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ABSTRACT 

Tetrodotoxin (TTX) is a lethal neurotoxin isolated mainly from the organs of wild 
puffer fishes. Although the neurotoxicity mechanisms of TTX are well known, the 
TTX origin and the biosynthetic mechanisms inside its hosts remain unresolved. In 
recent decades, the numerous reports of TTX-producing bacteria strongly suggested 
its bacterial origin. However, this origin is currently being challenged by the low 
and inconsistent TTX productions in vitro by the previously reported TTX-
producing bacteria. Culturable TTX-producing bacteria were frequently isolated 
and reported from the guts of TTX-bearing animals including puffer fishes, 
however, these bacteria were estimated to account for 0.1% of the total gut bacteria. 
Moreover, the identification and functions of the non-culturable gut bacteria 
participating in TTX biosynthesis have never been reported. I hypothesize that the 
puffer fish gut bacteria and the entire gut environment serve as a functional 
integrality responsible for TTX biosynthesis. In this study, 16S rRNA amplicon 
metagenomics pipeline was established to profile the entire gut bacterial structures 
of both toxic and non-toxic puffer fishes respectively. UniFrac based principal 
coordinate analysis showed that bacterial diversities were significantly different (P-
value < 0.001) between the gut environments of toxic puffer fishes and the non-
toxics. Vibrio and Cyanobacteria were identified as centralities of gut bacteria co-
occurrence network in toxic puffer fishes, implying their key roles in TTX 
biosynthesis. The results of metagenome prediction and gene set enrichment 
indicated that arginine biosynthesis was significant enriched (P-value < 0.05) in the 
toxic group. To further investigate the roles of key bacteria and arginine 
biosynthesis in producing TTX, metabolomics pipeline was established along with 
16S rRNA amplicon metagenomics to monitor the dynamics of metabolites and 
bacterial compositions in guts of toxic puffer fishes during their detoxification 
process. The average TTX concentrations in the liver  after a 60-day culture (6.41 
± 3.00 µg/g) was found significantly lower (P-value < 0.01) than that of the same 
species from the wild (31.86 ± 22.20 µg/g). The relative abundance of Vibrio was 
found positively correlated with the liver TTX concentrations. With the increase of 
culture periods, the relative abundance of Vibrio and Cyanobacteria decreased. In 
addition, both the metabolites and functional genes in arginine biosynthesis 
metabolic pathway were found significantly down-regulated (P-value < 0.05). 
These results indicated that both Vibrio and Cyanobacteria bacterial symbionts 
participated in TTX biosynthesis using arginine as a potential precursor in the gut 
environment of toxic puffer fishes. 
 
Keywords: Tetrodotoxin; Puffer fishes; 16S rRNA amplicon metagenomics; 
Metabolomics 
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1. Chapter one: Introductions and literature 

reviews 

1.1. Introductions to the study 

1.1.1. Chemical structure and properties of TTX 

Marine nature products are treasurable sources of pharmaceutical productions, 

functioning at anticancer, antibacterial and antibiotic activities (Carroll et al., 2019). 

The unusual chemical structures of marine toxins are in related with their complex 

biosynthetic pathways. For instance, saxitoxin (STX), which is a neurotoxin found 

in Cyanobacteria, is produced by complex gene clusters coding for 26 proteins 

(Hackett et al., 2013). The complexity of chemical structure of marine toxins 

hampers the traceability of their origins and their biosynthetic pathways. 

Tetrodotoxin (TTX), one of the marine toxins with unresolved metabolic pathways, 

is known as neurotoxin that can mainly be found in puffer fishes and marine species. 

The structure of TTX was first studied in 1964 (Woodward and Gougoutas, 1964). 

The molecular formula of TTX is C11H17N3O8 (molecular weight: 319.27 g/mol). 

TTX has a special guanidinium moiety (Fig. 1.1-1). The hydroxyl groups of TTX 

were found replaced by chemical groups and formed TTX analogues co-occurring 

with TTX in nature (Tsukamoto et al., 2017) (Fig. 1.1-2). TTX is a potent 

neurotoxin. The intoxication mechanism of TTX is known as blocking sodium 

channel of the cells, resulting neuromuscular paralysis and even death (Noguchi et 

al., 2011). The lethal dose 50% (LD50) and no observed adverse effect level 

(NOAEL) of TTX were 232 µg/kg and 75 µg/kg respectively (Abal et al., 2017). 

TTX is heat stable and has been detected in liver, ovary, muscle and even skin in 
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puffer species. Consumption of puffer fishes has caused thousands cases of human 

death (Guardone et al., 2019). Till now, though no antidote has been discovered for 

TTX, the finding of TTX resistant genes (Wang et al., 2018) on monkey haploid 

embryonic stem cells would likely facilitates the TTX- antidote production. 

 
Figure 1.1-1. Three dimensional view of chemical structure of TTX 
Blue balls: Nitrogen; Red balls: Oxygen; Gray balls: Carbon; White balls: 
Hydrogen (Retrieved from PubChem: 
https://pubchem.ncbi.nlm.nih.gov/compound/Tetrodotoxin) 
 
 

 
Figure 1.1-2. Chemical structures of TTX and its analogues.  
(Tsukamoto et al., 2017) 
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1.1.2. Medical values and applications of TTX 

TTX is toxic but medical valuable. Far in year 1965, TTX was proposed to apply 

as low side effect anaesthetic (Benson, 1965). Latter study proved that the 

combination of TTX, bupivacaine and epinephrine prolongated the effect of local 

anaesthetic for 3 fold in duration (Berde et al., 2011). Recent study also proposed 

novel combination of capsaicin and TTX in the prolongation of local anaesthesia 

duration (Shomorony et al., 2019). The most reported clinical therapy applying 

TTX as anaesthetic is the cancer pain relief. Low dose TTX treatment on 77 cancer 

patients showed that TTX relieved the treatment-resistant cancer pains of patients 

(Hagen et al., 2008). Moreover, TTX administration were also involved in the relief 

of acute pains, inflammatory pains and neuropathic pains (Nieto et al., 2012). 

Meanwhile, TTX helped to study the TTX-resistant sodium channels, which could 

explain the tolerance of TTX in TTX containing species (Akopian et al., 1999). 

In addition, anti-tumour activity of TTX was proposed in the experiment of TTX 

reducing the cancer cells numbers in the Ehrlich-Lettre ascites carcinoma cancer 

cells introduced mice (Fouda, 2005). However, a systematic trail on both in vivo 

and in vitro studies are required to prove the anti-tumour activity of TTX. Moreover, 

TTX is frequently applied as active sodium channel blocker, facilitating the 

research works in neuroscience. Researcher applied TTX to test the directional 

movement of rat prostate cancer cells and the voltagegated Na+ channel activity 

under an electric field (Djamgoz MBA et al., 2001). Recent neuroscience study 

applied TTX as sensitive sodium blocker to study the electrical properties of the 

small-diameter vesicular glutamate transporter 3-lineage (Vglut3lineage) dorsal 

root ganglion (DRG) neurons (Griffith et al., 2019). Typical applications of TTX 

and the corresponding references are summarised in Table 1.1-1. 
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Table 1.1-1. Summary of TTX applications 
Application scopes Detail application References 

Clinical therapy Anaesthetic (Benson, 1965) 

Neuroscience study 
Study of voltagegated 
Na+ channel activity in 
rat prostate cancer cells 

(Djamgoz MBA et al., 

2001) 

Anticancer therapy 
Reduce Ehrlich-Lettre 
ascites carcinoma cancer 
cells in mice 

(Fouda, 2005) 

Clinical therapy Treatment-resistant 
cancer pain relief (Hagen et al., 2008) 

Clinical therapy Anaesthetic (Berde et al., 2011) 

Clinical therapy 
Acute pain, 
inflammatory pain and 
neuropathic pain relief 

(Nieto et al., 2012) 

Neuroscience study 
Electrical properties 
study on dorsal root 
ganglion neurons 

(Griffith et al., 2019) 

Clinical therapy Anaesthetic (Shomorony et al., 2019) 

 
1.1.3. TTX acquisitions 

The medical values and requirements of TTX boomed its productions. Artificial 

synthesis was expected to be the most efficient way of TTX acquisition, which 

could be conducted by three major methods. The first total synthesis of TTX was 

introduced in year 1972 (Kishi et al., 1972a, 1972b), which incorporated the Diels-

Alder synthesis of the skeleton and establishing 6 chiral centers on cyclohexane 

core ring. Another approach to TTX synthesis mainly involved the Claisen 

rearrangement, Sonogashira coupling and the intramolecular carbamate-ester 

conjugate addition (Ohyabu et al., 2003). The third method of TTX synthesis 

utilized the rhodium-catalyzed carbene and nitrene C-H insertions and Ph2Se2-

promoted allylic oxidation during the synthesis (Hinman and Du Bois, 2003). Apart 

from these three major methods, a most recent synthetic method of TTX from D-

glucose was proposed (Sato et al., 2008). In addition, synthetic methods of TTX 
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analogues and TTX derivatives, which were suspected to be the intermediate in 

TTX biosynthesis, were proposed gradually (Adachi et al., 2013; Ghosh and Li, 

2011; Maehara et al., 2017; Manabe et al., 2014; Nishikawa et al., 2004). Although 

the artificial synthesis of TTX was succeeded, none of the synthetic method were 

adopted for TTX manufactory because of the extremely low yield, complex 

synthetic steps and unexpected high cost. The synthetic steps of the major TTX 

synthetic methods and the corresponding yield are summarized in Table 1.1-2.  

Table 1.1-2. Summary of steps and yield of TTX artificial synthetic methods 
Synthetic steps Yield  References 

23~26 1.07%~1.82% (Kishi et al., 1972a, 1972b) 

67 0.64% (Ohyabu et al., 2003) 

34 0.97% (Hinman and Du Bois, 2003) 

34 0.34% (Sato et al., 2008) 

 

The complexity of TTX artificial synthesis hinders the manufacture of TTX. 

Current acquisition of TTX is the direct extraction from ovaries of puffer fishes 

(Zhou and Shum, 2003).  Different TTX extraction methods will be reviewed in 

section 1.2. 

1.1.4. Hypothesis of the TTX origins 

The origin of TTX is contractionary. TTX is an ancient toxins, however, was not  

isolated and purified in puffer fishes until year 1909 according to research records 

(Suehiro, 1994). In addition to phylum Chordata where puffer fished belonged to, 

TTX was also found in Nemertea, Arthropoda and Mollusca in the marine 

(Auawithoothij and Noomhorm, 2012; Magarlamov et al., 2016; NOGUCHI et al., 

1986; Yıldırım et al., 2014). The wide distribution of TTX in marine species 

implied the exogenous origin of TTX. Since the first discovery of TTX-producing 
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bacteria found in xanthid crab (Sugita et al., 1987), TTX-producing bacteria were  

frequently isolated and found in various marine species. TTX-producing bacteria 

and their roles in TTX biosynthesis will be reviewed in section 1.2. The discovery 

of TTX-producing bacteria strongly suggested the bacteria origins of TTX. 

Additionally, TTX-producing bacteria found in deep sea sediment implied that 

TTX may passively enter marine species (Do et al., 1990). Later, toxic Takifugu (T.) 

rubripes developed to non-toxic after culturing in net cages at sea, where was 

distant from the sea sediment (Noguchi et al., 2006), suggesting that TTX in higher 

trophic level species accumulated and biomagnified TTX through food chains in 

the marine environment (Itoi et al., 2015). However, TTX contents in puffer fishes 

varied from species, sex and seasons (Itoi et al., 2016, 2012; Kosker et al., 2019), 

suggesting both inherent and environmental factors influenced the TTX contents in 

puffer species. Besides, low in vitro production of TTX-producing bacteria strains 

and even zero detection of TTX in previously reported TTX-producing bacteria 

Vibrio alginolyticus again queried the origin of TTX (Strand et al., 2016). Moreover, 

no TTX-producing bacteria isolating in newt, which was a terrestrial TTX-

container, strongly challenged the bacterial origin of TTX (Cardall et al., 2004; Gall 

et al., 2012). 

Gut environment is the reservoir of bacteria, serving as important functional unit at 

maintaining metabolic homeostasis in marine fishes (Egerton et al., 2018). TTX-

producing bacteria were commonly found in gut environment of puffer species, 

indicating that the gut environment of the marine species might be ideal habitat of 

TTX-producing bacteria (Yu et al., 2004, 2011). Both inherent factors such as 

signaling trigger or food preference, and external factors such as weather and severe 

marine environment might influence gut bacteria composition and might further 
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affect TTX biosynthesis (Chau et al., 2011). Further, bacteria symbiont, such as 

algal–bacterial symbioses known as source of secondary metabolites, hints that 

TTX may be produced in a bacteria symbiont. To date, all the TTX-producing 

bacteria were isolated under the laboratory conditions. The unculturable bacteria 

and their role in TTX biosynthesis are unknown. Therefore, systematic profiling of 

gut bacteria in TTX holder such as puffer fishes is urgent to know the role of gut 

bacteria in TTX biosynthesis. Previous gut bacteria profiling in puffer fishes will 

be reviewed in section 1.2. The summary of the hypothesis of TTX origins is shown 

in Table 1.1-3.
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Table 1.1-3. Summary of the hypothesis of TTX origins 
Hypothesis of TTX origins and evidences Supporting evidences Counterview 

TTX is produced by bacteria and accumulated 
and biomagnified in higher trophic level 
species 

Isolation of TTX-producing bacteria in 
xanthid crab (NOGUCHI et al., 1986) 

Low and even zero in vitro TTX production 
of previously reported TTX-producing 
bacteria (Strand et al., 2016) 

TTX-producing bacteria were found in deep 
sea sediments (Do et al., 1990) 

TTX content in puffer species varies from 
species, sex and seasons (Itoi et al., 2016, 
2012; Kosker et al., 2019) 

Toxic T. rubripes developed to non-toxic 
after culturing in net cages (Noguchi et al., 
2006) 

 

TTX is produced endogenously No TTX-producing bacteria was found in 
newt (Cardall et al., 2004; Gall et al., 2012) TTX-producing bacteria 

TTX is produced as secondary metabolites in 
gut environment 

TTX-producing bacteria were frequently 
found in gut environment of puffer species 
(Yu et al., 2004, 2011) 

 

Unculturable bacteria in gut content and their 
role in TTX biosynthesis were await for 
confirmation 
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1.1.5. Multi-omics 

Unculturable and unknown bacteria in puffer fish gut environment may contribute 

to TTX production. Unculturable bacteria are difficult to be isolated and cultured 

in laboratory conditions. Traditional way to study the unculturable bacteria is 

conducted by library cloning method (Kimura, 2006). However, the throughput of 

the method was low that only one bacterium was identified at a time. With the 

development of next generation sequencing (NGS) and high-resolution mass 

spectrometry (HRMS), high throughput of functional units, such as genes, proteins 

and metabolites in a bacterial community can be obtained. Genomics, proteomics, 

metabolomics have been developed to integrate big data and advanced 

bioinformatics in resolving complex biological problems (Misra et al., 2019). 

Metagenomics such as 16 Svedberg ribosomal ribonucleic acid (16S rRNA) 

amplicon metagenomics, transcriptomics and whole genome sequencing (WGS) 

utilize NGS techniques and advance bioinformatic tools to obtain genetic 

information of all targeted organisms in the community (Knight et al., 2018). 

Proteomics and metabolomics apply HRMS for proteins and metabolites separation 

and identification (Vernocchi et al., 2016). In the field of marine science, 

researchers applied 16S rRNA amplicon metagenomics to profile the gut bacteria 

of green turtle and to identify key bacteria related with its health (Ahasan et al., 

2018). The application of high throughput proteomics on studying bacteria infected 

fish liver revealed novel biomarkers for the fish defence response (Causey et al., 

2018). The metabolomics approach helped researchers to discovery biomarkers and 

metabolic mechanisms of fish in response to alkalinity stress (Sun et al., 2018). Till 

now, gut bacteria profiling in puffer fishes, which was the most reported TTX-

containing species, was based on the first-generation sequencing technique that 
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only a small portion of information of the gut bacteria was known. These studies 

are reviewed in detail in section 1.2. 

1.2. Literature reviews 

1.2.1. Distribution of TTX producing bacteria 

The genera/species of the TTX producing bacteria and their corresponding 

host/source and producing ability are summarized in table 1.2-1. To the best of the 

knowledge, 30 genera and 77 species TTX producing bacteria were reported. 

Among them, only 20 species were identified at Species level. Vibrio, and Vibrio 

(V). parahaemolyticus were the most reported TTX producing genus and species, 

followed by Bacillus, Pseudomonas, Aeromonas and Shewanella. Bacteria species 

V. parahaemolyticus was found in different host of marine species and varied in 

TTX producing ability (Table 1.2-1), implying that TTX producing ability might 

be strain specific. Nevertheless, different extraction and detection methods of TTX 

also contributed to the variation. In all reported TTX-producing bacteria, the 

maximum level of TTX content was < 1.0 µg/mL, which was much lower than the 

TTX content in tissue of their host such as puffer fishes (maximum TTX content in 

orquigener flavimaculosus liver: 106.80 µg/mL) (Kosker et al., 2018). Currently, 

the factors responsible for the huge differences of TTX content between TTX-

producing bacteria and the organs/tissues of their hosts is still unknown. Early in 

year 2001, the ability of reported TTX-producing bacteria was queried because of 

the low accuracy detection methods and ambiguous description of the toxin 

structure (Matsumura et al., 2001). Further, more current results showed that 

culturing the reported TTX-producing bacteria generated negative results in TTX 

detection, implying the false positive error of the elder studies on reporting TTX 

producing ability of isolated bacteria (Salvitti et al., 2015; Strand et al., 2016). The 
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discovery of TTX producing bacteria was a strong evidence of the exogenous origin 

of TTX. However, the unexpected low productivity of TTX and non-repeatable 

TTX producing ability in reported TTX-producing bacteria questioned the bacteria 

origin of TTX. Most of the reported TTX-producing bacteria were found in the gut 

of the host. Therefore, the gut environment at least caters the production of TTX. 

