2.4.4.1. Phylogenetic trees

Before constructing phylograms, proper nucleotide substitution model that fits the

data best must be determined in order to acquire convincible results. The software

jModelTest 0.1.1 (Posada, 2008) was executed for performing likelihood tests of various

models and searching the fittest one. Nucleotide substitution model with highest

likelihood value was then applied in reconstruction of phylogenetic relationships.

Maximum Likelihood was applied for reconstructing the relationship among all

sampled individuals. Calculations were computed via an online service, RAXML
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BlackBox (Stamatakis et al., 2008), using the best nucleotide substitution model

suggested by jModeltest, as described above, as well as estimating the proportion of

invariable sites of the sequences.

As mentioned beforehand, in order to facilitate the reconstruction of phylogenetic

relationship among D. holocanthus sequences, 9 D-loop and 4 Cyt b sequences

generated from 11 outgroup samples were applied in the analyses. Since there is no

previous study that addressed the intra-family relationship of Family Diodontidae,

which is remain unclear, the roots of constructed phylograms were set at the node

between Genus Diodon and other genera (Chilomycterus and Cyclichthys).

2.4.4.2. Haplotype network

Similar to phylogenetic tree, the haplotype network can be used to depict the

mutual relationship among samples. But in haplotype network, every molecular

operational taxonomic unit (MOTU) represents a single haplotype, rather than single

sequence, and frequencies of haplotypes are emphasized in the network plot. Therefore,

when reconstructing phylogenetic relationships, haplotype network can be generated in

order to provide additional information which focusing on ancestral-descendent

relationship.

Median-joining parsimonious haplotype networks based on Cyt b marker was
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constructed using the software NETWORK 4.5.1.6 (Fluxus Technology Ltd.).

Parameter € was set as default (¢ = 0). Additional two D. holocanthus samples, which

were sampled at two distant places, specifically Bali, Indonesia and Gulf of California,

Baja California Sur, Mexico, were used in the process of haplotype network

construction.

2.4.5. Demographic and coalescence estimations

2.4.5.1. Neutrality tests

Different neutrality tests, such as Tajima’s D test or Fu and Li’s D test, are designed

by various authors to investigate that whether a given population is biased form the

estimation under neutral theory or not. When the result of neutrality test of a given

population was biased from its neutral status, one can be sure that nucleotide

substitution events in the investigated population is not random, which may indicate that

a possible selective force is in effect, or this population is experiencing an event of

demographic changing, which may be subdivision or expansion. Thus, neutrality tests

can be applied for revealing the demographic history of target species. Both neutrality

tests, namely Tajima’s D (Tajima. 1989) and Fu and Li’s D (Fu and Li, 1993) were

conducted using the software DnaSP v5 (Librado and Rozas, 2009).
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2.4.5.2. Mismatch distribution

The historical demographic pattern of D. holocanthus was also investigated by the

analysis of mismatch distribution, which was performed by the software Arlequin 3.11

(Excoffier et al.,, 2005), on both markers separately. Simulated distributions were

generated under sudden expansion model with 10000 bootstrap replicates. The overall

validity of the estimated demography was assessed by the Harpending’s Raggedness

index (7, Harpending, 1994) and SSD (sum of squared deviation) between observed and

simulated distributions and their corresponding P-values. Both indices were used to test

the goodness-of-fit of the real data to model-simulated ones.

The analysis of mismatch distribution also calculated a critical parameter, 7 (tau),

which must be used in the coalescence estimation formula, described in the following

section. Mismatch distribution also calculated 6, and 6,, representing the effective

female population size (Ner) at the time of the last common ancestor and the current

effective female population size.

2.4.5.3. Coalescence estimation

Methods based on coalescence theory provide another way for investigating the

history of a given population. Theoretically, the genetic materials possessed by any

individual of an extant population were inherited from a single common ancestor. By
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tracing extant alleles of a marker back to a single ancestral copy, which was possessed
by the most recent common ancestor (MRCA), the genealogy as well the history of

extant population can be addressed.

The time since the most recent common ancestor was estimated with coalescence
formula, based on the concept of molecular clock (Rogers and Harpending, 1992):

t=t/2u=r1/4uk
where ¢ is the time since coalescence, u is the mutation rate for the entire sequence per
year, u is the mutation rate per site and k is the sequence length. The parameter 7 was
calculated in the previous analysis of mismatch distribution. Since mutation rates for
both markers of D. holocanthus used in this study had not been estimated before, the
mutation rates used for calculation (4—8% Myr ' for D-loop and 1-2% Myr ' for Cyt b,
both in percentage of divergence between lineages) were based on the average

divergence rates of several comparisons summarized by Lessios (2008).
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3. Results

3.1.  Genetic diversity

From all collected 185 Diodon holocanthus specimens, 174 whole-length D-loop

and 162 nearly-complete Cyt b sequences were amplified and sequenced successfully,

with the average lengths of 865 and 1120 base pairs respectively. The sequence

AP009177, which was sequenced by Yamanoue et al. was used as a reference in the

alignment and was included in all subsequent analyses, since its sampling site (Nobeoka

City, Miyazaki Prefecture, Kyushu, Japan) is within the sampling range of this study

(Yamanoue, per. comm.).