Respecting to these facts, a thorough study of puffer fish gut composition including 

the bacterial composition and chemical compounds is expected to uncover the 

mystery of TTX biosynthesis. 
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Table 1.2-1. Summary of the distribution of TTX producing bacteria 

Genera Species Host Isolation position 

TTX 
producing 
ability 
(µg/mL) 

Reference 

Acinetobacter Unknown -- Deep sea sediments * (Do et al., 1990) 

Actinomyces Unknown Takifugu rubripes Ovary, liver, gut, 
gallbladder 0.32 (Wu et al., 2005b) 

Aeromonas Unknown 

-- Deep sea sediments * (Do et al., 1990) 
Nassarius semiplicatus Gut, muscle 0.184 (Wang et al., 2008) 
Natica lineata -- * (Hwang et al., 1994) 
Niotha clathrata -- * (Cheng et al., 1995) 
Takifugu obscurus Ovary 0.002 (Yang et al., 2010) 

Alcaligens Unknown -- Freshwater 
sediment * (Do et al., 1993) 

Alteromonas Unknown -- Deep sea sediments * (Do et al., 1990) 
Octopus maculosus Tentacle, gut, gland * (Hwang et al., 1989) 

Bacillus 

 B. horikoshii Unknown puffer fish Liver * (Lu and Yi, 2009) 

 B. lentimorbus Arothron hispidus Liver, gut, skin * (Bragadeeswaran et al., 
2010) 

Unknown 

-- Deep sea sediments * (Do et al., 1990) 

-- Freshwater 
sediment * (Do et al., 1993) 

Octopus maculosus Tentacle, gut, gland 0.0015 (Hwang et al., 1989) 
Takifugu obscurus Ovaries * (Wang and Fan, 2010) 
Takifugu rubripes Ovary, liver, gut 0.32 (Wu et al., 2005b) 
Cephalothrix simula -- * (Magarlamov et al., 2014) 
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Cellulomonas C. fimi Arothron hispidus Liver, gut, skin * (Bragadeeswaran et al., 
2010) 

Caulobacter Unknown -- Freshwater 
sediment * (Do et al., 1993) 

Enterobacter E. cloaca Yongeichthys criniger Liver 0.96 (Wei et al., 2015) 
Enterococcus E. faecium Unknown puffer fish Ovary 0.015–0.03 (Nguyen et al., 2015) 

Flavobacterium Unknown -- Freshwater 
sediment * (Do et al., 1993) 

Kytococcus K. sedentarius Arothron hispidus Liver, gut, skin * (Bragadeeswaran et al., 
2010) 

Lysinibacillus L. fusiformis Takifugu obscurus Liver 0.024 (Wang et al., 2010) 
Marinomonas Unknown Nassarius semiplicatus Gut, muscle 0.184 (Wang et al., 2008) 

Microbacterium M. 
arabinogalactanolyticum  Takifugu niphobles Ovary 0.042 (Yu et al., 2004) 

Micrococcus Unknown 
-- Deep sea sediments * (Do et al., 1990) 

-- Freshwater 
sediment * (Do et al., 1993) 

Moraxella Unknown -- Deep sea sediments * (Do et al., 1990) 
Nocardiopsis N. dassonvillei Takifugu rubripes Ovary 0.1 (Wu et al., 2005a) 
Plesiomonas Unknown Niotha clathrata Digestive gland * (Cheng et al., 1995) 
Providencia P. rettgeri Lagocephalus sp. Gut, liver 0.015–0.021 (Tu et al., 2014) 

Pseudomonas 

P. luteola Cephalothrix simula -- * (Turner et al., 2018) 

Unknown 

Jania sp. -- <10  (Yasumoto et al., 1986) 
Natica lineata  * (Hwang et al., 1994) 

Octopus maculosus Posterior salivary 
gland  0.0025 (Hwang et al., 1989) 

Niotha clathrata Digestive gland * (Cheng et al., 1995) 
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Takifugu poecilonotus Skin * (Yotsu et al., 1987) 

Pseudoalteromonas Unknown Meoma ventricosa -- * (Ritchie et al., 2000) 
Hubrechtella juliae -- * (Melnikova et al., 2017) 

Rahnella R. aquatilis Yongeichthys criniger Liver 0.6 (Wei et al., 2015) 
Raoultella R. terrigena Takifugu niphobles Gut 0.008 (Yu et al., 2011) 

Roseobacter Unknown Pseudocaligus fugu -- * (Venmathi Maran et al., 
2007) 

Serratia S. marcescens Chelonodon patoca Skin 0.04 (Yu et al., 2004) 

Shewanella S. putrefaciens 
Takifugu niphobles Gut 0.012 (Matsui et al., 1989) 

Lagocephalus lunaris Mixture of internal 
organ 0.195–0.366 (Auawithoothij and 

Noomhorm, 2012) 
Unknown Nassarius semiplicatus Gut, muscle 0.184 (Wang et al., 2008) 

Streptomyces Unknown  Deep sea sediments * (Do et al., 1991) 
Tenacibaculum Unknown Nassarius semiplicatus Gut, muscle 0.184 (Wang et al., 2008) 

Vibrio 

V. parahaemolyticus Natica lineata  * (Hwang et al., 1994) 

V. alginolyticus 

Astropecten 
polyacanthus Gut 0.08 (Narita et al., 1987) 

Carcinoscorpius 
rotundicauda Gut * (Kungsuwan et al., 1987) 

Eukrohnia hamata -- 0.28–0.79 (THUESEN and 
KOGURE, 1989) 

Flussisagitta lyra -- 0.28–0.79 (THUESEN and 
KOGURE, 1989) 

Natica lineata -- * (Hwang et al., 1994) 
Niotha clathrate -- * (Cheng et al., 1995) 

Parasagitta elegans -- 0.28–0.79 (THUESEN and 
KOGURE, 1989) 
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Takifugu alboplumbeus Gut 0.03 (Yu et al., 2004) 
Takifugu vermicularis Gut 0.0012 (Noguchi et al., 1987) 

Zonosagitta nagae -- 0.28–0.79 (THUESEN and 
KOGURE, 1989) 

V. cholerae Mytilus edulis -- 0.000042–
0.000718 (Turner et al., 2015) 

 V. harveyi Arothron hispidus Slime 0.5–15.7 (Campbell et al., 2009) 

 V. parahaemolyticus Crassostrea gigas -- 0.000042–
0.000718 (Turner et al., 2015) 

Niotha clathrate Digestive gland * (Cheng et al., 1995) 

Unknown 

Amphiporus lactifloreu -- * (Carroll et al., 2003) 
Atergatis floridus Gut * (NOGUCHI et al., 1986) 
Cephalothrix rufifro -- * (Carroll et al., 2003) 
 Deep sea sediments * (Do et al., 1990) 
Lineus longissimus -- * (Carroll et al., 2003) 
Lineus ruber -- * (Carroll et al., 2003) 
Lineus viridis -- * (Carroll et al., 2003) 
Nassarius semiplicatus Gut, muscle 0.184 (Wang et al., 2008) 

Octopus maculosus Posterior salivary 
gland * (Hwang et al., 1989) 

Ramphogordius 
sanguineus -- * (Carroll et al., 2003) 

Riseriellus occultus -- * (Carroll et al., 2003) 
Takifugu vermicularis Gut * (Lee et al., 2000) 

*: TTX producing ability of the isolated bacteria was not mentioned, only the presence of TTX was teste 
--: Not mentioned or not applicable 
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1.2.2. TTX extraction and detection 

The extraction and detection methods of TTX are summarized in table 1.2-2. TTX 

is heat resistant and is soluble in weak acid that the common extraction method of 

TTX is boiling the matrix in acetic acid solution. Considering the matrix effect, 

which adversely affected the performance of TTX in the following detections, some 

researchers applied the solid phase extraction (SPE) to purified and enriched TTX 

before the detection (Table 1.2-2). Accelerated solvent extraction method was 

reported to increase the efficiency of TTX extraction (Nzoughet et al., 2013). A 

non-lethal biopsy sample preparation technique was developed for TTX detection 

in sea slug, however, the application on the more vulnerable marine species needed 

to be validated (Khor et al., 2013). The immunoaffinity method applying on TTX 

extraction and enrichment showed a strong selectivity, though the preparation of 

the immunoaffinity column was complicated (Zhang et al., 2015). In comparison, 

the recovery rate of TTX through the simple boiling with acetic acid was slightly 

greater than other methods which contained a series of pre/post column sample 

treatments, however, the method was considered to be less selective and fragile to 

matrix effect. 

In chromatographic separation of TTX, traditional methods adopting revers phase 

columns (C30, C18) were considered to be less effective than the more advance 

hydrophilic interaction chromatography (HILIC) due to the hydrophilic property of 

TTX. Combination of multiple column (C3+C18+admine) developed good 

performance on the separation of TTX from other TTX analogues by scarifying the 

sensitivity of the detection (Rodríguez et al., 2012). With the development of the 

chromatographic technology, the ultra high performance liquid chromatography 
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(UHPLC) outperformed the traditional HPLC and reduced the retention time of 

TTX detection dramatically.  

In the detection part, the very first developed technique of TTX detection was the 

mouse bioassay (MB) that the dose of TTX was measured by the time killing the 

mice in exact body weight (Noguchi and Mahmud, 2001). The method was the gold 

standard to test the presence of TTX. In order to quantify the trace amount of TTX, 

mass spectrometry (MS) was applied as powerful detection method which 

outperformed the fluorescent detector on the sensitivity (Table 1.2-2). In 

comparison, tandem mass spectrometry (MS/MS) is the most accurate technique in 

TTX detection. The multiple reaction monitoring (MRM) and selective ion 

monitoring (SIM) of MS/MS strongly increased the selectivity of TTX in the 

detection, reducing the workload in TTX purification and influence from matrix 

effect. Time of flight mass spectrometry (TOFMS) was applied to detected TTX 

with a supreme performance of accuracy but low in sensitivity (Yang et al., 2010). 

In rescent years, rapid TTX detection methods are well developled. The 

combination of immunoflurescnet and fluorescent microscopy performed the in suit 

detection of TTX (Williams et al., 2012). Immunoassay and lateral flow methods 

realized the portability of TTX detection (Li et al., 2020; Reverté et al., 2018). 

However, the sensitivity and the accuracy of these methods required to be improved. 

Overall, MS/MS is still the most advance and accurate method of TTX detection. 
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Table 1.2-2. Summary of TTX extraction and detection methods 

Extraction 
method %Recovery 

Pre/post 
column 
treatment 
complexity 

Chromatography Detection 
LOD, 
LOQ 
(ng/mL) 

Accuracy, 
reproducibility, 
sensitivity 

References 

-- -- -- -- MB 0.2, -- Low, low, 
medium 

(Noguchi and 
Mahmud, 
2001) 

SPE 
 -- High Column: C30, 

RT: 17.4 min MS --, -- Medium, 
Medium, high 

(Shoji et al., 
2001) 

Column 
switching 78–119 High Column: C18, 

RT: 18 min MS 0.1, --  Medium, 
medium, high 

(Walker et al., 
2003) 

SPE -- High Column: C18, 
RT: 18-19 min FLD 5, -- Low, medium, 

medium 
(O’Leary et 
al., 2004) 

Boil in acetic 
acid 90 Medium Column: HILIC, 

RT: 16.3 min FLD --, -- Low, high, 
medium 

(Nakagawa et 
al., 2006) 

Boil in acetic 
acid 88.9 High Column: C3, 

RT: 4.5 min MS --, -- Medium, 
medium, high 

(Tsai et al., 
2006) 

SPE 90 High Column: HILIC, 
RT: 10.5 min MS/MS 0.1, -- High, medium, 

high 
(Jen et al., 
2008) 

Boil in acetic 
acid -- Medium Column: HILIC, 

RT: 3.6 min TOFMS <500, 
<500 High, high, low (Yang et al., 

2010) 
Boil in acetic 
acid 94.2-108.3 Medium Column: HILIC, 

RT: 5.1 min MS 0.1, 0.25 Medium, high, 
high 

(Chen et al., 
2011) 

SPE 51.5-61.4 Medium Column: HILIC, 
RT: 5.1-6 min MS/MS 0.32, 1.08 High, medium, 

high 
(Cho et al., 
2012) 

Boil in acetic 
acid -- Medium Column: 

C3+C18+admine, MS/MS 16, 63 High, low, low (Rodríguez et 
al., 2012) 
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RT: 4.5 min 

-- -- Low -- Fluorescent microscopy Non-
quantifiable 

Low, medium, 
high 

(Williams et 
al., 2012) 

Biopsy+acetic 
acid cold 
extraction 

-- Low -- MS --, -- Medium, high, 
medium 

(Khor et al., 
2013) 

ASE 92 High Column: HILIC, 
RT: 2.75 min MS/MS 0.074, 

0.123 
High, medium, 
high 

(Nzoughet et 
al., 2013) 

Boil in acetic 
acid -- Low -- Immunoassay 230, -- Medium, 

medium, low 
(Reverté et al., 
2015) 

Immunoaffinity  98.4 High Column: Amide, 
RT: 1.75 min MS/MS 0.1, 0.3 High, medium, 

high 
(Zhang et al., 
2015) 

SPE 102 High Column: HILIC, 
RT: 5.5  min MS/MS 0.32, 2.8 High, medium, 

high 
(Coleman et 
al., 2016) 

-- 61.3-70.4 Low -- Immunochromatographic 0.78, -- Medium, 
medium, high 

(Shen et al., 
2017) 

SPE 83-96 Medium -- Immunoassay 20-50, -- Medium, 
medium, low 

(Reverté et al., 
2018) 

Boil in acetic 
acid 74.8- 105 Low -- Lateral flow 10, -- Medium, high, 

low 
(Li et al., 
2020) 

--: Not mentioned or not applicable 



 20 

1.2.3. Gut bacteria profiling in puffer species 

In the previous studies, TTX-producing bacteria were frequently found in gut 

environment of TTX containing species (Bragadeeswaran et al., 2010; Cheng et al., 

1995; Hwang et al., 1989; Kungsuwan et al., 1987; Lee et al., 2000; Matsui et al., 

1989; Narita et al., 1987; Noguchi et al., 1987; NOGUCHI et al., 1986; Tu et al., 

2014; Wang et al., 2008; Wu et al., 2005b; Yu et al., 2004, 2011). These enormous 

findings suggested that the gut environment of TTX containing species might be 

the ideal environment for TTX production. However, bacterial origin of TTX was 

challenged because of the null TTX detection in reported TTX-producing bacteria 

(Salvitti et al., 2015; Strand et al., 2016). The suspicion of bacteria origin of TTX 

was reasonable that most of the previous studies only focused on the isolation of 

culturable bacteria in the gut environment of TTX containing species. The 

culturable bacteria was estimated to be only counted for less than 0.1% of the total 

bacteria community in the gut environment of fishes (Zhou et al., 2014). The 

contribution of unculturable bacteria on TTX biosynthesis is unknown. 

Apart from the studies of isolating single culturable TTX-producing bacteria from 

the host, only a few studies attempted to profile the entire bacteria community 

(culturable and unculturable) in gut environment of TTX-containing species. These 

studies were summarized in table 1.2-3. The very first study on investigating 

culture-independent gut bacteria in puffer fishes were conducted using clone library 

method (Shiina et al., 2006). In this study, the total deoxyribonucleic acid (DNA) 

from the gut of T. niphobles was extracted and bacteria 16S rRNA genes were 

amplified through primer pair: 5’-AGAGTTTGATCCTGGCTCAG-3’; 5’-

TCTACGCATTTCACCGCTAC-3’. Clone library was then constructed by the 

amplified 16S rRNA. DNA sequencing was taken on the clone library and bacteria 
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identification was conducted by the blasting sequence results against GenBank 

database. The resulted showed that the bacterial community in gut environment of 

T. niphobles was composed of Bulleidia/Erysipelothrix, Lactococcus, 

Acinetobacter, Brevinema, and Streptococcus. The parallel experiment in this study 

additionally indicated that the culturable Vibrio, which was the most reported TTX-

producing bacteria, only accounted for 0.001 – 0.38% of total bacteria in T. 

niphobles. 

Another early study on culture-independent gut bacteria of T. obscurus was carried 

out by Chinese researches (Yang et al., 2007). In this study, the overall DNA from 

the gut content was precipitated and nested polymerase chain reaction (PCR) was 

applied to amplify the 16S rRNA V3 region though primer pair SD-Bact-0008-a-

S-20/SD-Bact-1492-a-A-19. The amplified DNA sequences were than purified and 

separated through denature gradient gel electrophoresis (DGGE). Thirteen clear 

DNA bands originated from gut environment of T. obscurus were extracted for 

DNA sequencing and were subsequently compared to GeneBank database for 

bacteria identification. Though most of the resulted bacteria were unidentified at 

exact taxonomic level, the study showed that the bacteria in the gut environment of 

T. obscurus was apparently different to the other tissues. 

A more recent research isolated a relatively larger scale of culturable bacteria in T. 

rubripes and conducted the identification through their corresponding 16S rRNA 

genes (Li et al., 2015). Although the method was more accurate in the bacteria 

identification, the result is non-representative in corelating with TTX biosynthesis 

because of the neglect of unculturable bacteria in the gut environment. 

Later, gut bacteria were isolated from a rarely studied puffer species Gastrophysus 

spadiceus (Wang et al., 2017). However, the scale of the study was small that only 
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9 strain bacteria were isolated. In addition, the toxicity of the puffer species was 

unknown that the study results were hardly to be corelated with TTX biosynthesis. 

Through the review of literatures, the TTX producing ability of reported TTX-

producing bacteria was found ambiguous. No metabolic and little genomic studies 

were conducted on the TTX producing bacteria. Besides, gut bacteria profiling in 

TTX containing species was seldomly studied previously. Furthermore, the most 

recent studies profiling gut bacteria of puffer species were non-representable 

because of the neglect of unculturable bacteria. On the other hand, library cloning 

method and DGGE method incorporating the first generation sequencing in the 

previous studies were considered to generate a small scale of bacteria data through 

high working load, which was extremely low in cost-efficiency and failed to cover 

and identify the entire bacteria community in the gut environment.
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Table 1.2-3. Summary of gut bacterial studies in TTX containing species 
Host Culture 

independent 

16S rRNA 

isolation 

DNA 

sequencer 

Predominant bacteria Reference 

Takifugu niphobles Yes Clone library ABI PRISM 

3100 Genetic 

Analyzer 

Bulleidia/Erysipelothrix, Lactococcus, 

Acinetobacter, Brevinema, Streptococcus 

(Shiina et al., 2006) 

Takifugu obscurus 

 

Yes DGGE ABI 377 DNA 

sequencer 

Betaproteobacteria, Vibrio, Shewanella, 

Spirochaetes 

(Yang et al., 2007) 

Takifugu rubripes No Bacteria strain 

isolation 

ABI 3730KL 

DNA 

sequencer 

Acinetobacter, Bacillus, Enterobacter, 

Exiguobacterium, Pseudomonas, 

Pseudoalteromonas, Shewanella, 

Staphylococcus, Vibrio 

(Li et al., 2015) 

Gastrophysus 

spadiceus 

 

No Bacteria strain 

isolation 

Not 

mentioned 

Arthrobacter, Janthinobacterium, 

Psychrobacter, Pseudomonas, Rahnella, 

Rhodococcus  

(Wang et al., 2017) 
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1.2.4. Advanced omics applied in gut bacteria and metabolites profiling 

Metagenomics, metaproteomics, metatranscriptomics are wildly applied in the gut 

bacteria profiling currently to explore their functions and the corresponding 

connections with their host (Segal et al., 2019). In the last section, studies of gut 

bacteria in TTX-containing species were reviewed. The scale of these studies was 

limited by the DNA sequencing technique that only a small portion of gut bacteria 

were involved in the studies. With the development of high throughput NGS, a huge 

scale of bacteria community could be studied at once (Goodwin et al., 2016). 

Though not yet on TTX containing species, omics have been applied on extensively 

gut bacteria profiling in various of host, including but not limited to fishes, human, 

rats, mouse and pigs. Moreover, the incorporation of more than one omics in the 

gut bacteria studies is now wildly adopted to generated reliable and comprehensive 

results. Types of omics and the corresponding key techniques involved are 

reviewed in table 1.2-4. The most common omics applied in gut bacteria profiling 

is 16S rRNA amplicon metagenomics. In 16S rRNA amplicon metagenomics, the 

complimentary DNA of bacteria 16S rRNA regions are extracted, amplified and 

sequenced in the high throughput sequencing platform. 454 pyrosequencing was 

the first developed NGS to generate high throughput sequencing results, which was 

the predecessor of Illumina sequencing platform. 454 pyrosequencing could handle 

a longer sequence (~1000bp) than the Illumina platform (~150 – 300bp), however, 

was less developed in the precision and running time (Goodwin et al., 2016). Ion 

Torrent is also playing important role in the NGS market but less developed in the 

compatible software and tools for the data interpretation than Illumina sequencing 

platform. DNA sequencing chip is the newly developed NGS performing similar 

with the Illumina sequencing platform (Hidalgo-Cantabrana et al., 2019), however, 
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more researches are required to support and validate its accuracy. Comparing to the 

previous studies, current gut bacteria profiling applying NGS generated several 

hundreds and thousands of operational taxonomic units (OTUs) (Table 1.2-4), 

which cover the entire bacteria structure of the gut environment. In addition to 16S 

rRNA amplicon metagenomics, whole genome sequencing (WGS) is considered to 

be more accurate and powerful tool in the gut bacteria profiling. In WGS, the 

extracted DNA is fragmented, sequenced and assembled through bioinformatic 

tools (Goodwin et al., 2016). Instead of sequencing specific 16S regions, WGS 

generates the whole genomic information of bacterial community, which can 

perform the strain level bacteria identification and detail functional studies. 

However, the cost efficiency is low in WGS because the whole extracted DNA 

contains huge portion of unwanted DNA (host, non-bacterial DNA will be 

discarded). Metabolomics is commonly incorporated with 16S rRNA amplicon 

metagenomics to generate powerful study in gut bacteria (Table 1.2-4). Similar with 

the strategy applied in 16S rRNA amplicon metagenomics, metabolomics studies 

the entire small molecules (organic and inorganic) in the gut environment. Proton 

nuclear magnetic resonance (H-NMR) was frequently applied in metabolomics in 

the previous studies before the HRMS was well developed (Lee et al., 2012). Later, 

HRMS such as time of flight mass spectrometry (TOFMS) and orbitrap MS were 

developed to conducted the non-targeted metabolomics (Vernocchi et al., 2016), 

reducing the sample preparation work load and increasing the study scale. The 

detail of 16S rRNA amplicon metagenomics and metabolomics in gut bacterial 

study are reviewed in next two sections. 
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Table 1.2-4. Summary of omics and key techniques applied in gut bacterial profiling 

Omics type Host Data acquisition 
platform 

Sample 
size Data yield References 

16S rRNA amplicon 
metagenomics 

Fish 

454 pyrosequencing 48 Total effective sequence: 17,763; 
OTUs: 525 

(Roeselers et al., 
2011) 

454 pyrosequencing 30 
Total effective sequence:  
239,368/250524; 
OTUs: 970/763 

(Baldo et al., 2015) 

Illumina MiSeq 182 -- (Smith et al., 2015) 
454 pyrosequencing 40 Total effective sequence: 462,193 (Sullam et al., 2015) 

Ion Torrent 40 Total effective sequence: 814,619; 
OTUs: 914 

(Gajardo et al., 
2016) 

Illumina MiSeq 24 Total effective sequence: 985,000; 
OTUs: 628 (Liu et al., 2016) 

454 pyrosequencing 19 OTUs: 543 (Tarnecki et al., 
2016) 

Illumina MiSeq 115 Total effective sequence: 1.578.950 (Baldo et al., 2017) 

Illumina MiSeq 16 Total effective sequence: ; 160,000; 
OTUs: 1,220 

(Nielsen et al., 
2017) 

Human 

Illumina HiSeq 2000 
 99 OTUs: 213 (Kumbhare et al., 

2017) 

Illumina MiSeq 758 Total effective sequence: 29,745,401; 
OTUs: 1,220 (Lee et al., 2018) 

Illumina HiSeq 267 OTUs: 416 (Bai et al., 2019) 

Ion 520 semi-conductor 
chips  39 Total effective sequence: 2,448,466 

(Hidalgo-
Cantabrana et al., 
2019) 
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Illumina MiSeq 40 OTUs: 2724 (Stevens et al., 
2020) 

Mouse 454 pyrosequencing 13 -- (Yoshimoto et al., 
2013) 

Pig Illumina HiSeq 33 OTUs: 148 (Al et al., 2017) 

Rabbit 454 pyrosequencing 10/20 Total effective sequence: 
89,091/199,217 (Bäuerl et al., 2014) 

Rat Illumina MiSeq 20 Total effective sequence: 292,000 (Byerley et al., 
2017) 

Shrimp 454 pyrosequencing 6 Total effective sequence: 33,649 (Rungrassamee et 
al., 2014) 

Turtle Illumina MiSeq 4 Total effective sequence: 299,523 
OTUs: 495 

(Ahasan et al., 
2018) 

16S rRNA amplicon 
metagenomics & 
metabolomics 

Bovine 454 pyrosequencing & 
H-NMR 12 

Total effective sequence: 30,302; 
OTUs: 495; 
Identified metabolites: 31 

(Lee et al., 2012) 

Fish 
454 pyrosequencing & 
Agilent 5975C inert XL 
EI/CI MS 

15 Total effective sequence: 89.025; 
Identified metabolites: 50 (Li et al., 2017) 

Human 

454 pyrosequencing & 
H-NMR 30 Total effective sequence: 394,002; 

Identified metabolites: 5 (Sellitto et al., 2012) 

Illumina Miseq & 
Thermo Q-Exactive 
HRMS 

641 Total effective sequence: 44,515,418; 
Identified metabolites: 5 

(Stewart et al., 
2016) 

High taxonomic 
fingerprint 38 Identified metabolites: 24 (Barbara et al., 

2017) 
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Microbi.Array &  
H-NMR 

Illumina Miseq & H-
NMR $ LC-MS/MS 531 

Total effective sequence: 12,785,442; 
OTUs: 535; 
Identified metabolites: 60 

(Org et al., 2017) 

Illumina Miseq & 
Thermo LTQ-Orbitrap 
XL HRMS 

36 Total effective sequence: 1,145,656; 
Identified metabolites: 37 (Zhu et al., 2017) 

Illumina MiSeq & AB-
Sciex 4000 Q-Trap MS 48 

Total effective sequence: 3,346,376; 
OTUs: 758; 
Identified metabolites: 185 

(Ayeni et al., 2018) 

Mouse 

Illumina Miseq &  
TOFMS 42 

Total effective sequence: ; 
OTUs: 2371; 
Identified metabolites: 354 

(Chen et al., 2018) 

Illumina Miseq &  
TOFMS 40 Identified metabolites: 116 (Zheng et al., 2018) 

16S rRNA amplicon 
metagenomics & WGS Mouse 

454 pyrosequencing & 
Illumina HiSeq 2000 152 

Total effective sequence: 
1,014,181/419,659,443; 
OTUs: 586 

(Rooks et al., 2014) 

454 pyrosequencing & 
Illumina HiSeq2000 80 -- (J. Wang et al., 

2014) 
WGS Cow HiSeq2000 2 Total effective sequence: 2,547,270 (Xing et al., 2013) 
WGS & 
metatranscriptomics Human/mouse Illumina MiSeq/Hiseq 80 Total effective sequence: 560,000 (Hibberd et al., 

2017) 
--: Not mentioned
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1.2.5. 16S rRNA amplicon metagenomics pipeline in gut bacteria profiling 

16S rRNA consists of several hypervariable regions which caters the bacteria 

identification. In the early study, extraction and sequencing of 16S rRNA of 

bacteria had been developed in bacterial study (Neilan et al., 1997). However, the 

traditional studies of bacteria identification required the bacteria isolation and 

purification (Yu et al., 2004), which limited the study scale and neglected the 

importance of unculturable bacteria in a community such as gut environment. 

Started from 454 pyrosequencing, NGS has developed powerful techniques in 

bacteria profiling. In accompany with the development of NGS, bioinformatics 

pipelines and data processing platforms have also developed to handle the big data 

generated from high throughput sequencing platforms. The applications of data 

processing platform and detail tools in microbiome studies are reviewed in Table 

1.2-5. In the 16S rRNA amplicon metagenomics, because of the restriction of the 

sequencing length (150~300 bp), most of the researchers selected one or two 

regions of the 16S rRNA to conduct the studies. Recent study showed that the V4 

to V6 regions of 16S rRNA are optimal in studying microbiome (Yang et al., 2016). 

In practice, V3 and V4 are the most common 16S rRNA regions applied in gut 

bacteria profiling in various types of host (Table 1.2-5). 

After sequencing, DNA reads are generated and imported into the raw data 

processing platform. The very first developed 16S rRNA amplicon metagenomics 

data processing platform was Mothur (Schloss et al., 2009), which was a free, open 

source raw data processing platform. Mothur could perform most of the raw data 

processing such as sequence demultiplex and OTU clustering. However, Mothor 

requires a Linux coding environment and complex command line, which is not 

flexible to non-coding users. Quantitative Insights Into Microbial Ecology (QIIME) 
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is the most popular and open source microbiome data processing platform in the 

recent decade (Caporaso et al., 2010). Similar with Mothor, QIIME requires a Linux 

coding environment. However, QIIME incorporated many bioinformatic tools such 

as VSEARCH (Rognes et al., 2016) and PICRUSt (Langille et al., 2013) for 

downstream microbiome data analysis and interpretation, which reduced the risk of 

data incompatibility between bioinformatic tools. Later, QIIME2 was developed 

with more user-friendly command line and more compatible in processing data 

from multiple sequencing platform (Bolyen et al., 2019). In addition, QIIME2 is 

not limited to Linux coding platform that are more flexible to the users. QIIME2 

developed the built-in plugins from most resent and powerful external 

bioinformatic tools for the microbiome study, such as DADA2 for sequencing 

denoising (Callahan et al., 2016)and ANCOM for bacteria distinction (Mandal et 

al., 2015). QIIME2 is considered to be the most powerful data processing platform 

in microbiome study. 

Shared in different data processing pipelines, raw sequence data was denoised 

before the further process. In addition to filtering the low Phred score sequences, 

most of the researcher conducted the OTU clustering at 97% similarity, which 

meant that sequences with a similarity of 97% were considered to be the same in 

biological properties. OTU clustering reduces the sequencing error generated by 

the sequencer. This method used to be the golden method in sequence denoising 

because previous study showed that bacteria sequences with a similarity of 97% 

were considered to be a same bacteria species (Woese and Fox, 1977). However, 

more recent study showed that the OTU clustering was at high risk of discarding 

important bacteria information in the community, and therefore developed new 
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sequence denoising method DADA2 in the microbiome study (Callahan et al., 

2016). This method is available as free open source tool in the QIIME2. 

Taxonomic classification is the key process in 16S rRNA amplicon metagenomics. 

Basic local alignment search tool (BLAST) was the well-developed tool for 

sequence alignment and bacterial identifications (Johnson et al., 2008). BLAST is 

considered to be the most accurate tool for sequence alignment because of its simple 

algorithm on comparing the input sequence against the reference sequences stored 

in the database. However, BLAST is also considered to be the most time-consuming 

tools. Ribosomal data project (RDP) classifier is the most common tools applied in 

the taxonomic classification in 16S rRNA amplicon metagenomics (Table 1.2-5), 

which applies the Naïve Bayesian classifier machine learning method to generate 

more efficient taxonomic classification (Wang et al., 2007). QIIME2 incorporated 

BLAST, VSEARCH and multinomial Naïve Bayes machine-learning classifier for 

taxonomic classification (Bokulich et al., 2018).  

RDP (Cole et al., 2014), Greengenes (McDonald et al., 2012) and SILVA (Quast et 

al., 2013) are the most common used taxonomy databases storing 16S rRNA 

subunit information of bacteria and archaea. However, Greengenes database 

stopped the update since latest version in year 2013 while SILVA kept updating to 

current version 138 in year 2019. Nevertheless, recent study showed that bacteria 

sequences and information in RDP, Greengene and SILVA databases all matched 

well with that in National Center for Biotechnology and Information (NCBI), which 

stored the whole length of all existing bacteria sequences that the selection of the 

databases in 16S rRNA amplicon metagenomics was optional (Balvočiute and 

Huson, 2017). 
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Alpha diversity and beta diversity are the most appropriate methods to study the 

basic structure of gut bacteria community. In practices, Chao1 (Chao and Lee, 

1992), Shannon (Shannon and Weaver, 1964), Simpson (SIMPSON, 1949) alpha 

diversity indexes are most commonly applied in the estimation of the bacterial 

richness and evenness, while Bray–Curtis (Bray and Curtis, 1957), Jaccard (Jaccard, 

1902), Weighted/Unweighted UniFrac (Lozupone and Knight, 2005) are frequently 

applied to calculate the compositional dissimilarity between bacteria communities.  

Principal coordinate analysis (PCoA) and non-metric multidimensional scaling 

(NMDS) are frequently applied to elucidate the dissimilarity matrix. Little research 

compared the application of PCoA or NMDS on illustrating dissimilarity matrix 

that the selection is considered to be data structure dependent.
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Table 1.2-5. Summary of key techniques in 16S rRNA amplicon metagenomics 

Host 
16S 
rRNA 
region 

Data 
processing 
platform 

Denoise 
strategy 

Taxonomic 
classification 
machine 

Taxonomic 
database 

Alpha 
diversity Beta diversity References 

Bovine V1-V3 Mothur 
OTU 

clustering 

RDP 

classifier 
Greengenes 

Chao1, 

Shannon 

PCoA (Unweighted 

UniFrac) 

(Lee et al., 

2012) 

Fish 

V1-V2 
Mothur/ 

QIIME 

OTU 

clustering 

RDP 

classifier 
SILVA 

Chao1, 

Shannon, 

Simpson 

PCoA (Unweighted 

UniFrac) 

(Roeselers et 

al., 2011) 

V1-V3 & 

V3-V5 
QIIME 

OTU 

clustering 

RDP 

classifier 

Greenegenes 

13.5 

Chao1, 

Shannon  

PCoA (Unweighted 

UniFrac) 

(Baldo et al., 

2015) 

V4-V5 QIIME 
OTU 

clustering 
-- Greengenes Chao1 

PCoA 

(Unweighted/weighte

d UniFrac) 

(Smith et al., 

2015) 

V2- QIIME 
OTU 

clustering 
UCLUST Greengenes -- 

PCoA (Bray–Curtis, 

weighted UniFrac) 

(Sullam et 

al., 2015) 

V1-V2 QIIME 
OTU 

clustering 

RDP 

classifier 

Greenegenes 

13.8 

Chao1, 

Good’s 

coverage, 

Shannon 

PCoA (Unweighted 

UniFrac) 

(Gajardo et 

al., 2016) 

V4 QIIME 
OTU 

clustering 

RDP 

classifier 
-- 

Chao1, 

Shannon 

PCoA 

(Unweighted/weighte

d UniFrac) 

(Liu et al., 

2016) 

V1-V3 Mothur 
OTU 

clustering 
BLASTn 

Greenegenes 

 

Good’s 

coverage, 

Shannon 

-- 
(Tarnecki et 

al., 2016) 

V3–V4 QIIME 
OTU 

clustering 
UCLUST 

Greenegenes 

13.8 

Faith’s PD , 

Shannon 

PCoA (Unweighted 

UniFrac) 

(Baldo et al., 

2017) 
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V4 Mothur 
OTU 

clustering 
-- Greengenes Shannon PCoA (Bray-Curtis) 

(Nielsen et 

al., 2017) 

Mouse 

V1-V4 QIIME 
OTU 

clustering 
BLAST RDP -- -- 

(Yoshimoto 

et al., 2013) 

V5-V6 QIIME 
OTU 

clustering 

RDP 

classifier 
Greengenes -- 

PCoA (Unweighted 

UniFrac) 

(Rooks et al., 

2014) 

V1-V2 Mothur -- 
RDP 

classifier 
-- 

Chao1, 

Shannon 

PCoA (Bray-Curtis, 

Jaccard) 

(J. Wang et 

al., 2014) 

V3 
Mothur/QII

ME 

OTU 

clustering 
BLAST Greengenes 

Faith’s PD , 

Shannon 

PCoA (Weighted 

UniFrac) 

(Chen et al., 

2018) 

V4-V5 QIIME 
OTU 

clustering 
-- Greengenes -- 

PCoA (Unweighted 

UniFrac) 

(Zheng et al., 

2018) 

Human 

V1-V2 
Mothur/ 

QIIME 

OTU 

clustering 

RDP 

classifier 
-- -- 

PCoA (Unweighted 

UniFrac) 

(Sellitto et 

al., 2012) 

V4 Mothur 
OTU 

clustering 

Naive 

Bayesian 

classifier 

SILVER Shannon PCoA (Bray-Curtis) 
(Stewart et 

al., 2016) 

V4 QIIME 
OTU 

clustering 

RDP 

classifier 

Greenegenes 

13.8 
Shannon NMDS (Bray-Curtis) 

(Kumbhare 

et al., 2017) 

V4 QIIME 
OTU 

clustering 
UCLUST 

Greenegenes 

13.8 

Fisher’s PD,  

Pielou’s, 

Shannon 

PCoA (Bray-Curtis) 
(Org et al., 

2017) 

V3-V4 QIIME 
OTU 

clustering 

RDP 

classifier 
SILVER Shannon -- 

(Zhu et al., 

2017) 

V3-V4 QIIME 
OTU 

clustering 

RDP 

classifier 

Greenegenes 

13.5 

Faith’s PD, 

Shannon 
NMDS (Bray-Curtis) 

(Ayeni et al., 

2018) 

V3-V4 QIIME2 
OTU 

clustering 
UPHASE RDP Shannon 

PCoA (Jaccard, 

Weighted UniFrac) 

(Lee et al., 

2018) 



 35 

V4 QIIME2 DADA2 

Primer 

trained 

classifier 

Greenegenes 

13.8 

Faith’s PD, 

Pielou’s 

Evenness, 

Shannon 

PCoA (Bray-Curtis, 

Jaccard, 

Unweighted/weighted 

UniFrac,) 

(Bai et al., 

2019) 

V2-V3 PIME DADA2 -- SILVA 132 

Chao1, 

Faith’s PD, 

Shannon 

PCoA (Unweighted 

UniFrac) 

(Hidalgo-

Cantabrana 

et al., 2019) 

V3-V4 QIIME2 DADA2 -- SILVA 132 
Chao1, 

Shannon 
Bray-Curtis 

(Stevens et 

al., 2020) 

Pig V4 USEARCH 
OTU 

clustering 

RDP 

classifier 
-- Shannon -- 

(Al et al., 

2017) 

Rabbit V3 QIIME 
OTU 

clustering 
-- SILVA 

Chao1, 

Shannon 

PCoA 

(Unweighted/weighte

d UniFrac) 

(Bäuerl et al., 

2014) 

Rats V3-V4 QIIME 
OTU 

clustering 
-- Greengenes 

Chao1, 

Shannon, 

Simpson 

PCoA 

(Unweighted/weighte

d UniFrac) 

(Byerley et 

al., 2017) 

Shrimp V3-V4 Mothur 
OTU 

clustering 

RDP 

classifier 
-- 

Chao1, 

Good’s 

Coverage, 

Shannon 

PCoA (Weighted 

UniFrac) 

(Rungrassam

ee et al., 

2014) 

 

Turtle 
V1-V3 QIIME 

OTU 

clustering 
-- SILVA 128 

ACE, Chao1, 

Shannon, 

Simpson 

 

PCoA (Bray-Curtis) 
(Ahasan et 

al., 2018) 
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1.2.6. Metabolomic pipeline in gut metabolites profiling 

Comparing to the studies applying 16S rRNA amplicon metagenomics solely, 

studies of gut bacteria incorporating 16S rRNA amplicon metagenomics and 

metabolomic are less frequent to be found because of the higher cost and higher 

technical requirements. However, the application of more than one omics generates 

more thorough investigations of molecular dynamics in gut environment and more 

reliable results. Table 1.2-6 summarized the metabolomics part of the gut bacteria 

& metabolites profiling adopting both 16S rRNA amplicon metagenomics and 

metabolomics. Metabolomics is classified to targeted metabolomics and non-

targeted metabolomics, which are determined by whether targeting at specific 

metabolites. The non-targeted metabolomics surveys at all extracted metabolites 

that are detects by high resolution detectors (Sun et al., 2018). In the early studies 

on gut metabolites profiling applying metabolomics, H-NMR was frequently 

applied (Lee et al., 2012; Sellitto et al., 2012). However, with the development of 

HRMS, researches preferred to conduct the metabolites profiling in gut 

environment through TOFMS or Orbitrap (Table 1.2-6). Traditional H-NMR has 

their own developed data processing and metabolites identification software. For 

the data processing platform in metabolomics, commercial software compatible for 

corresponding data acquisition platforms are available, such as Compound 

Discovery software for Thermo Orbitrap HRMS. Commercial software is 

considered to be the best metabolomics data processing platform. However, the 

price is extremely high that common laboratory cannot afford. In addition to the 

commercial software, XCMS is an open source R package processing 

metabolomics data (Benton et al., 2010; Smith et al., 2006; Tautenhahn et al., 2008). 