The plots of saturation tests (Figure 4) showed estimated numbers of transition and

transversion against pairwise genetic distance, as well as corresponding best-fit curves,

based on both markers. Except for the curve of transition of D-loop, other curves were

mostly linear and didn’t reach a plateau, which indicates certain amount of multiple

substitutions. As for the data of transition of D-loop, even if the curve was not

completely linear, it was far from reaching the saturation plateau. Hence the results

could be interpreted as neither D-loop nor Cyt b sequence of D. holocanthus were

saturated in substitution, and both transition and transversion could be used in the

following analyses.
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3.1.1. Genetic diversity of D-loop sequences

The alignment of 174 D-loop sequences showed many nucleotide substitutions and

a small amount of indels, which were used as informative sites as well in the following

analyses. 154 (17.72%) of all 869 positions were variable sites, within which 97 sites

were parsimony informative and 43 were singleton variable positions.

Overall nucleotide diversity () of D-loop sequences was 0.02000. Among different

locality groups, nucleotide diversity index varied from lowest 0.01867 (JEJ) to highest

0.02251 (RYK), as presented in Table 1. In total, 146 unique haplotypes were observed

among 175 D-loop sequences, with the overall haplotype diversity (%) equaled to 0.997.

Similar to nucleotide diversity, numbers of haplotype and haplotype diversity varied

among different locality groups. The Northern Taiwan (NTW) had a highest haplotype

number (67) of all observed groups, which was possibly affected by the large sample

size of NTW. It is worth to note that most of all groups had haplotype diversity reached

1, the theoretical maximum of this index, with only one exception (NTW). This meant

that every single sequence in that group differed from other sequences and presented a

unique haplotype.

3.1.2. Genetic diversity of Cyt b sequences

The alignment of 148 nearly-complete Cyt b sequences had 1124 usable sites. No
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indels were observed, and the level of nucleotide substitution was minimal. Within 86

(7.30% of 1124) variable sites, there were 44 parsimony informative sites and 42

singleton variable sites. As a protein-coding region, substitutions in Cyt b sequences

may result in amino acid replacement. In 84 comparable sites, 11 were non-synonymous

and 73 were synonymous substitutions. Of all variable sites, more than 79% (66)

appeared in the third position of codon, and about 20% (17) resided in the first position.

Only one variable site located at the second position. Varied changing rate of different

codon positions, as presented here, was consistent with those reported previously

(Botkin and Goldman, 2007).

The nucleotide diversity of all Cyt b sequences was 0.00420, and it ranged from

lowest 0.00387 (JPN) to highest 0.00497 (BEG) in different groups. Similar to the

finding of D-loop, haplotype numbers and diversity varied among different groups.

Overall haplotype diversity was 0.973, and haplotype diversity of groups ranged from

0.970 (NTW) to 1.000 (RYK). The most obvious difference between these two markers

is that, while the number of usable sequences of Cyt b was slightly lower than that of

D-loop, the difference of haplotype number was substantial. 73 haplotypes could be

identified form 161 Cyt b analyzed sequences in total. Most of those shared haplotypes

could be observed in many different locations, which may be distant to each other. In

contrast to D-loop, the haplotype diversity was high, but nucleotide diversity of Cyt b
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was lower than D-loop. This finding is reasonable that, since Cyt b codes for a

functional protein, the variation of its nucleotide composition is restricted.

3.2. Population structure

3.2.1. F-statistics

@gr values of pairwise comparison between groups of D. holocanthus populations,

and corresponding P values was calculated and presented in Table 2 (D-loop) and Table

3 (Cytb).

For both markers, all pairwise ®st values are smaller than 0.05 or even less than 0,

and only a few of them were statistically significant.

The ®gr values represented the degree of genetic differentiation between

populations that under comparison, and the corresponding P values indicated that

whether ®gr values were significantly larger than 0. When the value was larger than

0.05, the two comparing populations were considered to be genetically differentiated,

and the degree of differentiation increases as the ®@st approaches to 1, the theoretical

maximum of F-statistics. Occasionally, in some cases negative values were obtained due

to the imprecision of the algorithm, and should be interpreted as equal to O (Foster et al.,

2006; Jaramillo et al., 2001), which stands for no differentiation between population.

Summarized from the results of F-statistics, sampled D. holocanthus populations in
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western pacific water in this study presented little genetic differentiation. In other words,

gene flows between populations were not limited, and both markers showed congruent

results.

On the other hand, there were some pairwise comparisons that showed a trend

toward slightly genetic differentiation between populations. Base on D-loop sequences,

when comparing ECS to other groups, some of resulting ®sr were larger than 0.01 and

reaching significances and reached statistical significance (ECS-NTW: ®gr = 0.02314,

P =0.03742; ECS-ETW: ®gt = 0.04270, P = 0.03990), although not a considerable or

even noticeable degree of genetic differentiation. This finding of D-loop was not

congruent to that of Cyt b, however. Despite the fact that ®gr values of ECS-JEJ,

ECS-BEG and ECS-NTW pairing were the biggest ones and the only ones that larger

than 0.01 in Table 3, none of them significantly larger than 0, thus could be interpreted

as an evidence for differentiation. This is reasonable that since the effect of limited gene

flow is easier to be found on sequences with higher mutation rate, D-loop in this case,

than relatively slower Cyt b.

3.2.2. AMOVA

Table 4 and Table 5 showed the results of analysis of molecular variance, based on

D-loop and Cyt b sequences respectively. For scenario 1, which considered all groups to
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be independent, no significant genetic structures for D. holocanthus were observed, as

@gr values for both markers were not significantly larger than 0, and almost all genetic

variation came from within population level (99.44% and 102.54%). A very little

fraction of variation came from among population within group level, with a relatively

small ®gc value. This was another result that stood as proof of insignificant and

negligible population structure.

However, the amount of percentage of variation that came from within group level

slightly changed when testing scenario was different. In scenario 2, locality groups were

separated into two parts, considering their geographic relationship with the Kuroshio

Current. Variation that came from among groups level was slightly higher than that of

scenario 1 for D-loop (from -1.68% to 0.81%) but not Cytb (from 0.54% to 0.65%),

whilst within population level was still the dominant variation factor. Again these results

were not consistent based on different markers, similar to the results of F-statistics.

3.3. Phylogenetic relationship

3.3.1. Phylogenetic trees

As suggested by jModelTest, the best substitution model for D-loop of acquired D.

holocanthus sequences was GTR+I+I", and the best substitution model for Cyt b was the

same. Best substitution models were used in following tree-building processes. Two
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phenograms, as presented in Figure 5 and Figure 6 representing the results based on

D-loop and Cyt b respectively, were constructed for revealing the phylogenetic

relationship among all sampled individuals.

As the phenogram based on D-loop depicted, all D. holocanthus samples clustered

in a single monophyly, with high supporting values (86). This clade was separated by

large distances from samples of other congener or confamilial taxa, but branches inside

this clade were not distinct and lacked of strong statistical support, though. Some

partitions were even polytomous. Furthermore, any barely observable partition inside

the ingroup clade did not match to geographical relationships among samples.

Similar to the result of D-loop, constructed phenogram based on Cyt b sequences

showed little differentiation among ingroup D. holocanthus individuals. Since the

differences between Cyt b sequences were smaller than D-loop, the ingroup clade of Cyt

b was even more shallow, and branching between samples within the monophyletic

ingroup lineage were even more polytomous and ambiguous.

3.3.2. Haplotype networks

A median-joining haplotype network which revealed the relationships among Cyt b

haplotypes was constructed and presented in Figure 7. The resulted haplotype network

presented a star-like pattern, with a central haplotype positioned in the most
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intermediate place. This central haplotype linked to all peripheral ones, and was

considered as the most ancestral haplotype. The central haplotype was not the most

common one, however, and it was not shared by all populations.

The constructed haplotype network presented here, resembled phylogenetic trees in

previous section in one way: the lack of distinct partition pattern. As mentioned before,

the haplotype network of Cyt b sequences was star-like, and even if certain minor clades

existed, they did not have distinguishable geographical structure. Those common

haplotypes, including the central one, were shared by many groups which may be

spatially distant to each other.

Likewise, samples from distant places, namely Bali and Gulf of California, did not

form distinct and isolated lineages from other samples. Instead, the sample from Bali

had a haplotype that was identical to samples collected near Taiwan or Japan; haplotype

of sample from Gulf of California was unique, but there were merely two steps away

only between it and the central haplotype.

3.4. Demographic estimation

3.4.1. Neutrality tests

Two different neutrality tests, scilicet Tajima’s D test and Fu and Li’s D test, were

applied for examining that whether the observed population had shown a trend toward
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bias from state of equilibrium. If the result showed a value that departed from 0, no

matter positive or negative, it means that the evolutionary history of examined

sequences are not neutral, and thus there might be some kind of mechanism that drives

this deviation.

As Table 6 demonstrated, all testing resulted in negative values, regardless of

which method was applied, which group or which marker was tested. Except for

Tajima’s D testing on all D-loop sequences, the results of tests that using all D-loop or

all Cyt b data had negative values with statistical significance. For testing on each group

separately, only few were significant.

3.4.2. Mismatch distribution

The distributions of pairwise mismatch between sequences were generated and

presented in Figure 8 (D-loop) and Figure 9 (Cyt b). Both came with corresponding

statistical indices, specifically SSD and Harpending’s Raggedness index (7).

Both resulted mismatch distributions inferred from the two markers revealed

unimodel distribution pattern, that is, only one dominant peak appeared in the

distribution plot. Moreover, observed distributions of mismatch frequencies fitted the

curves of simulated frequencies based on sudden expansion model pretty well. In the

result of Cyt b (Figure 8), this was supported by significantly minimal values of both
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indices. However, the result of D-loop was not supported by statistical testing, but the

values of indices were even smaller, which may suggest a trend toward good fittingness

of observed data to model.