XCMS divides the raw metabolomics data processing into processes of data 
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inspection, peak detection, peak alignment, peak filling and peak grouping, which 

are well-developed algorithms. In addition, XCMS also offers the online version, 

which favors the non-programming users (Forsberg et al., 2018). 

In the identification of metabolites in metabolomics, the basic method is to compare 

the MS2 spectra against the database, which is also the most applied method in 

current study of gut metabolites profiling (Table 1.2-6). Current databases such as 

Human Metabolome Database (HMDB) (Wishart et al., 2018), MassBank (Horai 

et al., 2010), METLIN (Guijas et al., 2018) stored the chemical structures and MS1, 

MS2 spectra of metabolites generated from various type of HRMS. However, 

experiments taken in practice are difficult to completely matches the conditions 

offered by the public databases that the metabolites identification through these 

databases may be inaccurate or at risk of producing false positive results. Resent 

research developed novel type of metabolomics called “semi-targeted 

metabolomics” by establishing a largest scale database in the laboratory and 

conducing the metabolomics to solve biological problems (Che et al., 2018). The 

semi-targeted metabolomics is considered to be the most accurate way in gut 

metabolites profiling in terms of metabolites detection and identification. However, 

this method requires the purchasing of huge amount of standard solutions of the 

metabolites, which will be extremely costly. 

The most recent research developed a metabolic reaction network for automatic 

metabolites identification and annotation, which reduced the workload and 

increased the numbers of identified metabolites in the non-targeted metabolomics 

(Shen et al., 2019). However, the tool has not yet been applied in the gut bacterial 

studies and required further studies to ensure its accuracy and completability in all 

types of data.
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Table 1.2-6. Summary key techniques in metabolomics 

Host Metabolites 
extraction strategy 

Data acquisition 
platform 

Data processing 
platform 

Metabolites 
identification tools References 

Bovine 

Deuterium water + 
sodium 2,2-dimethyl-
2-silapentane-5-
sulfonate 

Varian Inova 600-
MHz NMR 
spectrometer 

Chenomx NMR suite 
program 

Chenomx NMR suite 
program (Lee et al., 2012) 

Fish Chloroform + water Agilent 5975C inert 
XL EI/CI MS XCMS AMDIS (Li et al., 2017) 

Human 

Deuterium water Varian AS500 NMR 
spectrometer  NMRPipe Database comparison (Sellitto et al., 2012) 

Water + methanol Thermo Q-Exactive 
HRMS SIEVE Mummichog 

 (Stewart et al., 2016) 

Water + methanol Thermo LTQ 
Orbitrap HRMS XCMS AMDIS (Liu et al., 2017) 

Water + methanol Thermo LTQ-
Orbitrap XL HRMS XCMS Database comparison (Zhu et al., 2017) 

Water + methanol AB-Sciex 4000 Q-
Trap MS Analyst 1.6.3 Database comparison (Ayeni et al., 2018) 

Mouse 

Water + methanol Agilent Q-TOFMS XCMS Database comparison (Lu et al., 2014) 
Water + methanol Agilent Q-TOFMS XCMS Database comparison (Bian et al., 2017) 

Water + methanol Waters TOFMS 
 

Markerlynx, 
ChromaTOF Database comparison (Chen et al., 2018) 

Methanol + 
chloroform TOFMS MATLAB, R, 

JavaSE Database comparison (Zheng et al., 2018) 
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1.2.7. Machine learning approaches for key features detection 

The term “feature” in omics is frequently applied in the description of OTUs or MS 

peaks before their identification. In most of the cases, OTUs and MS peaks are not 

able to be completely identified due to the deficiency of the databases. In 

metabolomics, the resulted feature tables usually contain thousands of MS features. 

To identified all the features in the table is time consuming and not necessary 

because not all the features are significant contributors to biological differences. In 

16S rRNA amplicon metagenomics, the difficulty of feature identification is 

smaller. Because of the application of designed primer, almost all the high quality 

16S amplicons data are able to be classified to at least at kingdom level (Yang et 

al., 2016). Nevertheless, key contributors to the biological differences (core bacteria 

in the case of 16S rRNA amplicon metagenomics) are always hidden in tremendous 

amount of data in omics. To reduce the workload, statistical testing is usually 

applied in the features (OTUs or MS peaks) distinction before their identification. 

In the low dimensional data (small variable size), Student’s/Welch’s T-test 

(parametric test assuming normal distribution of the data) and Wilcoxon rank sum 

test (non-parametric test, assuming skewed distribution of data) are frequently 

applied to test the significance of the distinction of a feature in two groups. However, 

in both 16S rRNA amplicon metagenomics and metabolomics, the data is large in 

scale and is compositional (Gloor et al., 2016b; Gloor and Reid, 2016), with 

properties of skewed distribution, zero inflation and over-dispersion (Luz Calle, 

2019), which requires special and proper mathematical theories (Aitchison, 1982). 

Several statistical processes or models were developed for features distinction in 

16S rRNA amplicon metagenomics and metabolomics (Table 1.2-7). Linear 

discriminant analysis effect size (LEfSe) was an early and most applied 
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unsupervised machine learning method for OTUs distinction (Segata et al., 2011). 

The input data can be OTUs, taxonomic classifications or pathways in LEfSe. 

Analysis of composition of microbiomes (ANCOM) was designed as a series of 

statistical procedures to reduce false discovery rate (FDR) in OTUs distinction 

(Mandal et al., 2015), which was proper for compositional data. Analysis of 

variance (ANOVA) like differential expression version 2 (ALDEx2) was another 

statistical tool designed for compositional data differentiation and had been applied 

in functional genes distinction (Fernandes et al., 2014, 2013; Gloor et al., 2016a). 

In the distinction of metabolites, principal components analysis (PCA), partial least-

squares discriminant analysis (PLS-DA) and orthogonal partial least-squares 

discriminant analysis (OPLS-DA) are frequently applied. Unsupervised machine 

learning (PCA) and supervised machine learning (PLS-DA, OPLS-DA) apply the 

dimensional reduction method to determine the most important factor of each 

feature and to cluster the features with similar factors (Worley and Powers, 2013). 

The unsupervised machine learning classifies features by considering their own 

properties that the generated results is closest to represent the original status of the 

features. However, sometimes the biases of the features are resulted from their non-

interested biological properties. Therefore, the application of supervised machine 

learning methods in features distinction guides the selection of features though 

interested biological properties and calculated the effect size of feature contributing 

to the distinction. In the case of PLS-DA and OPLS-DA, variable importance in 

projection (VIP) values are calculated and assigned to features. In supervised 

machine learning feature distinction, random forest is also frequently adopted in 

gut bacterial study (Ayeni et al., 2018; Li et al., 2017). Random forest implement 

the feature discrimination function through constructing multitude decision tree 
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(Acharjee et al., 2016). However, the algorithms in random forest is complex and 

strict that the application of random forest in feature distinction requires a large 

samples size and data size.
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Table 1.2-7. Summary of statistical tools in key feature distinctions in omics 
Omics Data types Method name Mechanism Supervision References 

16S rRNA amplicon 
metagenomics 

OTUs 

LEfSe 

Linear discriminant 
analysis 
(Dimensional 
reduction) 

Unsupervised 

(Rooks et al., 2014) 

LEfSe Linear discriminant 
analysis 

Unsupervised (Gajardo et al., 2016) 

ALDEx2  -- (Al et al., 2017) 

ANCOM Compositional log 
ratio 

-- (Lee et al., 2018) 

ANCOM Compositional log 
ratio 

-- (Hidalgo-Cantabrana 
et al., 2019) 

ALDEx2 Dirichlet-
multinomial model 

-- (Stevens et al., 2020) 

OTUs & enzymes CCA Dimensional 
reduction 

Unsupervised (Liu et al., 2016) 

Pathways LEfSe Linear discriminant 
analysis 

Unsupervised (Byerley et al., 2017) 

Predicted genes LEfSe Linear discriminant 
analysis 

Unsupervised (Kumbhare et al., 
2017) 

16S rRNA amplicon 
metagenomics & 
metabolomics 

Metabolites 

PCA Dimensional 
reduction 

Unsupervised (Sellitto et al., 2012) 

LDA Dimensional 
reduction 

Unsupervised (Barbara et al., 2017) 

PLS-DA PLS regression Supervised (Bian et al., 2017) 
PLS-DA PLS regression Supervised (Liu et al., 2017) 
PLS-DA PLS regression Supervised (Zhu et al., 2017) 
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Random forest Decision trees Supervised (Ayeni et al., 2018) 
PLS-DA PLS regression Supervised (Zheng et al., 2018) 

Metabolites, 
pathways OPLS-DA PLS regression Supervised (Stewart et al., 2016) 

OTUs 

Random forest Decision trees Supervised (Li et al., 2017) 

LEfSe Linear discriminant 
analysis 

Unsupervised (Zhu et al., 2017) 

LEfSe Linear discriminant 
analysis 

Unsupervised (Chen et al., 2018) 

16S rRNA 
metagenomics & WGS OTUs/pathways LEfSe Linear discriminant 

analysis 
Unsupervised (Rooks et al., 2014) 

--: Not applicable 
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1.2.8. Metabolic pathway study in gut bacterial profiling 

In the gut bacterial studies, bacteria structure of the community is conducted by 

calculating alpha diversity and beta diversity of the community. However, unlike 

WGS, resulted sequence reads (after joining pair end sequences) in 16S rRNA 

amplicon metagenomics are too short (Illumina platform: 150~500 bp) to obtain 

functional information (transcribed proteins or pathways) of the genes. In year 2013, 

researches developed a bioinformatic tool called phylogenetic investigation of 

communities by reconstruction of unobserved states (PICRUSt) to utilize the 16S 

rRNA amplicon genes resulted from 16S rRNA amplicon metagenomics to predict 

the functional genes in the community (Langille et al., 2013). Although the 

accuracy of PICRUSt was controversial and limited by pathways stored in Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database, it provided meaningful 

predictions that allowed researchers shifted the gut bacterial studies from the 

bacteria structure studies to the functional structure studies. Therefore, PICRUSt 

becomes the most popular pathway prediction tool in gut bacterial studies (Table 

1.2-8). The consideration of gut environment as a functional unit was meaningful 

to discovery the metabolic pathway of structurally complex secondary metabolites 

because they were found to be produced by gene clusters instead of single genome 

(Palazzotto and Weber, 2018). Therefore, PICRUSt is the most applied tool in 16S 

rRNA amplicon metagenomics to conduct pathway studies. In year 2019, the 

PICRUSt team developed new version PICRUSt2, which was more accurate and 

applicable in different denoise strategies in 16S rRNA amplicon metagenomics 

(Douglas et al., 2019). The newly developed PICRUSt2 was soon applied in the gut 

bacterial study (Stevens et al., 2020). Another pathway predication tool Tax4Fun 

was developed implementing the most updated taxonomic database SILVA, and 
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claimed to have mare accuracy than PICRUSt (Aßhauer et al., 2015). However, the 

newly developed PICRUSt2 adopted the amplicon sequence variant (ASV) 

DADA2 denoising pipeline and has been developed as plugin in QIIME2 platform, 

which is considered to be more accurate and flexible for researches to conduct 

metabolic pathway prediction. In gut bacterial studies applying WGS or 

metatranscriptomics, which the functional genes are obtained, over representative 

analysis (ORA) and gene set enrichment analysis (GSEA) are wildly applied to test 

the significant enrichment of functional genes in the metabolic pathways (Hibberd 

et al., 2017). To validate the pathway predication from PICRUSt, researchers 

conducted the parallel WGS study and obtained consistent results (Rooks et al., 

2014). Besides, through the human-gut-bacteria-transplanted mice fecal bacterial 

composition metagenome and transcriptome studies, research hypothesized that 

acrR repressor in gut bacteria was abrogated and reduced retinol in the bacteria cell, 

which the  hypothesis was then verified by the LC/MS detection of retinol and 

statistical comparison (Hibberd et al., 2017).  

In metabolomics, the obtained metabolites from gut environment can also be 

applied for pathway studies. Mummichog was a powerful tools for pathway study 

applying metabolites in gut bacterial study (Stewart et al., 2016), which was easily 

accessed in the online metabolomic data analysis platform MetaboAnalyst (Chong 

et al., 2019). In addition to Mummichog, MetaboAnalyst has incorporated several 

models for pathway analysis through metabolomics, such as metabolites set 

enrichment analysis (MSEA) (Xia and Wishart, 2010) and metabolic pathway 

analysis (MetPA) (Xia et al., 2011).  
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Table 1.2-8. Summary of key techniques in metabolic pathway prediction within gut bacterial studies 

Omics Input data Method name Reference 
taxonomic database Validation References 

16S rRNA amplicon 
metagenomics 

16S amplicon genes PICRUSt GreenGene 13.5 No (Gajardo et al., 
2016) 

16S amplicon genes PICRUSt GreenGene 13.5 No (Liu et al., 2016) 
16S amplicon genes PICRUSt GreenGene 13.5 No (Baldo et al., 2017) 

16S amplicon genes PICRUSt GreenGene 13.5 No (Byerley et al., 
2017) 

16S amplicon genes PICRUSt GreenGene 13.5 No (Kumbhare et al., 
2017) 

ASV PICRUSt2 GreenGene  (Stevens et al., 2020) 

16S rRNA amplicon 
metagenomics & 
metabolomics 

Metabolites Mummichog -- No (Stewart et al., 2016) 
16S amplicon genes Tax4Fun SILVA No (Bian et al., 2017) 

Metabolites Pathway Activity 
Profiling -- No (Zhu et al., 2017) 

16S amplicon genes PICRUSt GreenGene 13.5 No (Chen et al., 2018) 
16S amplicon genes PICRUSt GreenGene 13.5 No (Zheng et al., 2018) 

16S rRNA amplicon 
metagenomics + WGS 

Functional genes & 
metabolites FishTaco -- No (Manor and 

Borenstein, 2017) 
16S amplicon genes PICRUSt GreenGene 13.5 Yes (Rooks et al., 2014) 

WGS + 
metatranscriptomics Functional genes GSEA -- Yes (Hibberd et al., 

2017) 
--: Not applicable 
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1.2.9. Network analysis in gut bacterial studies 

Network analysis in gut bacterial studies is a developing technique to study the 

relationships between different biological objects. Recent gut bacterial studies 

applying network analysis is reviewed in Table 1.2-9. In the early study, Pearson 

correlation of coefficient was calculated between each pair of OTUs in the gut 

environment to study the co-occurrence pattern of bacteria in gut environment 

(Kelder et al., 2014). The significant co-occurrent bacteria in gut environment may 

provide clues for researchers to study the bacteria-bacteria or bacteria-host 

interactions under different environment factors. Besides, bacteria centered the 

network may dominate the main function of the gut environment. In the correlation 

network, Pearson-correlation was considered improper for compositional data in 

network analysis (Gloor et al., 2017) and therefore research developed new 

technique called SparCC with proper algorithm for correlation network analysis by 

compositional data (Friedman and Alm, 2012). In addition of correlation network, 

many researches developed case specific inference network to study the connection 

of gut bacteria, metabolites and host condition (Table 1.2-9).  

Topological features are powerful tools to determine the network centralities in the 

network analysis (Doncheva et al., 2012). By conducting network analysis and 

determining network centralities, key functional units (bacteria or metabolites) in 

the gut environment are expected to be distinguished. 
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Table 1.2-9. Summary of network analysis in gut bacterial studies 
Data types Network types Function References 

OTUs 
Correlations 

network 

Feature 

distinction 

(Kelder et al., 

2014) 

OTUs Inference network 
Feature 

distinction 

(Ramayo-Caldas 

et al., 2016) 

Sample 

properties 

Transition 

network 
Classify 

(Stewart et al., 

2016) 

OTUs, 

metabolites 

Correlations 

network 

Feature 

distinction 
(Liu et al., 2017) 

OTUs 

Weighted gene 

co-expression 

network 

Feature 

distinction 
(Org et al., 2017) 

OTUs, 

metabolites 
Inference network 

Feature 

distinction 
(Sung et al., 2017) 

OTUs 
Correlations 

network 
Classify 

(Ayeni et al., 

2018) 

OTUs, 

metabolites 

Correlations 

network 

Feature 

distinction 
(Chen et al., 2018) 

OTUs, 

metabolites 

Correlations 

network 

Feature 

distinction 
(Hall et al., 2019) 

ASVs, pathways 
Dissimilarity 

network 

Feature 

distinction 

(Stevens et al., 

2020) 
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1.3. Summary of research gaps 

After reviewing previous studies, the current research gaps are summarized to as 

follows: (1) TTX biosynthetic pathway is still unknown, which hinders the 

manufacture of TTX. (2) Previous studies on puffer fish gut bacteria focus on the 

culturable bacteria in laboratory, which accounted for less than 0.1% of the total 

bacteria in puffer fish gut environment. The roles of the unculturable gut bacteria 

in TTX production are unknown. (3) Previous studies relied on the first generation 

sequencing to profile the bacterial community in puffer fish gut environment, which 

was not suitable because it was low in sample throughput and low in coverage rate. 

(4) There was no study connecting TTX biosynthesis and puffer fish gut 

environment. (5) 16S rRNA amplicon metagenomics and metabolomics are newly 

developed methods profiling gut bacterial community and metabolites, however, 

have not been applied on puffer fish gut environment studies. Besides, more 

accurate and precise bioinformatic tools in terms of the data processing and data 

analysis have been proposed and are suggested to replace the traditional tools in the 

former 16S rRNA amplicon metagenomics and metabolomics data analysis 

pipelines. Whether the newly developed bioinformatic tools adapting to puffer fish 

gut bacteria and metabolites data is unknown. Systematic pipelines incorporating 

newly developed bioinformatic tools and are adaptive to puffer fish gut bacteria and 

metabolites data are required to be established.  

1.4. Significances and objectives of this study 

TTX is potential medication as efficient anaesthetics, pain reliever and possible 

anticancer agent. The unknown origin and biosynthetic pathway of TTX hinder the 

development of TTX production. Current chemical TTX synthetic methods are 

complex in reaction steps and are low in production, which are unrealistic to be 
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applied in commercial manufacture due to the unpredictable high cost. The current 

TTX acquisition is the direct extraction from puffer fish ovaries, which makes the 

commercial TTX extremely expensive and damage to the marine resources. To date, 

the studies of TTX producing bacteria are limited to culturable bacteria that the 

contributions of unculturable bacteria on TTX biosynthesis are unknown. 

Untargeted profiling of bacteria and metabolites in gut environment of puffer fishes 

is expected to discovery key contributors of TTX production, which will help to 

elaborate TTX biosynthesis and manufacture. 