3.4.3. Coalescence estimation

The coalescence parameters, including those calculated by analysis of mismatch

distribution such as z, 6y and 6, and calculated coalescence time ¢, were presented in

Table 7. Since the values of 6y based on both markers were 0, the magnitude of

population growth from most recent common ancestor to modern population was

uncountable, but by comapring 6, and 0, population growth over this time still seems to

be enormous. The time when population expansion initiated was at about 549 to 220

kya (thousand years ago), within the period of Pleistocene, which ranged from 2.6 mya

(million years ago) to 12 kya.
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4. Discussion

4.1. Genetic diversity of D. holocanthus

In this study two segments of mtDNA, D-loop (mitochondrial control region) and

Cyt b, were applied for deciphering the population structure of D. holocanthus. Speak

of genetic diversity, the two markers had similar pattern in terms of haplotype diversity.

For D-loop, almost all sampling site had a haplotype diversity index as high as 1; even

though many of them were largely affected by insufficient sampling, the overall

haplotype diversity was still very close to 1. The haplotype diversity of observed Cyt b

sequences was relatively high and close to 1 as well, but still slightly smaller than that

of D-loop, despite the fact that sample size of Cyt b was smaller. On the other hand, the

pattern of genetic diversity concerning nucleotide diversity was different for the two

markers, as D-loop shows higher degree of nucleotide diversification, the average value

of nucleotide diversity index of Cyt b was five times smaller than that of D-loop (% 7 =

2.01 for D-loop, 0.42 for Cyt b). D-loop had higher mean values for both haplotype and

nucleotide diversity indices, especially the latter.. It is a reasonable observation, since

D-loop is the segment within mtDNA that has highest mutation rate and the only one

with non-coding attribute, more mutations can be accumulated in D-loop. On the

contrast, the Cyt b is a protein-coding sequence, mutation within Cyt b must be

somewhat restricted.
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The combination of high haplotype diversity with intermediate to low nucleotide

diversity was frequently observed in many demersal fishes, such as croaker

Larimichthys polyactis (Xiao et al., 2009) or damselfish Pomacentrus coelestis (Liu et

al., 2008), and may be the result of historical demographic decline or migration by

founders, followed by sudden population expansion event (Grant and Bowen, 1998).

Also, large haplotype diversity could be maintained within the population under

conditions such as large population size, life history traits which facilitate rapid

population expansion. Moreover, high mutation rates of selected genetic markers would

contribute to high haplotype diversity.

4.2. Pattern of population structure of D. holocanthus

Results of F-statistics, whose values were nearly universally minimal or negative,

clearly showed that genetic differentiations between locality groups were relatively

indistinct. By the data based on two different mtDNA markers, population subdivision

was insignificant, and little genetic differentiation could be detected. The same

inference was drawn from the result of analysis of molecular variance (AMOVA, both

scenarios), as almost all genetic variance came from within population level, which

means genetic differences among groups did not significantly larger than difference

among individuals of same group.
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Marine fish generally show lower levels of genetic differentiation among

geographical regions than freshwater fish, due to higher dispersal potential by means of

planktonic egg, larva, or adult stages, coupled with the higher connectivity resulted

from expanse of water body. Following sections discuss the two most possible causes

that shaped observed population structure in detail.

4.2.1. Strengthened larval dispersal ability

By comparing calculated coalescent time with the period when barrier formed,

previous study (Lessios and Robertson, 2006) provided evidence that Diodon

holocanthus likely was able to cross the eastern Pacific barrier, a biogeographic barrier

which is basically the expanse of deep water without islands, but the authors didn’t

discuss the possible mechanism responsible for such ability. As mentioned in the

introduction section, the length of pelagic larval stage of D. holocanthus is at least 3

weeks, and may extend beyond a month, which is quite long among marine teleosts.

By observing the annual change of female GSI, Fujita et al. (1997) suggested that

spawning season of D. holocanthus likely took place from late April to early June.

Yun-Chi Liao keeps a record of number, weight and length of D. holocanthus

individuals which impinged onto the protective mesh before the inlets of nuclear power

plants of northern Taiwan (Liao, unpublished data). This eight-years-long record
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presented that during the period from January to April, monthly average number of

impinged D. holocanthus peaked, while length and weight per individual does not

(Figure 10). Although harsh winter, from December to February, might have negative

effects on weight of animals, but data of length showed that smaller body size should

resulted from individuals of younger age, that is, juveniles. So this circumstance might

indicate that the number of recruits in northern Taiwan waters maximizes during

February to April, and these recruiting juveniles must be born in the previous year. If all

these inferences were correct, that many pelagic larvae, if not all, stay in the open sea

after being born and hatched for more than half a year, and, if carried by proper

oceanographic force, could travel across a great distance. Another evidence for extended

pelagic duration was inferred from otolith records (Ogden and Quinn, 1984), in which

the ring counts of sagittae observed from “just-recruited” individuals exceeded 400. Ed

Brothers, the researcher who made this observation, assumed that juveniles of D.

holocanthus spent more than a year at somewhere before recruitment, based on the

experience that many tropical fishes have daily microincrements on otolithes (E.

Brothers, per. comm.). This provides another support for extended pelagic larval

duration of D. holocanthus.

There are two dominant factors determining the direction and velocity of oceanic

surface currents around Taiwan: East Asia monsoon system and the Kuroshio, whilst the
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former being the primary force causing variation (Wyrtki, 1961). Kuroshio Current is

well-known for its relatively high velocity, which may surpass 0.2 m/s (Liang et al.,

2003, Figure 11). Under this circumstance, if eggs and larvae were carried by the

Kuroshio Current, as speculated by Nishimura (1960), multiplying with the extra long

pelagic duration, as discussed above, migration range should be considered in units of

hundreds of kilometers or more. Such ability of migration, in absence of strong

movement in adult stage, might still capable for dispersing individuals to and thus

connecting gene pools of subpopulations.

4.2.2. Past demographic change

D. holocanthus seems to bear life history traits which capable of population

expansion. Even though the detailed information regarding to life history, such as

generation time, life span, or the age at first spawning, of D. holocanthus, were not

scientifically documented, one may make conjectures regarding to life history traits of

D. holocanthus based on known facts. A close relative of D. holocanthus, the ocean

sunfish Mola mola, keeps the record for being the most fecund of all vertebrate, with a

137 cm female containing an estimated 300 million eggs (Pope et al., 2010). If this

amazing trait of M. mola was shared by D. holocanthus, exponential population growth

is highly likely to occur. Also, since the life expectancy of M. mola is longer than one
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year, it may be iteroparous as well, which means it spawns multiple times in the entire

life. According to various unofficial observations by aquarists, the life span of D.

holocanthus in aquarium ranges from 5 to 15 years, and might be iteroparous as well.

Above inferences are just assumptions, however, and might be incorrect, but the

commonness and abundance of extant D. holocanthus populations alone seem to be

enough for making the deduction that D. holocanthus is capable for rapid population

expansion.

The result of neutrality tests, analysis of mismatch distribution, and haplotype

network in this study, however, provided more direct evidence for possible past

expansion event. Both neutrality tests that applied here, namely, Tajima’s D and Fu and

Li’s D, showed significant negative values on both markers (Table 6). Negative value of

neutrality test signified the excess of low frequency polymorphism, which indicate the

presence of positively selective pressure or population expansion event. Support for

population expansion event was further strengthened by the result of a star-like

haplotype network (Figure 7) as well as unimodal mismatch distributions (Figure 8 and

9). Slatkin and Hudson (1991) pointed out that, for an exponentially growing population,

phylogeny will be nearly star-like and the distribution of pairwise differences (mismatch)

will be nearly a Poisson distribution, which corresponded to results of this research.

Recent population expansion was a common circumstance among many marine species,
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and climate changes combining glaciation often underlay such demographic changes.

More discussion regarding glaciation will be addressed in section 4.3.

4.2.3. Other facts concerning the observed population structure

Different scenarios of AMOVA (Table 4 and Table 5) showed a possible factor that

might affect the formation of population structure: the Kuroshio Current. While the

Kuroshio Current may play as a primary driving force that carries pelagic lifeforms of D.

holocanthus across a great range, this strong current might impede dispersal with

direction that is perpendicular to the current. However this effect, if does exist, was not

obvious based on the data of this study, and more samples were required for addressing

this assumption.

In a previous research Lessios and Robertson (2006) found D. holocanthus in the

Eastern Pacific did have population structure with differentiation pattern. However, the

geographical distance between the two comparing populations in that paper was more

than 4000 kilometer, which was significantly larger than the sampling range of this

study. Whether or not the population of D. holocanthus in the Western Pacific showed

similar pattern to their eastern counterpart still requires more samples for this question

to be resolved.
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4.3. Glacial refugia and origin of extant population

When glaciation took place, mass mortality of marine animals was ought to be

occur, due to the shrinkage of habitats caused by lowering of sea level. And postglacial

expansion restored population size and habitat range after deglaciation, but molecular

evidences of bottleneck and expansion event were written within the genome. Such

glaciation and deglaciation cycle occurred multiple times during the history of

Pleistocene, from 2.6 mya to 12 kya (Imbrie et al., 1992), and population expansion

events we observed should occur after last glacial maximum (LGM), occurring from

110 kya to 10 kya. When last glacial maximum arrived, sea level lowered about 120 to

140 m, exposing much of suitable habitat which previously underwater, and population

size of marine animal declined as consequence. Survival individuals retreated into

locations that still habitable, which is so called “glacial refugia”. After deglaciation,

marine animals recolonized previously habitable location from glacial refugia, with

population size grew in an exponential manner. Such events left some invisible traces in

genetic composition of species, including evidences of sudden expansion which can be

detected by analysis of mismatch distribution and neutrality tests, as mentioned before,

and the most ancestral subpopulation, which can be revealed by reconstructing the

phylogenetic relationship of extant individuals. The places where ancestral populations

reside often indicate the presence of glacial refugia in the past.
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4.4, Comparing to sympatric species

Population structure of many other marine animals in this area, that is, the western

Pacific, had been investigated. Although different animals have diverse life history

characteristics, by comparing them with D. holocanthus some abiotic factors or biotic

properties that affecting population structure may be revealed. Two different patterns of

population structure were frequently observed on marine animals of this region,

specifically, the mixing pattern and the distinctly differentiated pattern.