To fill the research gaps in section 1.3, the objectives of this study are (1) 

Establishing data analysis pipelines of 16S rRNA amplicon metagenomics and 

metabolomics incorporating newly developed bioinformatic tools to profile puffer 

fish gut bacteria and metabolites.  (2) Identifying bacteria, metabolites and 

metabolic pathway relating to TTX biosynthesis. (3) Proposing mechanism of TTX 

biosynthesis.
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2. Chapter two: Methodologies and 

experimental design 

2.1. Principle of 16S rRNA amplicon metagenomics 

2.1.1. 16S rRNA regions 

16S ribosomal RNA (rRNA) exists in almost all the bacteria and is wildly applied 

in the bacterial study. 16S rRNA is a subunit of rRNA sequence with a length of 

around 1,500 bp long. 16S rRNA consists of two types of regions, which are 

conservative regions and hypervariable regions (Figure 2.1-1). Nine hypervariable 

regions of 16S rRNA are highly diverse among bacteria species (Woese et al., 1990; 

Woese and Fox, 1977). Therefore, hypervariable regions of 16S rRNA help to 

identify bacteria in a community. In addition to hypervariable regions, the 16S 

rRNA also contains conservative regions, which are almost identical among 

bacteria species (Woese et al., 1990; Woese and Fox, 1977). Primes are designed 

complementary to the 16S rRNA conservative regions to extract and amplify DNA 

transcribing 16S rRNA in bacteria. The identification of bacteria is based on the 

hypervariable regions.  

 

 
Figure 2.1-1. 16S rRNA regions 
 
2.1.2. Library preparation 

Library preparation is conducted after the amplification of 16S rRNA and before 

the high throughput DNA sequencing. The main purpose of library preparation is 
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to adapt the DNA sequences into the sequencers and to help sequencers to trace the 

source of the sequences (Goodwin et al., 2016). The procedures of library 

preparation are a series of PCR steps. First of all, barcodes and index primers are 

added to each end of the DNA, serving as sample labels and the trigger of the PCR 

respectively. Subsequently, the Index are added to label the sequence that the 

sequencer will recognize during the pair end sequencing. Finally, the adaptors are 

also added to allow the DNA to bind to the oligo on the flow cell of the DNA 

sequencers. The overall structure of the targeted DNA after the library preparation 

is shown in Figure 2.1-2. 

 
Figure 2.1-2. Library preparation adding index, barcode and adaptors 
 

2.1.3. Principle of Illumina Miseq/Hiseq high throughput pair end sequencing 

Illumina high throughput sequencing platforms is the main technique applied in this 

study to generate 16S rRNA amplicon results of puffer fish gut bacteria. The 

Illumina Pair-end (PE) sequencing based on the principle of cyclic reversible 

termination (CRT) method and sequencing-by-synthesis (SBS) (Goodwin et al., 

2016). Figure 2.1-3a shows an example of Illumina sequencing machine. After the 

DNA extraction, amplification and library preparation, the targeted DNA sequences 

are degenerated to single stranded DNA (ssDNA) and are loaded onto the 

sequencing flow cell (Figure 2.1-3b). Two kinds of oligos are bounded on the plate 

of the flow cell.  
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Figure 2.1-3. Illumina sequencing platform. 
(a) Example of Illumina Miseq sequencer (b) Flow cell and its magnified 
structure. Source: Illumina 
 

The first procedure conducted in the flow cell is the formation of the sequence 

cluster. The detail principle of the cluster formation is illustrated in Figure 2.1-4. 

The double stranded DNA (dsDNA) is denatured and one of the ssDNA with 

adaptor 1 is hybridized to one of oligo 1 on the flow cell. The amplification then is 

conducted, and reverse complementary strand is synthesized.  The double stranded 

DNA is denatured, and the forward strand is washed out. The remained reverse 

stranded bended and its unbounded adaptor 2 complimentarily hybridizes to the 

closest oligo 2 on the plate, forming a bridge. The amplification then take place 

again and a double stranded bridge is formed. The double stranded bridge is 

denatured and two ssDNAs (one forward strand and one reverse strand) are formed 

with the oligos tethered on the plate of flow cell. The above processes repeated until 

a DNA cluster is formed. Finally, all the reverse strands are removed. All the 

clusters on the flow cell are then ready for sequencing. 
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Figure 2.1-4. Bridge amplification in Illumina PE sequencing. 
 

After the removal of reverse sequences, the remained forward sequence clusters are 

ready for CRT and SBS. Detail principles of CRT and SBS are shown in Figure 

2.1-5. The read 1 primer is first hybridized on the complimentary region, triggering 

the sequencing of forward read. The fluorescence tagged nucleotides (A, G, C, T) 

are introduced that the fluorescence signal will be released and captured when they 

complimentarily bind to the target DNA regions. Unique signal of each labelled 

nucleotide will be released. One DNA cluster consists of tremendous amounts of 

same sequences that the fluorescence signal is strong enough to be captured by the 

detector. After sequencing the forward read, the fluorescent labelled nucleotides are 

washed out. The read 2 primer is then introduced and triggers the sequencing of 

index 1. The index 1 tells the end of sequencing forward read. Subsequently, index 

1 and primer 2 are washed out and the DNA strand formed a bridge onto the 

adjacent oligo. At this time, the index 2 complementary bind to the sequence and 
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tells the begin of reverse read sequencing. After the formation of double stranded 

bridge and the denaturation, all the forward strands in the cluster are removed. The 

read 2 primer is introduced again trigger the reverse read sequencing.  

 
Figure 2.1-5. Principle of sequencing-by-synthesis 
 

An example of targeted DNA sequencing with 468 bp long and the principle of PE 

assembly are shown in Figure 2.1-6. The maximum reading length of single 

direction sequencing is 300 bp in Illumina sequencing platform (Hiseq 3000). The 

assembly of PE sequences larger than 300 bp is achieved by the overlap regions of 

the forward reads and the reverse reads through the downstream bioinformatic tools. 

The Illumina PE sequencing generate two reads (forward and reverse) from one 

target DNA sequence. Both of the forward reads and the reverse reads generate 300 

bp long results that two reads share a 132 bp long overlap region and favors the 

assembly in the downstream data processing. 
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Figure 2.1-6. Principle of PE sequence assembly 
 
 

2.2. Principle of metabolomics 

2.2.1. Principle of chromatography in metabolomics 

Chromatographic separation prior the mass spectrometry detection is important in 

both targeted detection and non-targeted metabolomics. In this study, 

chromatographic systems are Thermo Ultimate 3000 UHPLC system tandem with 

Thermo Fisher Q Exactive Focus Orbitrap mass spectrometry in non-targeted 

metabolomics, and Agilent 1290 UHPLC system tandem with Agilent 6460 triple 

Q mass spectrometry in targeted detection. In non-targeted metabolomics, the 

change of chromatographic separation conditions affects little to the metabolites 

identification because of the high resolution applied in the detection. On the other 
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hand, in targeted detection, chromatographic conditioning is important in the 

quantification of TTX in puffer fish tissues in this study. The chromatographic 

conditionings in targeted TTX detection and quantification involved the 

adjustments of injection volume, column temperature, flow rate, and elution 

programming. 

2.2.2. Principle of Thermo Fisher Q Exactive Focus Orbitrap mass 

spectrometry and MS data acquisition  

Thermo Fisher Q Exactive Focus Orbitrap mass spectrometry is the HRMS 

performing metabolomics in this study. An example of the Q Exactive Focus 

Orbitrap mass spectrometry is shown in Figure 2.2-1.  

 

 
Figure 2.2-1. Thermo Fisher Q Exactive Focus Orbitrap mass spectrometry 
Source: Thermo Fisher Scientific 
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The key compositions of Thermo Fisher Q Exactive Focus Orbitrap consist of a 

quadrupole mass filter for selecting metabolites by their mass; a C-Trap for ion 

storage; a higher-energy collision dissociation cell (HCD) for ion fragmentation; 

and the Orbitrap mass analyzer for ion detection and mass analysis. An example of 

the Q Exactive Focus series is shown in Figure 2.2-2. Metabolites from UHPLC are 

ionized by the electrospray ionization (ESI) and are vacuumed into the Q Exactive. 

The quadrupole after the ESI is applied as a mass filter. Solvent or unwanted 

metabolites could be filtered at this very first step. The upcoming C-trap is a radio 

frequency based ion collecting and cooling desvice, which prevents the overfilling 

of ions and the space-charge effect. Ions in C-trap will be transported to either the 

HCD or orbitrap analyzer. The HCD cell fragments the ions and generates MS2 

data. Orbitrap analyzer serves as both ions detector and analyzer. Ions in the 

Orbitrap mass analyzer are oscillated. During the oscillations in designed 

parameters, ions will form axial oscillations. The ions are then separated by their 

specific oscillation properties, producing time varying signals for image current 

detection. The time domain signal is then transformed to frequency domain signal 

by Fourier transformation and then converted to mass spectra (Zubarev and 

Makarov, 2013).  

The resolution power of Thermo Fisher Q Exactive Focus Orbitrap mass 

spectrometry is ultra-high that can be up to 70,000. The resolution (ℛ ) is 

proportional to the ratio between duration of detection per one spectrum (" dd) and 

the period of oscillation ("), which can be expressed as: 

ℛ ∝ "$$"  
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An example of the resolution power of HRMS is shown in Figure 2.2-3. In the 

example, carbofuran ([M+H]+ = 222.1125) and formetanate ([M+H+] = 222.1237) 

are clearly distinguished in HRMS with 70,000 resolution power. 

 
Figure 2.2-2. Inner structure of Thermo Q Exaction mass spectrometry 
Source: Thermo Fisher Scientific 

 
Figure 2.2-3. Resolution of HRMS 
Source: Thermo Fisher Scientific 
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The data acquisition modes of Thermo Fisher Q Exactive Focus Orbitrap mass 

spectrometry consist of full MS, full MS/all ion fragmentation, targeted-selective 

ion monitoring, parallel reaction monitoring, full MS/data dependent MS2 (dd-MS2). 

The dd-MS2 mode, which was wildly used in non-targeted metabolomics, was 

applied in this study. The working flow of dd-MS2 is illustrated in Figure 2.2-4. A 

full MS scan (scan 1) is first taken and the pre-selected top N m/z (Top two in 

example of Figure 2.2-4) in abundance in a defined time frame are targeted. In the 

net sequential event, scan 2 is triggered and the untargeted precursors are filtered. 

The targeted precursors are fragmented and finally analyzed and detected. The raw 

metabolomic data generated through dd-MS2 data acquisition mode contains the 

precursors and fragmented ions from the top N abundant precursors information. 

 
Figure 2.2-4. Working flow of dd-MS2 data acquisition mode 
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2.2.3. Principle of Agilent 6460 triple Q mass spectrometry 

Agilent 6460 triple Q mass spectrometry is applied in the targeted metabolites 

detection, identification and quantification. The MRM acquisition mode was 

applied in the study. The mechanism of MRM is shown in Figure 2.2-5. Chemicals 

are ionized through ESI and pumped into the first quadrupole. The first filtering 

will be conducted by the pre-defined m/z to obtain desire precursor. The precursor 

is then fragmented in the collision cell and then passed to the second quadrupole. 

The pre-defined conditions further filtered the unwanted product ions. The 

remaining ions are detected. 

 

Figure 2.2-5. Working flow of MRM 
 

2.3. Data processing pipeline establishment and data analysis 

principles in 16S rRNA amplicon metagenomics 

2.3.1. Data processing pipeline establishment of 16S rRNA amplicon 

metagenomics 

The data processing and data analysis pipelines in this study were referenced to 

published method in high impact factors journals such as Cell and Nature Reviews 

Microbiology (Goodrich et al., 2014; Knight et al., 2018). QIIME2 is the major 

platform applied in this study. QIIME2 incorporates different bioinformatic tools 

for 16S rRNA amplicon metagenomics raw data processing and downstream data 
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analysis. The illustration of the 16S rRNA amplicon metagenomics data analysis 

pipeline in this study is shown in Figure 2.3-1. The raw PE sequence data in .fastq 

format was generated. Every ssDNA sequence was coded with sample specific 

barcoded during the library preparation. Low quality sequences were discarded. 

Sequences data was then demultiplexed and allocated to specific sample according 

to their barcodes. The sequence denoising was performed by newly developed 

method DADA2 published in Nature methods (Callahan et al., 2016). Clean 

sequences and OTU table were then generated. Either sequence alignment or the 

newly developed SATé-enabled phylogenetic placement (SEPP) algorithm 

(Janssen et al., 2018) was applied to generated the phylogenetic distance of the 

sequences. The OTU table and the phylogenetic tree were then applied to conduct 

the alpha diversity study, beta diversity study, bacteria distinction and correlation 

network. Taxonomic classification was performed by aligning sequence data to 

taxonomic databases (GreenGenes or SILVA). Newly developed PICRUSt2 

(Douglas et al., 2019) with the input of DADA2 and SEPP results was applied to 

predicted the functional genes from KEGG database. ALDEx2 was applied to 

distinguish the functional genes between groups. GSEA was applied to enrich the 

significant metabolic pathways. The code programming platform of the data 

processing pipeline of 16S rRNA amplicon metagenomics in this study were Linux 

and R. Detail principle of each step in the pipeline will be illustrated in the 

following sections. 
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Figure 2.3-1. Pipeline of 16S rRNA amplicon metagenomics raw data process 
and data analysis 
 

2.3.2. Quality control in 16S rRNA amplicon metagenomics 

The raw data is imported into QIIME2 and transferred to the QIIME2 data 

format .qza. Errors of every sequence based on all the reads are assessed by Phred 

score. Phred source (Q) is define as: 

% = −10	+,-./	0 

Where P is the probability error probability. For example, when only 1 out of 1,000 

base call is incorrect, the Phred score = 30 (Q30). Q30 is a common indicator of a 

good quality standard of the sequence data in high throughput sequencing. On the 

other hand, the sequence depth, which is applied to assess the degree of 

representation by the sequence data, is constructed by the rarefaction curve. 
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2.3.3. DADA2 denoising 

Traditionally, OTU clustering was the golden method for processing high 

throughput sequencing data (Goodrich et al., 2014; Knight et al., 2018). The aim of 

OTU clustering was to eliminate the error of high throughput sequencing (eg: 

Illumina sequencing). Small differences between sequence data generated from 

high throughput sequencing are possibly contributed by the sequencing error, which 

are eliminated by a 97% OTU clustering. However, researchers found that key 

information causing community differences lost after OTU clustering and therefore 

developed new method called DADA2 to avoid the problems (Callahan et al., 2016). 

DADA2 is a bioinformatic tool for raw sequence data processing and denoising. 

DADA2 builds an error model to eliminate the error generated from the Illumina 

sequencing. Comparing to other bioinformatic tools, such as UPHASE and 

algorithm in Mothur, DADA2 generates the best accurate sequence output and 

retains the data at maximum resolution (Callahan et al., 2016). 

Raw sequence data is processed by DADA2 after the low quality sequence filtering. 

DADA2 trims the unwanted barcode and primer in the sequence data and joins the 

pair end sequence based on the overlap regions. Subsequently, DADA2 builds the 

error model to detect the chimera which is non-informational DNA sequence by-

products generated during the library preparation. The term amplicon sequence 

variant (ASV) is applied to describe sequence generated by DADA2 approach, 

which has a similar meaning with OTU in terms of describing the potential bacterial 

species. However, OTU is still wildly adopted in current publication and therefore 

is consistently used in this study. An example of DADA2 command line in QIIME2 

is shown in Figure 2.3-2.  
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Figure 2.3-2. Command line of DADA2 sequence data denoising 
 

2.3.4. SEPP or phylogenetic tree construction 

In the traditional approach, phylogenetic distance between sequences were 

conducted by de novo alignment and building rooted phylogenetic tree. Later, 

researchers found that phylogenetic tree constructed from de nove alignment 

generated incorrect results because the short amplicon sequences (150 bp – 300 bp) 

were insufficient to obtain the phylogenetic information (Janssen et al., 2018). 

Therefore, newly developed fragment insertion method SEPP incorporates the 

GreenGenes databases to replace the user sequences by the sequence in public 

database for the subsequent phylogenetic distance construction. SEPP algorithm 

reduces the false positive rate of the results comparing to the de novo alignment 

approach. An example of SEPP command line in QIIME2 is shown in Figure 2.3-

3. 

 
Figure 2.3-3. Command line of SEPP fragment insertion 
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2.3.5. Taxonomic classification 

The essence of taxonomic assignment to OTUs is classification. QIIME2 research 

group developed q2-feature-classifier to conduct taxonomic classification based on  

Naïve Bayes scikit-learn method (Bokulich et al., 2018). Naïve Bayes scikit-learn 

taxonomic classification outperformed the alignment based classification in terms 

of the accuracy. Naïve Bayes scikit-learn taxonomic classification first applies the 

user primer to trim taxonomic database as the training data set. The trained classifier 

is then applied on the sequences data for taxonomic classification. An example of 

Naïve Bayes scikit-learn taxonomic classification command line in QIIME2 is 

shown in Figure 2.3-4. 

 
Figure 2.3-4. Command line of Naïve Bayes scikit-learn taxonomic 
classification 
 

2.3.6. Alpha diversity 

Alpha diversity in ecology is wildly applied to study the compositional structure of 

the species in an environment. In gut environment, the richness and evenness of the 

bacterial community can also be assessed by the alpha diversity indexes. In this 
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study, Chao1 index is applied to measure the bacterial richness in gut environment 

of different puffer fishes (Chao, 1987). Chao1 index (Ri) is the sum of the number 

of OTUs observed at least once in a sample (So) and the unknown number of species 

present in the community but not observed (a0), where a0 is estimated by the ratio 

between singleton (a1) and doubleton (a2) in the sample: 

12 = 3/ +
5.(5. − 1)
259(59 + 1)

 

Higher of the Ri measured in a sample indicates a greater bacterial richness of the 

samples. In this study, Chao1 index calculation was conducted by diversity plugin 

in QIIME2.  

2.3.7. Beta diversity 

Beta diversity in bacteria community studies is the measurement of dissimilarity of 

the biodiversity in different samples. Jaccard and Bray-Curtis are common beta 

diversity indexes measuring biodiversity dissimilarity, however, not considering 

the phylogenetic distance of the bacteria but only their presence and abundance. 

Weighted/unweighted UniFrac was developed for measuring the biodiversity 

dissimilarity by considering both the abundance of the bacteria and their 

phylogenetic distances (Lozupone and Knight, 2005). PCoA is common ordination 

technique to illustrate the distance matrix. Permutational Multivariate Analysis of 

Variance (PERMANOVA) (Anderson, 2017) is applied to tested the significance 

of the differences in the PCoA results. The overall workflow of beta diversity study 

is shown in Figure 2.3-5. 
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Figure 2.3-5. Illustration of beta diversity study 
 

2.4. Data processing pipeline establishment and data analysis 

principles in metabolomics 

2.4.1. Data processing pipeline establishment of metabolomics 

Metabolomics pipeline establishment in this study based on the published method 

on Nature Protocol (Dunn et al., 2011) and newly updated XCMS3 (Smith et al., 

2006). Raw data file in .RAW format was generated by Thermo Fisher Q Exactive 

Focus mass spectroscopy Orbitrap mass spectrometry. The data format was then 

transferred to .mzXML format by the mscovert algorithm in ProteoWizard software. 

The .mzXML data files were imported into R and processed by XCMS package. 

The raw data stores the chromatographic mass spectrometric information such as 

retention time, intensity, m/z values of MS1/MS2 ions. In the XCMS metabolomics 

data processing platform, peaks representing metabolic features were first detected.  

CentWave algorithm in XCMS was applied to detected peaks with default setting 

s(Tautenhahn et al., 2008). The detected peaks were then aligned by obiwarp 

method (Prince and Marcotte, 2006). Peak alignment adjusted the analytes retention 
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time error resulted from different elution batches. Finally, ions with close retention 

time are grouped by the density method  (Smith et al., 2006).  Similar to the OTU 

table generated in 16S rRNA amplicon metagenomics, a feature table was generated 

in metabolomics after the data processing. A feature represents a potential analyte 

to be identified. However, not all the features are able to be accurately detected in 

metabolomics. The preparation and detection of QC samples along with the 

experimental samples are the key of method validation in metabolomics. One QC 

sample was the mixture all the experimental samples. QC samples were randomly 

inserted into the detection order of the experimental samples. In the QC process, 

features present less than 50% of the QC samples were removed. In addition, 

features in QC samples with percentage relative standard deviation (%RSD) < 30% 

were removed to ensure the quality of the data. Principal component analysis was 

then applied to check the quality of the samples, especially the quality of the QC 

samples. The degree of the clustering QC samples indicates their quality, as well as 

the quality of the methods. On the other hand, the method validation was also 

assessed by the mass error between the detected mass and the exact mass of the 

internal standard quercitrin (exact mass = 448.100555). 
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Figure 2.4-1. Data processing pipeline of metabolomics 
 
2.4.2. Peak detection 

The raw mass spectrometry data generated from Thermo Fisher Q Exactive Focus 

mass spectroscopy Orbitrap mass spectrometry is three-dimensional data 

containing retention time, mass to charge ratio and intensity. An example showing 

raw mass data spectrum is shown in Figure 2.4-2. The detection of peaks in XCMS 

based on the centroid data information and CentWave algorithm (Tautenhahn et al., 

2008). An example of peak detection command line with CentWave algorithm is 

shown in Figure 2.4-3. 
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Figure 2.4-2. Raw data spectrum 
 
 

 
Figure 2.4-3. Command line of peak detection in XCMS 
 

2.4.3. Peak alignment 

In terms of adjusting the retention time error of analytes in different samples 

resulted from different elusion batch, obiwarp method in XCMS was applied 

(Prince and Marcotte, 2006). An example of peak alignment command line with 

obiwarp algorithm is shown in Figure 2.4-4. 
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Figure 2.4-4. Command line of peak alignment in XCMS 
 

2.4.4. Peak grouping and filling 

After the alignment, ions with very close retention time were grouped as an 

identical feature. This was conducted by the density method in XCMS (Smith et al., 

2006). An example of peak grouping command line with density algorithm is shown 

in Figure 2.4-5. Feature table was generated after the peak grouping. However, the 

table contains many zero that will affect the subsequent data analysis. Therefore, a 

peak filling process was conducted before the data analysis. All the zero in the table 

were filled with the half value of the minimum value in the row. An example of 

peak grouping command line with density algorithm is shown in Figure 2.4-6. 

 
Figure 2.4-5. Command line of peak grouping in XCMS 

 
Figure 2.4-6. Command line of peak filling in XCMS 
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2.5. Principles of key feature distinction methods 

2.5.1. LEfSe 

In both 16S rRNA amplicon metagenomics (OTU table) or metabolomics (feature 

table), the data are high dimensional, compositional with properties of skewed 

distribution, zero inflation and over-dispersion (Gloor et al., 2016b; Gloor and Reid, 

2016; Luz Calle, 2019). The implementation of traditional statistical comparisons 

is likely to generate false positive result. Linear discriminant analysis effect size 

(LEfSe) was an early tool developed for biomarker distinction in high dimensional 

data (Segata et al., 2011). LEfSe groups data by classes and subclasses (such as 

taxonomic classifications or pathway classifications). Kruskal–Wallis test is first 

applied on all the classes. The subclasses of the differentiate classes are then 

compared by the Wilcoxon rank sum test. Finally, the LDA score of each subclass 

is calculated to facilitate the biomarker selection. LDA score threshold = 2 is 

commonly applied for OTU distinction.  

2.5.2. ANCOM 

Analysis of composition of microbiome (ANCOM) incorporates the compositional 

log-ratio in the distention of OTUs, which controls the false discover rate of the 

results (Mandal et al., 2015). ANCOM is implemented in QIIME2 as build-in 

plugin. In the result of ANCOM, features rejected by the test is considered to be 

significantly distinct in the comparison. An example of ANCOM command line in 

QIIME2 is shown in Figure 2.5-1. 
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Figure 2.5-1. Command line of ANCOM 
 

2.5.3. ALDEx2 

ANOVA-like differential expression version 2 (ALDEx2) develops a series of 

algorithm to identify key differentiations (OTUs or genes) between the comparison 

groups in the compositional data. ALDEx2 conducts Wilcoxon rank sum test on the 

center-log-ratio (CLR) transferred data. Effect size of each feature is then calculated 

to facilitate the differentiation. P-value and effect size threshold = 1 is commonly 

applied for the distinct feature selections. An example of ALDEx2 command line 

in R package with default settings is shown in Figure 2.5-2.  
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Figure 2.5-2. Command line of ALDEx2 
 

2.5.4. PCA and OPLS-DA 

PCA is an unsupervised dimensional reduction method to classify samples by their 

original properties. For example, PCA in this study was applied to visualize the 

clustering of QC samples and evaluate the quality of the data in metabolomics. 

However, exact features contributing to the dissimilarity between samples are 

unknown in PCA. In addition, some non-interested biological properties of samples 

may contribute greatly in PCA that leads scientists to draw a wrong conclusion. 

OPLS-DA is similar to PCA in terms of the principle of dimensional reduction. 

However, OPLS-DA is a supervised learning that interested biological properties 

information is addressed to the classification of samples prior the analysis. OPLS-

DA computes the VIP value of each feature based on the pre-defined biological 

classification. VIP > 1 indicates the distinction of the features in contributing the 

classification of the corresponding samples. In this study, OPLS-DA was conducted 

by R package ropls. An example of command line of OPLS-DA is shown in Figure 

2.5-3.  

 
Figure 2.5-3. Command line of OPLS-DA 
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2.6. Principle of metabolic pathway analysis 

2.6.1. PICRUSt2 functional genes predication 

PICRUSt is developed for the genome prediction with the input of 16S amplicon 

genes (Langille et al., 2013). The newly developed PICRUSt2 improved the 

accuracy on the predicted results (Douglas et al., 2019). The principle of PICRUSt2 

is shown in Figure 2.6-1. The amplicon sequence variants (denoised by DADA2, 

which is equal to OTU) are aligned to reference tree built from the public 16S rRNA 

database. The tree of OTU and reference sequences are then applied to infer the 

gene family copies. The gene family information is commonly stored in public 

database such as KEGG. Finally, PICRUSt2 algorithm computes the gene family 

abundance of each sample, generating gene family table, which is similar to the 

OTU table. The resulted gene family table is also a compositional table that the 

distinction of gene families in different sample groups are compared by designed 

statistical model and algorithm such as ALDEx2. 

 

 

Figure 2.6-1. Work flow of PICRUSt2 genome prediction. 
Source: GitHub PICRUSt2 
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2.6.2. Gene set enrichment analysis 

After the functional genome prediction and distinction, pathway information can be 

obtained. Traditionally, the significant enrichment of pathway by the functional 

genes is conducted by ORA. This method measures the percentage of genes in a 

pathway or any gene group that have differential expression, which means that the 

significance of the pathway enrichment is determined by the abundance of the 

functional genes presenting in a specific pathway. Gene set enrichment analysis 

(GSEA) was designed to enrich the pathways considering the biological state of the 

genes as gene set (Subramanian et al., 2005). The GSEA algorithm first calculates 

the enrichment score of the pathway. Then significance of the enrichment scores 

are estimated using permutation test. All the significances are finally adjusted by 

multiple hypothesis testing generating q-value by FDR control. An example of 

GSEA in R package clusterProfiler is shown in Figure 2.6-2. 

 
Figure 2.6-2. Command line of GSEA 
 

2.7. Principle of network analysis  

Network analysis is the newly developed technique in the study of bacterial 

community. In this study, the visualization of the network is conducted by loading 

correlation pairs into Cytoscape software. Plugin of NetworkAnalyzer in Cytoscape 

is applied to calculate the topological network parameters (Doncheva et al., 2012), 

which are incorporated to facilitate the selection of network centralities. Degree, 
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betweenness, closeness, topological coefficient and neighbourhood connectivity 

are topological network parameters determining the network centralities. 

2.8. Experimental procedures  

2.8.1. Location of the sample collection 

In this study, all the puffer fishes were caught in two locations (Figure 2.8-1). T. 

obscurus was collected from the puffer fish farm at the coastal area of Zhongshan 

city, China (113.55˚E, 22.55˚N, green triangle in Figure 2.8-1). The water system 

of the puffer fish farm constructed by pumping sea water from Peral River Estuary. 

The rest of samples were caught from the sea area of Peral River Estuary, which 

was on the north of the Qi Ao Island, Zhuhai city, China (113.65˚E, 22.50˚N, red 

circle in Figure 2.8-1). 

 
Figure 2.8-1. Location of sample collection 
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2.8.2. Puffer samples identification 

The puffer species were identified by observation. The examples of each puffer 

species in this study are shown in Figure 2.8-2. 

 
Figure 2.8-2. Puffer fishes samples 
The puffers are: (a) T. obscurus (b) T. xanthopterus (c) T. bimaculatus (d)-(e) T. 
ocellatus (f)-(g) Suspected hybridized T. ocellatus 
 

2.8.3. Laboratory culture of T. ocellatus 

In the experiments in chapter three and chapter four, puffer samples were dissected 

in disinfect safety cabinet soon after they were transported to the laboratory. The 



 80 

gut contents and organs of puffer samples were collected subsequently. In chapter 

five, T. ocellatus were collected and cultured for 20, 40 and 60 days before their 

dissections. The establishment of the laboratory culturing condition is shown in 

Figure 2.8-3. Room temperature was set at 20 ˚C. Around 40 L tap water was filled 

in each bucket 24 h before the culturing of fishes. The salinity of the water was 

adjusted to 1 % measured by the salinity refractometer, which was the same as the 

salinity of the sea area where the T. ocellatus were collected. The filtration systems 

were placed on to the buckets and worked till the end of the experiment. 

On the sampling location, T. ocellatus were transported into bucket filled with 

salinity and temperature adjusted (through ice bag) water. TTX-free (detected by 

LC-MS/MS) dried shrimps were fed evenly to T. ocellatus once per day. The 

buckets and the filtration systems were cleaned and adjusted to maintain salinity 

every three days.  
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Figure 2.8-3. Laboratory condition for culturing T. ocellatus 
The conditions: (a) Picture of the T. ocellatus culturing laboratory. Room 
temperature was set up at 20 ˚C. (b) Sea salt used for salinity adjustment (c) 
Example of salinity  refractometer 
 
2.8.4. Gut content preparation 

Length, weight and sex of the puffer fish samples were recorded. The dissection 

was conducted in the disinfected safety cabinet. The gut content of each puffer fish 

was collected into 2.0 mL sterilized centrifuge tube and stored in -80 ℃ before 

analysis. The livers of puffer samples were store in -20 ℃ before analysis. In 

chapter five, the gut content of each puffer sample was homogenized and divided 

into two portions for 16S rRNA amplicon metagenomics and metabolomics study 

respectively.  
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2.8.5. DNA extraction and library preparation 

Total DNA extraction and library preparation methods followed the kit protocol 

and instruction in the latest review on microbiome study (Knight et al., 2018). In 

this study, three individual (Chapter three to Chapter five) experiments were 

conducted applying 16S rRNA amplicon metagenomics, the applied DNA 

extraction kits, primers, PCR platform, DNA quality control method, library 

preparation kits and the sequencing platform are summarized in Table 2.8-1.  

DNA extraction was conducted by the DNA extraction kits. The extracted DNA 

was loaded for PCR with the addition of designed primers. The complimentary 

DNA of V3-V4 regions of 16S rRNA were then amplified and enriched. The DNA 

concentration was measured by either Qubit 3.0 (Invitrogen, USA) or Agilent 

Bioanalyzer 2100 (Agilent, US). Library preparation of the DNA was conducted by 

NEBNext® UltraTM DNA library Pre Kit for Illumina® (New England BioLabs, US) 

and a series of PCR to added the barcode, index and for the subsequent sequencing. 

Library preparation and DNA sequencing were conducted by DRGEN gene 

company (Shenzhen, China) and Novogene company (Beijing, China). 
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Table 2.8-1. Library preparation conditions 

Experiment 

in chapter 

DNA 

extraction kit 
Primer PCR platform 

DNA quality 

control 

Library 

preparation 

kit 

Sequencing 

platform 

Three 

MoBio 

Powersoil DNA 

Isolation Kit 

(QIAGEN, 

Germany) 

338F: 

ACTCCTACGGGAGGCAGCA; 

806R: 

GGACTACHVGGGTWTCTAAT 

ABI 

GeneAMPâ 

9700 (ABI, 

USA)  

Qubit 3.0 

(Invitrogen, 

USA) 

NEBNext® 

UltraTM DNA 

library Pre Kit 

for Illumina® 

(New England 

BioLabs, US) 

Illumina 

Miseq 

Four 

CTAB/SDS 

method 

314F: 

CCTAYGGGRBGCASCAG; 

806R: 

GGACTACNNGGGTATCTAAT 

Phusion® High-

Fidelity PCR 

Master Mix 

(New England 

BioLabs, US) 

Agilent 

Bioanalyzer 

2100 

(Agilent, US) 

Illumina 

Hiseq 2500 

Five 
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2.8.6. Metabolites extraction and QC sample preparation 

The metabolite extraction and QC sample preparation followed the published 

protocols (Thomas et al., 2012; Want et al., 2010). Gut content samples were 

thawed at 4 ˚C and 100 mg gut samples were weighted in 2 mL centrifuge tube. 500 

µL ddH2O (4 ˚C) were added into tubes and vortexed for 1 min. 1 mL methanol 

was added and vortexed for 30 s. The mixtures were ultrasonicated for 10 min 

(room temperature) and subsequently cooled on ice for 30 min. The mixtures were 

then centrifugated for 10 min (4 ˚C, 14,000 rpm). 1.2 mL supernatant was 

transferred from the mixtures to new centrifuge tube. QC samples were prepared 

by pooling 20 µL of each experimental sample. All the sample solutions were freeze 

dried and stored at -80 C˚ before the measurement by Thermo Fisher Q Exactive 

Focus Orbitrap mass spectrometry. 

2.8.7. TTX extraction from puffer fish organs 

TTX extraction in this study followed the published method with modifications 

(Reverté et al., 2015). 1.0 - 10.0 gram of homogenized organs was weighted into 

50.0 mL centrifuge tube. 1:2.5 g/v (organ weight/acetic acid volume) 0.1% acetic 

acid was added. The mixture was boiled in water bath for 10 min. The exacts was 

then cooled to room temperature was centrifuged at 4,500 rpm for 5 min. The 

supernatant was separated and added with 1:1 v/v (extract volume/hexane volume) 

hexane for 15 minutes vibration. Subsequently, the extracts were transferred into 

50.0 mL volumetric flask and the volume was made up by 0.1 % acetic acid. The 

solution was finally passed though the 0.2 μm polytetrafluoroethylene (PTFE) 

syringe filter and stored into the 1.5 mL vial and stored at 4 ℃ before the 

measurement by of Agilent 6460 triple Q mass spectrometry. 
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2.8.8. LC-MS/MS conditioning for TTX detection 

TTX detection method was optimized. The Agilent 1290 UHPLC system (Agilent 

Technology, Inc, USA) and the Agilent 6460 triple quadrupole mass spectroscopy 

system (Agilent Technology, Inc, USA) were applied for TTX identification and 

quantification. The Hilic Plus column (RRHD 1.8 μm, 2.1×100 mm) (Agilent 

Technology, Inc, USA) was used for the liquid chromatography. The mobile phase 

was A: 0.1% acetic acid in water; B: acetonitrile (ACN). The elution gradient was: 

0-6.0 min: A:B = 1:99, 6.0-6.2 min: A:B = 95:5, 6.2-8.2 min: A:B = 95:5, 8.2-8.5 

min: A:B = 90:10, 8.5-10.0 min: A:B = 90:10, 10.0-10.5 min: A:B = 50:50. Post 

time = 5 min. The mobile phase flow rate was set at 0.4 mL/min, and the column 

temperature was 25 ℃. The injection volume was 1 µL per sample. 

For the mass spectroscopy, electrospray ionization positive mode (ESI+) was 

applied as the ionization source. The scan type was multiple reaction monitoring 

(MRM). MRM1 was set at collision induced dissociation energy (CID) = 25 eV, 

fragmentor = 135 V, segment was 320.0 m/z to 302.1 m/z. MRM2 was set at CID 

= 35 eV, fragmentor = 135V, segment was 320.0 m/z to 161.8 m/z. The source 

parameters of the mass spectroscopy were: gas temperature = 350 ℃, gas flow = 8 

L/min, nebulizer = 45 psi, sheath gas temperature = 400 ℃, sheath gas flow = 11 

L/min, capillary voltage = 4000 V. 

 

2.9. Overall design of the study 

The overall technique route of studying gut bacteria and gut metabolites in puffer 

species is shown in Figure 2.9-1. In Chapter 3 and Chapter 4, puffer fishes samples 

were dissected after their sampling from wild environment. In Chapter 5, T. 

ocellatus were collected and cultured in laboratory conditions for different periods. 
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Livers and gut contents of all the samples were obtained. TTX was extracted from 

livers and was measured by LC-MS/MS. Puffer fish samples were grouped by their 

TTX content as toxic groups and non-toxic groups. Total DNA was extracted from 

gut content of all the samples. In Chapter 5, gut contents divided into two equal 

portions for 16S rRNA amplicon metagenomics and metabolomics respectively. In 

16S rRNA amplicon metagenomics, DNA sequencing was conducted by Illumina 

sequencing platform. Raw data was imported into QIIME2. DADA2 was applied 

for sequence denoising and generating OTU table. SEPP or de novo alignment were 

conducted to generate phylogenetic information of the sequence data. Bacteria 

community structural studies was conducted by calculating alpha diversity and beta 

diversity. ANCOM was applied for the distinction of OTUs in the comparison. 

Functional study was conducted by co-occurrence network and PICRUSt2 genome 

prediction. ALDEx2 was applied for functional gene detection. ORA or GSEA was 

applied to test the significant enrichment of metabolic pathways. In metabolomics, 

gut metabolites were extracted and measured by Thermo Q Exactive Focus orbitrap 

MS. Raw data was imported into R package XCMS for peak detection, peak 

alignment and peak grouping. MS2 of targeted metabolites were extracted and 

compared to MS2 spectra in the public database. OPLS-DA was applied for the 

feature distinctions. Cross-validation was conducted between results from 16S 

rRNA amplicon metagenomics and metabolomics (Figure 2.9-1).  
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Figure 2.9-1. Overall design flow chart 

Colours of puffer fish indicate different puffer species. 
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3. Chapter three: Analyses of gut bacteria in T. 

obscurus and T. ocellatus 

3.1. Introductions 

TTX is medical valuables. The application of TTX was described in Chapter 1 in 

this study. The unknown biosynthetic pathway of TTX hinders the manufacture of 

TTX.  Current hypothesis of TTX origin was summarized in Table 1.1-3. Referring 

to current evidences, puffer fish gut is the most likely environment for TTX 

biosynthesis. However, previous study on puffer fish gut bacteria based on 

traditional methods overestimated the composition and function of identified gut 

bacteria which only accounted for 0.1% of the gut entire bacteria community. 

Therefore, in this chapter, a preliminary study of gut bacterial structure is conducted 

by the advanced 16S rRNA amplicon metagenomics using 16S amplicon genes. 