Population structure of mixing pattern was often presented by little differentiation

between geographical groups and a single inseparable clade comprising all sampled

individuals, which were similar to the results of this study. Researches of sympatric

fishes with this pattern including: two croakers Nibea albiflora (Han et al., 2008) and

Larimichthys polyactis (Xiao et al., 2009), goby Sicyopterus japonicus (Leander, 2009),

and Japanese eel Anguilla japonica (Han et al., 2010). Summarizing the results of these

studies, two factors were referred as the key causes that shaped the undifferentiated

genetic structure: migratory behavior at some stages, and prolonged pelagic larval stage.

Migratory behavior and route of pelagic juvenile (leptocephalus) and adult of Anguilla

japonica were well-studied and supposed to enhance the gene flows between

populations in different locations (Han et al., 2010). Moreover, the migrating duration of
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pelagic leptocephalus is estimated as 5 months. Similarly, Nibea albiflora has a pelagic

duration up to one month, and adult migrates between overwintering areas; both

contribute in homogenizing the genetic compositions in the region. Sicyopterus

Jjaponicus also has a pelagic larval duration with the length from 5 to 6 months. The

length of pelagic duration for Larimichthys polyactis is unclear, however, but this

demersal species does spawn pelagic eggs, which might enhance its dispersal ability.

Even though D. holocanthus does not have migratory adult stage, its pelagic larval

duration is similarly long comparing to species described above, and therefore it is

reasonable to observe a universal population structure without local differentiation.

Population structure of distinct pattern was recognizable as certain genetic features

were observed, including: considerable genetic distance between lineages or

geographical groups, and distinguishable phylogenetic separations. These genetic

differentiation patterns, however, are not necessarily linked to geographical or temporal

relationships of organisms. Sympatric fish instances for such pattern includes: snapper

Lutjanus erythropterus (Zhang et al., 2006), damselfish Pomacentrus coelestis (Liu et

al., 2008), mackerel Scomber australasicus (Tzeng et al., 2009), and mullet Mugil

cephalus (Jamandre et al., 2009). The damselfish, Pomacentrus coelestis, spawns

demersal eggs in clutches. Demersal phase of egg may reduce the duration of pelagic

stage and thus distance this organism could travel by means of pelagic dispersal, and are
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prone to be isolated by barriers in the seafloor, such as the Tokara gap, as Liu et al.

(2008) suggested. Conversely the eggs of D. holocanthus are pelagic, and may have

better ability to cross such submarine barriers. The other three examples, Lutjanus

erythropterus, Scomber australasicus and Mugil cephalus, all showed distinct

population structure but in a geographic scale that is different from this study. All of

these three studies investigated populations of their own species in the western Pacific,

including East China Sea (ECS) and South China Sea (SCS). They found that genetic

distances between populations of ECS and SCS were considerable, but little

differentiations were observable within ECS. It was assumed that the land bridge

connecting Taiwan and Mainland China formed during glaciation blocked the gene

flows between the two marginal seas. Actually those results are not inconsistent to this

study, since D. holocanthus also presented an inseparable lineage in the ECS region.

However, samples of D. holocanthus in the SCS were unable to be collected; therefore

it is impossible to inspect that whether D. holocanthus have a similar structuring pattern

to other fishes, until more samples, especially from other regions, were collected.

4.5. Conclusion

By investigated the population structure in the region of western Pacific, the fact

that Diodon holocanthus is capable of long-distance migration, as indicated by the
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existence of gene flows between populations, was revealed. Notwithstanding adults are

not designed for active migratory movement, dispersal of D. holocanthus cross great

geographical range is achieved by extended pelagic larval duration, in combination of

local oceanographic features, such as the Kuroshio Current. Also, D. holocanthus was

proven to experienced sudden population expansion after glaciation, a common

historical events that many tropical fishes underwent.
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Table 1. Sampling details of Diodon holocanthus used in this study, with sample size (), number of available sequences (n), haplotype

number (7;,), haplotype diversity (%) and nucleotide diversity (x) of each locality group.

Locality group Sampling site N D-loop Cytb
(abbreviation) (abbreviation) noom, h . noom, h .
JPN Overall 14 14 14 1.000 0.02243 14 13 0.989 0.00387
Ashizuri Port, Tosa-Shimizu City,
o 1 1 1 1.000 - 1 1 1.000 -
Kochi, Shikoku, Japan (AZP)
Iburi Fishing Port, Tosa-Shimizu City,
oo 8 8 = 8 1.000 0.02150 8 8 1.000 0.00435
Kochi, Shikoku, Japan (IBR)
Nakanoshima, Susaki City, Kochi,
Japan Shikoku. ] NNS 17301 7™y 1.000 - 11 1.000 -
(IPN) ikoku, Japan ( )
Okinoshima, Sukumo City, Kochi,
. 2 25 P 1.000 0.01736 2 2 1.000 0.00267
Shikoku, Japan (ONS)
Saga, Kuroshio Town, Kochi,
. 1 1 1 1.000 - 1 1 1.000 -
Shikoku, Japan (SAG)
Nobeoka City, Miyazaki,
1 1 1 1.000 - 1 1 1.000 -
Kyushu, Japan (MZK)
RYK Overall 4 3 3 1.000 0.02251 4 4 1.000 0.00437
Amami—oshima, Okinawa,
Ryukyu Rvukvu. ] AMO 1 0 - - - 11 1.000 -
Kumejima, Okinawa,
3 3 3 1.000 0.02251 3 3 1.000 0.00415

Ryukyu, Japan (KMJ)
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Table 1, continued.