In this chapter, study objects were T. ocellatus and T. obscurus. T. ocellatus were 

sampled from Pearl River Estuary while T. obscurus were brought from fish farm 

pumping Pearl River Estuary sea water for culturing. Therefore, the one major 

difference in the growth environment between the domesticated non-toxic T. 

obscurus and wild toxic T. ocellatus is the food source, which is one major factor 

contributing to the formation and dynamics of the marine species gut bacteria 

(Egerton et al., 2018). The toxicity of these two puffer fishes were well documented 

that wild T. ocellatus were highly toxic while cultured T. obscurus were non-toxic 

(Ji et al., 2011; Yang et al., 2010). The toxicity of the samples was further verified 

by LC-MS/MS. 
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3.2. Methods and materials 

3.2.1. Experimental procedures 

(1) Sample collections 

Two puffer species were collected in this study. Takifugu obscurus samples (N = 3) 

were collected from the puffer fish farm at the coastal area of Zhongshan city, China 

(113.55˚E, 22.55˚N), where the water source of fish maintenance was from the 

Pearl River Estuary. Takifugu ocellatus samples (N = 3) were sampled from the sea 

area of Pearl River Estuary, located at north Qi Ao Island, Zhuhai city, China 

(113.65˚E, 22.50˚N). Length, weight and sex of the puffer fish samples were 

recorded. The dissection was conducted in the disinfected safety cabinet. The gut 

content of each puffer fish was collected into 2.0 mL sterilized centrifuge tube and 

stored in -80 ℃ before analysis. The livers of puffer samples were store in -20 ℃ 

before analysis. 

(2) TTX extraction 

TTX extraction procedure is the same as the description in Chapter two. TTX 

extraction in this study followed the published method with modifications (Reverté 

et al., 2015). 1.0 - 10.0 gram of homogenized organs was weighted into 50.0 mL 

centrifuge tube. 1:2.5 g/v (organ weight/acetic acid volume) 0.1% acetic acid was 

added. The mixture was boiled in water bath for 10 min. The exacts was then cooled 

to room temperature was centrifuged at 4,500 rpm for 5 min. The supernatant was 

separated and added with 1:1 v/v (extract volume/hexane volume) hexane for 15 

minutes vibration. Subsequently, the extracts were transferred into 50.0 mL 

volumetric flask and the volume was made up by 0.1 % acetic acid. The solution 

was finally passed though the 0.2 μm polytetrafluoroethylene (PTFE) syringe filter 
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and stored into the 1.5 mL vial and stored at 4 ℃ before the measurement by of 

Agilent 6460 triple Q mass spectrometry. 

(3) UHPLC-MS/MS conditioning and TTX detection 

LC-MS/MS conditioning and TTX detection method is the same as the description 

in Chapter two. TTX detection method was optimized. The Agilent 1290 UHPLC 

system (Agilent Technology, Inc, USA) and the Agilent 6460 triple quadrupole 

mass spectroscopy system (Agilent Technology, Inc, USA) were applied for TTX 

identification and quantification. The Hilic Plus column (RRHD 1.8 μm, 2.1×100 

mm) (Agilent Technology, Inc, USA) was used for the liquid chromatography. The 

mobile phase was A: 0.1% acetic acid in water; B: acetonitrile (ACN). The elution 

gradient was: 0-6.0 min: A:B = 1:99, 6.0-6.2 min: A:B = 95:5, 6.2-8.2 min: A:B = 

95:5, 8.2-8.5 min: A:B = 90:10, 8.5-10.0 min: A:B = 90:10, 10.0-10.5 min: A:B = 

50:50. Post time = 5 min. The mobile phase flow rate was set at 0.4 mL/min, and 

the column temperature was 25 ℃. The injection volume was 1 µL per sample. 

For the mass spectroscopy, electrospray ionization positive mode (ESI+) was 

applied as the ionization source. The scan type was multiple reaction monitoring 

(MRM). MRM1 was set at collision induced dissociation energy (CID) = 25 eV, 

fragmentor = 135 V, segment was 320.0 m/z to 302.1 m/z. MRM2 was set at CID 

= 35 eV, fragmentor = 135V, segment was 320.0 m/z to 161.8 m/z. The source 

parameters of the mass spectroscopy were: gas temperature = 350 ℃, gas flow = 8 

L/min, nebulizer = 45 psi, sheath gas temperature = 400 ℃, sheath gas flow = 11 

L/min, capillary voltage = 4,000 V. 

(4) DNA extraction and library preparation 

MoBio Powersoil DNA Isolation Kit (QIAGEN, Germany) was applied to extract 

DNA from puffer fish gut content. Primer pair 338F: 
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ACTCCTACGGGAGGCAGCA; 806R: GGACTACHVGGGTWTCTAAT were 

applied to amplified the 16S rRNA V3-V4 regions of the 16S rRNA. ABI 

GeneAMPâ 9700 (ABI, USA) was applied for the PCR. Qubit 3.0 (Invitrogen, USA) 

was applied for the DNA concentration measurement. NEBNext® UltraTM DNA 

library Pre Kit for Illumina® (New England BioLabs, US) was applied for the 

library preparation. Illumina Miseq platfrom was applied for the DNA sequencing. 

3.2.2. Data processing and Statistical analysis 

The UHPLC-MS/MS data was processed by the Agilent MassHunter software 

(Agilent Technology, Inc, USA). The total ion chromatogram (TIC) was imported 

into the MassHunter software, and the MRM1 and MRM2 of each sample were 

extracted for TTX identification and quantification. 

The raw data of gene sequencing was first demultiplexed based on the barcodes. 

The demultiplexed sequences were then processed by the QIIME 2 (version: 

2018.6).  DADA2 was applied for sequence denoising. The SILVA database 

(version: 132) was used for taxonomic classification. Chao1 alpha diversity was 

applied to calculate the microbial richness of the samples. LEfSe was applied to 

identify the key discriminant gut bacteria between T. obscurus and T. ocellatus. 

3.3. Method validations 

3.3.1. Sequence quality 

Sequence quality of all reads (forward and reverse) were evaluated by Phred scores 

and percentage Q30. The results were shown in Table 3.3-1. Average Phred score 

of 34.05 ± 1.21 and 87.68% ± 9.48% percentage Q30 indicated good sequence 

quality. 
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Table 3.3-1. Sequence quality in experiment of Chapter three 

Reads Average Phred score %Q30 (%) 

TOb1_f 35.22 96.35 

TOb2_f 35.46 97.01 

TOb3_f 34.96 96.68 

TOc1_f 35.02 96.01 

TOc2_f 35.22 97.01 

TOc3_f 35.30 97.34 

TOb1_r 33.03 78.74 

TOb2_r 33.23 79.73 

TOb3_r 32.62 77.08 

TOc1_r 32.68 78.07 

TOc2_r 32.91 79.07 

TOc3_r 33.00 79.07 

 
Mean ± sd =  
34.05 ± 1.21 

Mean ± sd =  
87.68 ± 9.48 

 

3.3.2. Sequence data utilization 

DADA2 sequence denoising contained the procedures of joining PE sequences, 

removal of unjointed sequences and removal of chimera. The ratio between the 

number of inputted sequences and the number of remained sequences indicated the 

utilization of the sequence data. All the results were shown in Table 3.3-2. An 

average value of 96.09% ± 3.99% indicated the high data utilization rate. 
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Table 3.3-2. Sequence data utilization after DADA2 denoising 

Samples Input Output %Utilization 

TOb1 40617 39733 97.82 
TOb2 38160 33792 88.55 
TOb3 38445 38122 99.16 
TOc1 30449 30134 98.97 
TOc2 39520 37535 94.98 
TOc3 33327 32352 97.07 
   Mean ± sd =  96.09 ± 3.99 

 

3.3.3. Sequencing depth 

In the method validation of 16S rRNA amplicon metagenomics, rarefaction curve 

plotting numbers of observed OTUs versus numbers of sequencing depth was 

applied to assess whether the current sequence depth was adequate to represent the 

majority of bacteria structure in puffer fish gut environment (Figure 3.3-1). The 

rarefaction cure in the study of this chapter showed that OTUs in T. obscurus were 

abundant that in T. ocellatus gut environment. Besides, all the curves in Figure 3.3-

1 flattened at the sequence depth of 20,000 that indicated that current sequence 

depth represented the majority of bacteria species in puffer fish gut environment. 

 
Figure 3.3-1. Rarefaction cure of sequence data in chapter 3 
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3.4. Results 

3.4.1. Puffer fish samples 

Two puffer species (T. obscurus and T. ocellatus, n = 6) were collected in this study. 

The average weight and length of T. obscurus (TOb) were 233.7 ±	16.0 g and 24.5 

±	2.8 cm, while they were 65.6 ±	9.6 g and 14.7±0.9 cm for T. ocellatus (TOc). 

The  records were shown in Table 3.4-1. All puffer fish were female with mature 

ovaries. The water system of the fish farm where T. obscurus was cultured were 

connected to the sea water of Pearl River Estuary of the coastal area of Zhongshan 

City, China (113.55oE, 22.55oN) while the sampling location of T. ocellatus was at 

north Qi Ao Island, Zhuhai City, China. Thus, due to the close proximity, the living 

water system for both fishes was estimated to be identical. 

Table 3.4-1. Sex, length, weight of puffer fish samples in chapter three 

Samples Species Sex Length (cm) Weight (g) 

TOb1 T. obscurus F 25.7 235.5 

TOb2 T. obscurus F 26.4 248.8 

TOb3 T. obscurus F 21.3 216.9 

   Mean ± sd = 

24.5 ±	2.8 

Mean ± sd = 

233.7 ±	16.0 

TOc1 T .ocellatus F 15.8 54.6 

TOc2 T .ocellatus F 14.1 72.3 

TOc3 T .ocellatus F 14.3 69.8 

   Mean ± sd = 

14.7±0.9 

Mean ± sd = 

65.6±9.6 

 

3.4.2. TTX concentration of puffer fish livers 

UHPLC-MS/MS was applied to quantify TTX in the puffer fish livers. The TICs of 

all the samples were obtained (Figure 3.4-1). MRM1 and MRM2 were extracted 

from the TICs. The identification was determined by the presence of both MRM1 
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and MRM2 (Figure 3.4-2). These results confirmed that TTX was present in all T. 

ocellatus samples. For TTX quantification, a standard curve was constructed using 

the standard solutions (Figure 3.4-3). To calculate the TTX concentration in the 

puffer fish liver, all the spectra of MRM1 were extracted (Figure 3.4-4). For the 

result, no quantifiable TTX could be detected in the T. obscurus liver, while the 

average TTX content of T. ocellatus liver was 50.1 ±	20.8 µg/g (Table 3.4-2). 

Therefore, the cultured T. obscurus in this study was grouped as non-toxic species 

while T. ocellatus was grouped as toxic. 

 

 
Figure 3.4-1. Total ion chromatograms (TIC) of samples. 

All the detections were performed at electrospray ionization positive mode 
(+ESI), the fragmentor was set as 135.0V. (a)-(c) were the TIC of Takifugu (T.) 
obscurus samples; (d)-(e) were the TIC of T. ocellatus. 
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Figure 3.4-2. Identification of TTX in T. ocellatus liver.  

(a)-(d) Total ion chromatograms of liver of T. ocellatus and TTX standard; (e)-(h) 
product ion mass spectra. TTX was determined by the presence of ion fragments 
(m/z = 302.10 and 161.80) at the same retention time. 
 

 
Figure 3.4-3. TTX standard curve.  

The quantification was calculated from the peak area of MRM1 (m/z = 320.00 to 
m/z = 302.10, CID = 25 eV). 
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Figure 3.4-4. Quantification of TTX in puffer fish liver.  

(a)-(c) MRM1 (m/z = 302.00 to m/z = 302.10, CID = 25eV) chromatograms of T. 
obscurus liver; (d)-(f) MRM1 (m/z = 302.00 to m/z = 302.10, CID = 25eV) 
chromatograms of T. ocellatus liver.  
 

Table 3.4-2. TTX contents in livers of T. ocellatus and T. obscurus  
Samples Liver weight 

(g) 
MRM1 peak 

area 
TTX 

concentration in 
fish liver (%g/g) 

TOb1 10.3457 0 ND 
TOb2 10.4992 0 ND 
TOb3 9.8962 0 ND 
TOc1 10.9537 6242 26.5 
TOc2 10.3653 14144 65.7 
TOc3 10.8770 13137 58.1 

   Mean ± sd =  

50.1 ± 20.8 
ND: no detection 
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3.4.3. Gut bacterial composition of T. ocellatus and T. obscurus 

A total of 159 OTUs were found across all samples. A number of 145 OTUs 

belonged to the T. obscurus samples, while 30 OTUs were from T. ocellatus. A 

number of 16 OTUs were shared between both fishes (Figure 3.4-5).  

 

 
Figure 3.4-5. Venn plot of OTUs distribution in gut environment of T. 
obscurus and T. ocellatus 
 

The representative sequences of all the OTUs were aligned to the SILVA database 

for taxonomic classification (Quast et al., 2013). To study the gut bacteria structure 

of T. obscurus and T. ocellatus, OTUs at phylum level and genus level were shown 

in Figure 3.4-6. For T. obscurus, the most abundant phyla were Epsilonbacteraeota 

and Spirochaetes (TOb1: 47.8% and 42.1%; TOb2: 66.8% and 18.7%; TOb3: 82.3% 

and 10.4%). For T. ocellatus, Bacteroidetes, Epsilonbacteraeota, and Spirochaetes 

were the dominant phyla (TOc1: Bacteroidetes: 1.9%, Epsilonbacteraeota 32.2%, 

Spirochaetes 65.5%; TOc2: Bacteroidetes 50.4%, Epsilonbacteraeota 27.0%, 

Spirochaetes 12.4%; TOc3: Bacteroidetes 34.9%, Epsilonbacteraeota 36.8%, 

Spirochaetes 6.8%). At genus level, Arcobacter and Brevinema dominated in all the 
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samples (TOb1: 47.8% and 42.1%; TOb2: 66.8% and 18.7%; TOb3: 82.3% and 

10.4%; TOc1: 32.2% and 63.6%; TOc2: 27.0% and 12.4%; TOc3: 36.8% and 5.9%).  

 
Figure 3.4-6. Gut bacteria composition of T. obscurus (TOb) and T. ocellatus 

(TOc). 

Taxonomic classification at (a) phylum level; (b) genus level. Each bar represents 
a taxa, and the length of the bar indicates its relative abundance. The unclassified 
taxa were assigned to “Unknown”. For each sample, the genera less than 0.1% in 
total abundance were assigned to “Others”. 
 



 100 

3.4.4. Alpha diversity 

Sequence data was rarefied to 30,449 per sample (lowest size) before the diversity 

analysis. Chao1 alpha diversity indexes was calculated to study the bacterial 

richness in gut environment of puffer fishes. As shown in Table 3.4-3, average 

Chao1 index value was higher in gut bacteria of T. obscurus (81 ±	44) than in T. 

ocellatus 26 ± 20.  

Table 3.4-3. Chao1 index values of samples 

Samples Chao1 index values 
TOb1 9 
TOb2 91 
TOb3 32 

 Mean ± sd = 81 ±	44 
TOc1 7 
TOc2 47 
TOc3 23 

 Mean ± sd = 26 ±	20 
 

3.4.5. Beta diversity 

Unweighted UniFrac was applied to calculate the dissimilarity matrix of all the 

samples and PCoA was applied to visualize the result (Figure 3.4-7). A total number 

74.50% percentage of data explanation (PCoA1: 57.95%, PCoA2: 16.55%) 

showing good performance of PCoA model illustrating Unweighted UniFrac 

dissimilarity in current data. In Figure 3.4-7, samples representing toxic T. ocellatus 

were found separated from samples of non-toxic T. obscurus. The degree of 

clustering was found greater in toxic T. ocellatus than in non-toxic T. obscurus, 

indicating that the inter-species gut bacteria dissimilarity was greater in T. obscurus. 

However, the sample size as well as the data size were small that no PERMANOVA 

test could be conducted and therefore the significance of the sample clustering was 

unknown. 
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Figure 3.4-7. Unweighted UniFrac PCoA score plot showing bacterial 

structure dissimilarity of T. obscurus and T. ocellatus 
 

3.4.6. Distinct OTUs 

To identify the distinct bacteria between the two puffer species, LEfSe analysis was 

applied on the genus level of the data. The results were shown in Figure 3.4-8. All 

genera shown in Figure 3.4-8 had an absolute LDA score > 2. Genera significant in 

Kruskal Walls sum-rank test were labelled (P-value<0.05). Genera Acrobacter and 

Ferruginibacter were identified to be the most distinctive between the non-toxic T. 

obscurus and toxic T. ocellatus. 
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Figure 3.4-8. Distinction of genera between the gut bacteria of the two puffer 

fishes by linear discrimination analysis effect size (LEfSe) 

 

3.5. Discussion 

In this chapter, next generation sequencing was firstly applied to profile the gut 

bacteria of toxic and non-toxic puffer fishes. Both T. obscurus and T. ocellatus are 

the most commonly found puffer fishes within in Pearl River Estuary region. In this 

study wild and cultured puffer fishes dwelled within a close proximity of the Pearl 

River Estuary and shared the same water environment. One major difference in the 

growth condition between the two puffer species was the food source. The T. 

obscurus was fed by artificial feed, while T. ocellatus acquired food from the 

natural environment, where could be a source of TTX-producing bacteria. In this 

chapter, preliminary study of gut bacteria in these two species was conducted. 

The average TTX content detected in the liver of T. ocellatus was 50.1 ±	20.8 µg/g. 

The large standard deviation indicated large intra-group variation in the TTX level. 
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The size variation of T. ocellatus samples reflected the growth condition of each 

individual, which might contribute to difference in gut bacterial composition, as 

well as the TTX content. In comparison, among the T. ocellatus samples, TOc1 

weighted the least (54.6g) and possessed both the lowest amount of observed OTUs 

and liver TTX level, implying the fish size, gut microbial complexity, and TTX 

content may correlated mutually. Although the number of OTUs found in T. 

ocellatus was almost five times less than that in T. obscurus, almost 50% of the 

OTUs in T. ocellatus were different from T. obscurus, implying the microbial 

composition between two puffer species was dramatically different. In addition, the 

higher average Chao1 index values in T. obscurus indicated higer microbial 

richness in gut bacteria of T. obscurus comparing to T. ocellatus. In fact, it was not 

surprising to observe a higher microbial richness and diversity in the cultured T. 

obscures. Both the microbial diversity and richness of the gut bacteria of cultured 

salmon (Holben et al., 2002) and shrimp (Rungrassamee et al., 2014) were higher 

than that of wild species, which was consistent with the current observation. 

Though other factors might also play a role in shaping the bacterial composition of 

marine fish gut, dramatic different gut bacterial composition was observed in the 

same salmon species given diverse diets, suggesting that the fish gut bacteria 

makeup was strongly linked with the food supply (Bakke-McKellep et al., 2007). 

The most dominant phyla observed in the puffer fish gut in this study were 

Epsilonbacteraeota, Spirochaetes and Bacteroidetes. Some less dominant phyla, 

Proteobacteria, Firmicutes, and Actinobacteria were also found. This result is in 

line with previous study analyzing core gut bacteria in another toxic puffer fish 

species T. niphobles using library cloning method (Shiina et al., 2006). Sullam et 

al. (Sullam et al., 2012) analyzed data deposited in the GenBank database and 
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obtained that Proteobacteria and Firmicutes were dominant in T. niphobles. Our 

result showed that phylum structure in gut environment of T. ocellatus in our 

samples is more similar to the previously reported data of T. niphobles because 

Proteobacteria and Firmicutes are more dominant in T. ocellatus than in T. 

obuscurus. Though T. niphobles was  known as toxic species (Itoi et al., 2016), 

whether the microbial similarity at phylum level between T. niphobles and T. 

ocellatus contributes to TTX production needs to be further studied. At genus level, 

Arcobacter and Brevinema were the most abundant genera that shared across the 

two puffer species in this study. Although both taxa have not been reported as TTX-

producing bacteria, Arcobacter is a common genus found in marine environments 

(Rungrassamee et al., 2014; Levican et al., 2015). Since T. obuscurus and T. 

ocellatus shared the same water system in this study, it is likely that the Arcobacter 

gets into and grows in the fish gut from the marine environment. In contract to T. 

obuscurus, Rikenella and Ferruginibacter were more dominant in T. ocellatus. It is 

interesting to noted that Aeromonas was only found in T. ocellatus, which was a 

commonly reported TTX producing bacteria (Yang et al., 2010). 