Locality group Sampling site D-loop Cytb
n

(abbreviation) (abbreviation) noon h T noon, h T
Jeju Is., S. Korea

JEJ Overall 15 10 10 1.000 0.01867 13 11 0.974 0.00430
(JEJ)

ECS Overall 23 19 19 1.000 0.01903 20 18 0.989 0.00391
East China Sea Site 16: 124.12°E, 29.00°N 1 1 1 1.000 - 1 1 1.000 -
(ECS) Site 31/32: 123.06-124.09°E,

0 e R b 1.000 0.01882 19 18 0.994 0.00403

28.27-27.88°N
Beigan, Matsu

BEG Overall e O 1.000 0.02010 15 14 0.990 0.00497
(BEG)

NTW Overall 78] =/5- 167 0.996 0.02001 64 38 0.970 0.00422
Northen Taiwan Nuclear Power Plant 1 Inlet (NP1) 1l <2 1l6 0.993 0.01887 17 13 0.963 0.00423
(NTW) Nuclear Power Plant 2 Inlet (NP2) 19 19 17  0.988 0.02198 16 10 0917 0.00380

Nuclear Power Plant 4 Inlet (NP4) 395 39 W37 0.997 0.02099 31 26 0.989 0.00443

ETW Overall 16 16 16 1.000 0.02069 10 0.978 0.00467
Eastern Taiwan :
(ETW) Hualien Harbor, Hualian (HUL) 6 6 6 1.000 0.01988 4 4 1.000 0.00489

Chengkung, Taitung (CHK) 10 10 10 1.000 0.02170 1.000 0.00474

WTW Overall 24 24 24 1.000 0.01920 21 16 0.971 0.00408
Western Taiwan Fongkuei, Penghu (FOK) 5 5 5 1.000 0.01676 5 1.000 0.00374
(WTW) Magong, Penghu (MAG) 10 10 10 1.000 0.01894 7 1.000 0.00322

Liuqiu, Pingtung (LCH) 9 9 9 1.000 0.02313 8 0.972 0.00509
Total 186 175 146  0.997 0.02000 161 73 0.973 0.00420
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Table 2. Pairwise comparison ®st values between groups (below diagonal) and

corresponding P values (above diagonal), inferred from mitochondrial control region
(D-loop) of Diodon holocanthus.

JPN RYK JEJ ECS BEG NTW ETW WTW
JPN - 0.92624 093723 0.28571 0.83625 0.89684 0.86387 0.72458
RYK —0.08153 - 0.86873 0.52698 0.87823 0.85952 0.86081 0.72884
JEJ  —0.03930 —0.08239 - 0.43511 0.62509 0.72003 0.83873  0.60935
ECS 0.00861 —0.01639 —0.00056 - 0.29017 0.03742  0.03990 0.27423
BEG -0.02344 —0.07024 —0.01312 0.00858 - 0.73913  0.53450 0.96822
NTW -0.01595 —0.05449 -0.01318 0.02314* —0.01043 - 0.50559 0.44679
ETW -0.02577 —-0.07139 —0.02986 0.04270* —0.0066 —0.00278 - 0.27294
WTW —0.01328 —0.03915 —0.01033 0.00687 —0.02800 —0.00072 0.00896 -
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Table 3. Pairwise comparison ®st values between groups (below diagonal) and

corresponding P values (above diagonal), inferred from cytochrome b of Diodon

holocanthus.

JPN RYK JEJ ECS BEG NTW ETW WTW
JPN - 0.35096 0.90941 0.55697 0.57034 0.90466 0.99109 0.97782
RYK 0.00786 - 0.59153  0.40204 0.80636 0.73666 0.93654 0.54283
JEJ  —-0.03037 —0.01752 - 0.15157 0.33205 0.83932 0.91961 0.65964
ECS —0.00688 0.00797 0.02161 - 0.23176  0.08811 0.50817 0.53450
BEG —0.00727 —0.04431 0.00761 0.01203 - 0.68845 0.89407 0.77844
NTW -0.01705 —0.03310 —0.01469 0.01509 —0.00809 - 0.97980  0.90506
ETW —0.04902 —0.05920 —0.03235 —0.00546 —0.03127 —0.03150 - 0.98564
WTW -0.03068 —0.01211 —0.00976 —0.00484 —0.01610 —0.01245 —0.04456 -
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Table 4. Hierarchical analysis of molecular variance (AMOVA) based on D-loop sequences. Above: scenario 1, all groups were

separated; below: scenario 2, grouping according to the relationship to the Kuroshio Current.

Source of variation Degrees of Variance Percer.lta.ge Fixation Index P value
freedom component of variation
Among groups 7 —0.14752 Va —1.68 ®Ocr=-0.01675 0.88119
Among population within group 11 0.19703 Vb 2.24 ®gc = 0.02200 0.11356
Within population 156 8.75726 Vc 99.44 ®gr =0.00562 0.18307
Among groups 1 0.04738 Va 0.54 ®cr = 0.00535 0.13208
Among population within group 17 0.04658 Vb 0.53 ®gc =0.00529 0.28109
Within population 156 8.75726 Vc 98.94 ®s7=10.01062 0.17832
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Table 5. Hierarchical analysis of molecular variance (AMOVA) based on Cyt b sequences. Above: scenario 1; below: scenario 2.

Analysis scenarios setting were identical to that of D-loop.

Source of variation Degrees of Variance Percer.lta.ge Fixation Index P value
freedom component of variation
Among groups 7 0.01904 Va 0.81 ®cr = 0.00808 0.67752
Among population within group 12 —0.07878 Vb -3.35 Ogc =—0.03372 0.95238
Within population 141 2.41491 Vc 102.54 ®gr =—0.02537 0.98416
Among groups 1 0.00344 Va 0.15 ®cr=0.00146 0.64752
Among population within group 17 —0.06097 Vb -2.59 ®gc =—-0.02590 0.98119
Within population 141 2.41491 Vc 102.44 Dst =—0.02441 0.98248
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Table 6. The result of two statistical neutrality test of Diodon holocanthus, using

D-loop and Cyt b as genetic markers. Neutrality tests for group RYK were not

executed because of insufficient sample size.

Locality Tajima’s D Fuand Li’s D
groups D-loop Cytb D-loop Cytb
PN —0.66095 —1.68184 —0.31781 —1.45830
P>0.10 0.10>P>0.05 P>0.10 P>0.10
RYK B —0.82943 B —0.82943
P>0.10 P>0.10
JEI —0.59832 —1.73690 —0.52516 —1.68022
P>0.10 0.10>P>0.05 P>0.10 P>0.10
ECS —0.89596 —1.64186 —0.94538 —1.83875
P>0.10 P>0.10 P>0.10 P>0.10
BEG —0.62816 —1.47512 —0.41082 —1.00554
P>0.10 P>0.10 P>0.10 P>0.10
NTW —1.25946 —1.99082* —2.16297 —2.31937
P>0.10 P <0.05 P>0.10 0.10>P>0.05
ETW —0.45440 ~1 181382 * —0.70280 —1.93480
P>0.10 P <0.05 P>0.10 0.10>P>0.05
—0.78873 —1.81563* —0.88348 —1.65190
WTW
P>0.10 P <0.05 P>0.10 P>0.10
Total —1.30339 —2.17225%* —2.20321* —4.37791*
P>0.10 P<0.01 P<0.05 P<0.05
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Table 7. Estimated coalescence time and parameters of D. holocanthus, based on two
different markers. Unit for u was percentage of divergence between lineages, and unit

for ¢ was year.

Coalescence T 6o 0, u Population age ()
D-loop 18.973 0.000 416.250 2-4% 274000-549000
Cytb 4.951 0.000 916.250 1-2% 220000-439000
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Figure 1. The native distribution range of Diodon holocanthus. Modified from AquaMaps (Kaschner et al., 2008). Solid line: the Equator;
dash lines: the Northern and the Southern tropics.
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Figure 2. The sampling sites of Diodon holocanthus, around Western Pacific waters, in this study. Shaded area presented continental

shelf with depth smaller than approximately 120 m. For complete name of abbreviations of sampling sites, seek table 1.
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Figure 3. Above: schematic diagram of mitochondrial DNA of D. holocanthus, as

inferred from sequence AP009177; below: schematic diagram showing position of

primers sets used for PCR amplification in this study.
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Figure 4. Plots of saturation tests, which showed estimated numbers of transition and
transversion against genetic distance. Above: D-loop; below: Cyt b. S: transition; V:

transversion.
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Figure 5. Phylogenetic relationship of all sampled D. holocanthus, reconstructed by
maximum likelihood method based on D-loop sequences. Number above branch
represented bootstrapping value, and values of outgroup lineages or lower than 85

were not shown.
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Figure 6. Phylogenetic relationship of all sampled D. holocanthus, reconstructed by
maximum likelihood method based on Cyt b sequences. Number above branch
represented bootstrapping value, and values of outgroup lineages or lower than 85

were not shown.
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Figure 8. Mismatch distribution based on 165 D-loop sequences of sampled Diodon
holocanthus. Black bar: observed frequencies; dash line: simulated model frequencies.
SSD = 0.0020, Pssp = 0.0734, »=0.0027, P, = 0.2201.
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Figure 9. Mismatch distribution based on 148 Cyt b sequences of sampled Diodon
holocanthus. Black bar: observed frequencies; dash line: simulated model frequencies.
SSD = 0.0030, Pssp = 0.0524, »=0.0211%*, P, = 0.0281.
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Figure 10. Monthly average number (A), length (SL, B) and weight (C) of impinged D. holocanthus individuals during the period from year

2000 to 2008 (Liao, unp. data). Solid line: average value; dotted line: monthly maximum or minimum values; vertical bar: standard error.
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Figure 11. Surface oceanic currents in waters around Taiwan during the period when

monsoon prevails, with velocity and direction. The left and right panels represent the

seasons of southwesterly monsoon and northeasterly monsoon, respectively. From

Liang et al. (2003).

77