In LEfSe analysis, Aeromonas and Shewanella were found to be enriched in the 

toxic T. ocellatus. In T. ocellatus samples, Ferruginibacter was the only genus that 

were significantly in Kruskal-Wallis test (P-value<0.05) and had a LEfSe (LDA 

score >2). Ferruginibacter was reported as freshwater sediment bacteria (Jin et al., 

2014) as well as sea sediment (Do et al., 1990, 1991, 1993). Some previously 

reported TTX-producing bacteria were isolated from sea sediment; thus, 

Ferruginibacter might also be one potential candidate TTX-producer that awaits 

further confirmation. However, the considerable amount of reported TTX-

producing genus found to be distinct in non-toxic T. obscurus implied that TTX 
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production may be host-dependent or environment-dependent. In this study, the 

factor influenced host gut microbial structure was estimated to be dominantly by 

feed. 

3.6. Chapter summary 

In this chapter, preliminary studies of gut bacteria in cultured T. obscurus and T. 

ocellatus were conducted. This study was the first study applying 16S rRNA 

amplicon metagenomics on puffer fish gut bacteria profiling. Compositional 

difference was found between gut bacteria of toxic T. ocellatus and non-toxic T. 

obscurus. Microbial richness in T. obscurus was estimated to be greater than that 

in T. ocellatus. Genus Ferruginibacter distinct in gut bacteria of toxic T. ocellatus 

that potentially contributing to TTX biosynthesis. Larger samples size and more 

puffer species are required to further verified the results and identify the key factors 

in TTX biosynthesis. 
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4. Chapter four: Puffer fish gut bacterial studies 

revealed unique bacterial co-occurrence 

patterns and new insights on tetrodotoxin 

producer 

4.1. Introductions 

In last chapter, preliminary study on gut bacteria of two puffer species T. obscurus 

was conducted. Though compositional differences were found between gut bacteria 

between two puffer species, the sample size as well as the data size was small that 

insufficient to identify and determine the key factors in TTX biosynthesis. In 

addition, the selection of two puffer species on gut bacterial study failed to 

eliminate the factor of species dependency of TTX biosynthesis. Therefore, in this 

chapter, four puffer species and one hybrid suspected species were sampled. 

Samples size and data size were enlarged. Besides, newly developed bioinformatic 

tools were applied on the distinction of key factor contributing to TTX biosynthesis.  

TTX has been known as a sodium channel blocker for many years, which prevents 

action potention to be generated or propagated in nerve cells  (Narahashi, 1964). 

TTX can be used as a local anesthetic (Shomorony et al., 2019) and it is a popular 

research tool in neurophysiological studies (Griffith et al., 2019). The high demand 

of TTX in research studies leads to the successful chemical synthesis of TTX and 

its analogues (Kishi et al., 1972a; Maehara et al., 2017; Sato et al., 2008). However, 

the synthetic steps and yield were so complex and low that the current TTX 

available on the market depends on the direct extraction and purification from toxic 
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puffer fishes (Zhou and Shum, 2003), which are a limited  resource and therefore 

an alternative source is required to meet the demand.  

Biosynthesis of TTX involving enzymes and substrates could prevent the 

destruction of marine resources (Chau et al., 2011). However, the unknown origin 

and precursors of TTX hampers researchers on elucidating its biosynthetic 

pathways. TTX containing animals have been identified across different animal 

phyla and a wild range of trophic levels in the marine environment, such as the 

Mollusca, Nemertea, Arthropoda and Chordata (Auawithoothij and Noomhorm, 

2012; Magarlamov et al., 2016; NOGUCHI et al., 1986; Yıldırım et al., 2014), 

suggesting an exogenous source of TTX. Moreover, the discoveries of numerous 

TTX-producing bacteria further suggested the symbiotic synthesis of TTX inside 

their hosts (Magarlamov et al., 2017). However, the amount of TTX in toxic puffer 

fishes varies amongst individuals within the same species, and inter-species, such 

as sex, age and seasons (Itoi et al., 2016, 2012; Kosker et al., 2019), suggesting both 

inherent and environmental factors are possible to influence the TTX biosynthesis. 

On the other hand, some researchers queried the bacterial original of TTX as several 

studies reported the very low in-vitro production of TTX-producing bacteria and 

even zero detection of TTX in a previously reported TTX-producing bacteria Vibrio 

alginolyticus (Strand et al., 2016). 

The fish gut environment has a reservoir of bacteria which serves as an important 

functional unit to maintain metabolic homeostasis in the fish (Egerton et al., 2018). 

TTX-producing bacteria were commonly isolated from the gut environment of 

puffer fishes (Yu et al., 2004, 2011). Although inherent factors such as signaling 

trigger or food preference may determine TTX biosynthesis, unique bacterial 

symbiont in the puffer fish gut is also vital (Chau et al., 2011). Therefore, the 
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profiling and comprehensive studies on gut bacteria of TTX containing species such 

as puffer fishes are significant in the discovery of key factors or biomarkers in TTX 

biosynthesis. Bacterial diversity have previously been investigated in TTX-

containing host by polymerase chain reaction method (Pratheepa et al., 2016; Yang 

et al., 2007), however, only a small scale of gut bacteria were identified. Most of 

the reported TTX-producing bacteria are restricted to culturable bacteria in 

laboratory (Nguyen et al., 2015; Wei et al., 2015) and the contribution of 

unculturable bacteria on TTX biosynthesis are underestimated. 

To date, the secondary generation sequencing (SGS) is well developed to conduct 

bacterial community studies by 16S rRNA amplicon metagenomics (Knight et al., 

2018). Using high throughput sequencing technique, we conducted bacterial 

profiling studies in the gut environment of different puffer fish species with the 

most recent bioinformatic tools and pipelines, such as Quantitative Insights Into 

Microbial Ecology 2 (QIIME2) and DADA2 (Bolyen et al., 2019) for raw data 

processing and denoising, SATé-enabled phylogenetic placement (SEPP) for 

generating phylogenetic tree (Janssen et al., 2018). We also conducted the 

metagenome prediction by the newest Phylogenetic Investigation of Communities 

by Reconstruction of Unobserved States 2 (PICRUSt2) (Douglas et al., 2019) on 

puffer fish gut bacteria data. To the best of our knowledge, it is the first study to 

profile the gut bacteria in puffer fishes by SGS approach, which will differentiate 

gut bacterial structures between toxic and non-toxic species and define the unique 

bacterial symbionts related to TTX biosynthesis. Our study will also identify the 

potential precursors in TTX biosynthesis through the metagenome prediction and 

elucidate their relations with the bacterial symbionts in the gut environment of 

puffer fishes. 
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4.2. Methods and materials 

4.2.1. Experimental procedures 

(1) Sample collections 

Five puffer species were collected in this study. T. obscurus samples (N = 7) were 

collected from the puffer fish farm at the coastal area of Zhongshan city, China 

(113.55˚E, 22.55˚N), where the water source of fish maintenance was from the 

Pearl River Estuary. T. xanthopterus samples (N = 10), T. bimaculatus samples (N 

= 7), T. ocellatus samples (N = 9) and a hybrid suspected T. ocellatus (N = 8) were 

collected from the sea area of Pearl River Estuary, located at north Qi Ao Island, 

Zhuhai city, China (113.65˚E, 22.50˚N). Length, weight and sex of the puffer fish 

samples were recorded. The dissection was conducted in the disinfected safety 

cabinet. The gut content of each puffer fish was collected into 2.0 mL sterilized 

centrifuge tube and stored in -80 ℃ before analysis. The livers of puffer samples 

were store in -20 ℃ before analysis. 

(2) TTX extraction 

TTX extraction procedure is the same as the description in Chapter two. TTX 

extraction in this study followed the published method with modifications (Reverté 

et al., 2015). 1.0 - 10.0 gram of homogenized organs was weighted into 50.0 mL 

centrifuge tube. 1:2.5 g/v (organ weight/acetic acid volume) 0.1% acetic acid was 

added. The mixture was boiled in water bath for 10 min. The exacts was then cooled 

to room temperature was centrifuged at 4,500 rpm for 5 min. The supernatant was 

separated and added with 1:1 v/v (extract volume/hexane volume) hexane for 15 

minutes vibration. Subsequently, the extracts were transferred into 50.0 mL 

volumetric flask and the volume was made up by 0.1 % acetic acid. The solution 

was finally passed though the 0.2 μm polytetrafluoroethylene (PTFE) syringe filter 
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and stored into the 1.5 mL vial and stored at 4 ℃ before the measurement by of 

Agilent 6460 triple Q mass spectrometry. 

(3) UHPLC-MS/MS conditioning and TTX detection 

LC-MS/MS conditioning and TTX detection method is the same as the description 

in Chapter two. TTX detection method was optimized. The Agilent 1290 UHPLC 

system (Agilent Technology, Inc, USA) and the Agilent 6460 triple quadrupole 

mass spectroscopy system (Agilent Technology, Inc, USA) were applied for TTX 

identification and quantification. The Hilic Plus column (RRHD 1.8 μm, 2.1×100 

mm) (Agilent Technology, Inc, USA) was used for the liquid chromatography. The 

mobile phase was A: 0.1% acetic acid in water; B: acetonitrile (ACN). The elution 

gradient was: 0-6.0 min: A:B = 1:99, 6.0-6.2 min: A:B = 95:5, 6.2-8.2 min: A:B = 

95:5, 8.2-8.5 min: A:B = 90:10, 8.5-10.0 min: A:B = 90:10, 10.0-10.5 min: A:B = 

50:50. Post time = 5 min. The mobile phase flow rate was set at 0.4 mL/min, and 

the column temperature was 25 ℃. The injection volume was 1 µL per sample. 

For the mass spectroscopy, electrospray ionization positive mode (ESI+) was 

applied as the ionization source. The scan type was multiple reaction monitoring 

(MRM). MRM1 was set at collision induced dissociation energy (CID) = 25 eV, 

fragmentor = 135 V, segment was 320.0 m/z to 302.1 m/z. MRM2 was set at CID 

= 35 eV, fragmentor = 135V, segment was 320.0 m/z to 161.8 m/z. The source 

parameters of the mass spectroscopy were: gas temperature = 350 ℃, gas flow = 8 

L/min, nebulizer = 45 psi, sheath gas temperature = 400 ℃, sheath gas flow = 11 

L/min, capillary voltage = 4,000 V. 

(4) DNA extraction and library preparation 

CTAB/SDS method was applied to extract DNA from puffer fish gut content. 

Primer pair 314F: CCTAYGGGRBGCASCAG; 806R: 
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GGACTACNNGGGTATCTAAT was applied to amplify the 16S rRNA V3-V4 

regions of the 16S rRNA. Phusion® High-Fidelity PCR Master Mix (New England 

BioLabs, US) was applied for the PCR. Agilent Bioanalyzer 2100 (Agilent, US) 

was applied for the DNA concentration measurement. NEBNext® UltraTM DNA 

library Pre Kit for Illumina® (New England BioLabs, US) was applied for the 

library preparation. Illumina Hiseq 2500 was applied for the DNA sequencing. 

DNA sequencing was conducted by Illumina Hiseq by Novogene company (Beijing, 

China) 

4.2.2. Statistical analysis 

(1)  TTX content 

The TTX concentration in the liver samples was calculated by the calibration curve 

prepared by the TTX standard solutions. The chromatogram information (retention 

time, intensity) of MRM1 were obtained by Masshunter software (Agilent). Box 

plot was applied to show the distribution of TTX content in liver of different puffer 

species. Wilcoxon rank-sum test was applied to test the difference of TTX content 

between puffer species. 

(2) 16S rRNA amplicon metagenomics raw data processing 

16S rRNA amplicon metagenomics raw sequence data was generated by Illumina 

Hiseq 2500. Barcodes and primers were truncated and the data was imported into 

Quantitative Insights Into Microbial Ecology2 (QIIME2, version 2019.7) (Bolyen 

et al., 2019) platform for downstream analysis. DADA2 (Callahan et al., 2016) 

plugin was applied for the sequences denoising, generating representative sequence 

and OTU table. SATé-enabled phylogenetic placement (SEPP) algorithm (Janssen 

et al., 2018) in fragment-insertion plugin of QIIME2 platform was applied to 

generate reliable phylogenetic tree against the 99% GreenGene (McDonald et al., 
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2012) database (Version: 13.8). Taxonomic classification was conducted by 

QIIME2 plugin feature classifier. All the sequence data was were rarefied to 86,322 

sequences per sample for the diversity analysis. 

(3) OTU relative abundance 

Total sum scaling was applied to the OTU table to calculate the relative abundance 

of OTU in each gut sample. OTUs relative abundances with taxonomic 

classifications were shown with stacked bar chart.  

(4) Alpha diversity analysis 

Chao1 index values of each gut sample were calculated. Boxplot was applied to 

visualize the results. Gut samples were grouped by the toxicity of the puffer species 

and the significant difference of Chao1 index values between toxic and non-toxic 

groups were tested by Welch’s T-test. 

(5)  Beta diversity analysis 

Unweighted Unifrac (Lozupone and Knight, 2005) dissimilarity matrix of gut 

samples was constructed with the input of OTU table and phylogenetic tree resulted 

from SEPP. Principal coordinate analysis (PCoA) was conducted on the matrix and 

the score plot was applied to visualize the results. Permutational multivariate 

analysis of variance (PERMANOVA) (Anderson, 2017, 2001) was applied for the 

testing of significant clustering between sample groups. 

(6)  Distinct OTUs identification 

Distinct bacteria from the comparison between gut bacteria of toxic and non-toxic 

puffer species were revealed by Analysis of composition of microbiomes (ANCOM) 

(Mandal et al., 2015). OTUs rejected by the ANCOM test was considered to be 

significant distinct. Volcano plot was applied to visualize the results. 

(7)  OTU co-occurrence network analysis 
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Samples were grouped by the species and the Spearman coefficient correlation 

matrix was constructed for each group. Selected pairs of OTUs (Spearman rho 

threshold = 0.8, P-value < 0.05) were loaded into Cytoscape software (version 3.7.2) 

for network analysis. The correlations between OTUs and host body weight, body 

length and liver TTX content in each group were also involved. Network Analyzer 

(Doncheva et al., 2012) plugin in Cytoscape software was applied for the 

calculation of network features (Betweenness Centrality, Closeness Centrality, 

Neighbourhood Connectivity, Degree, and Topological Coefficient). Network 

centralities were determined by the incorporation of network features. Detail 

taxonomic classification of the network centralities were determined by blasting 

their representative sequence against the NCBI 16S rRNA database by NCBI online 

BLAST tool (blast.ncbi.nlm.nih.gov/Blast.cgi). The relative abundances of the 

centralities were rescaled to 100% and shown with stacked bar chart. Significant 

differences of centralities between toxic and non-toxic species were tested by 

Wilcoxon rank sum test. 

(8)  KEGG Onthology (KO) prediction and distinction 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

States2 (PICRUSt2) was adopted for KO prediction from 16S rRNA data (Douglas 

et al., 2019). SEPP was applied for fragment insertion of representative sequence 

against the reference sequence and reference tree constructed from Integrated 

Microbial Genomes and Microbiomes (Chen et al., 2019) in PICRUSt2. The 

generated tree was then complemented with the OTU table resulted from DADA2 

for hidden-state prediction (hsp) (Louca and Doebeli, 2018) using maximum-

parsimony method, generating predicted KOs. ALDEx2 (Fernandes et al., 2014) 

algorithm was applied to calculate the effect size of KOs and conducted the 
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significant testing in the comparison between toxic group and non-toxic group 

samples. KOs with effect size threshold > 1 and/or Benjamin-Hochberg (BH) 

adjusted P-value < 0.01 (Wilcoxon rank sum test) were identified as distinct KOs. 

MA plot was applied to visualize the results. 

(9)  Pathway studies 

Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was applied to 

determine the significant enriched metabolic pathway in KEGG Onthology 

database with the input of distinct KOs (effect size threshold > 1 and/or BH adjusted 

P-value < 0.01). Resulted metabolic pathways from the GSEA with BH adjusted P-

value < 0.05 were considered as significant enriched. Bar chart was applied to show 

the significant enriched pathways. Interested significant enriched metabolic 

pathways were revealed from KEGG Onthology database. 

(10) Bioinformatic software and R packages 

QIIME2 dada2 plugin and fragment-insertion plugin were applied for the DADA2 

and SEPP workflow. QIIME2 diversity plugin was applied for calculating the 

Chao1 index value, generating the Unweighted Unifrac dissimilarity matrix and 

conducting principal coordinate analysis and PERMANOVA test. QIIME2 feature 

classifier plugin was applied to conduct the taxonomic classification. QIIME2 

composition plugin was applied to conduct the ANCOM test. 

R (version 3.6.1) was used for data visualization and some of the significant testing 

in this study. R ggplot2 package was applied to construct the chromatogram, 

boxplot, stacked bar chart, score plot, volcano plot, and MA plot. R stat package 

was applied to calculate the average values, fold change (FC) values of the OTU 

relative abundance, and to conduct the Welch’s T-test and Wilcoxon rank sum test. 

R ggtree package (Yu et al., 2018) was applied to construct the cladogram. R 
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ALDEx2 package (Fernandes et al., 2014) was applied to determine the significant 

distinct KOs. R clusterprofile package and gseKEGG algorithm (Yu et al., 2012) 

was applied to conduct GSEA adopting the KEGG Onthology database. R pathview 

package (Luo and Brouwer, 2013) was applied to visualize the interested KEGG 

pathways. 

(11) Data availability 

The sequence data in this study has submitted to NCBI database with reference to 

SRA submission SUB7371895. 

4.3. Method validations 

4.3.1. Sequence quality 

Sequence reads were grouped by puffer species, %Q30 of sequence data was shown 

in Figure 4.3-1. From the results, sequence data of all the samples were had a %Q30 

lager than 93%, indicating the good quality of the data. 

 
Figure 4.3-1. %Q30 distribution of samples 
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4.3.2. Sequence data utilization 

Sequence data of T. bimaculatus (TBim), T. obscurus (TObs), T. ocellatus (TOce) 

and hybrid suspected T. ocellatus (TOceH) shared high and similar average 

utilization rate ranging from 78.4% to 83.3%. Though data utilization rate in T. 

xanthopterus (TXan) was relatively low, the outputted number of high quality 

sequences were similar to that in other species. 
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Table 4.3-1. Sequence data utilization after DADA2 denoising 

Samples Input Output Utilization 

TBim1 157156 132272 84.2 
TBim2 152050 129274 85.0 
TBim3 159485 134819 84.5 
TBim4 149362 126976 85.0 
TBim5 158200 129557 81.9 
TBim6 151192 115900 76.7 
TBim7 146925 110868 75.5 
TObs1 138702 116702 84.1 
TObs2 147732 118126 80.0 
TObs3 144718 116154 80.3 
TObs4 152720 122487 80.2 
TObs5 156463 115399 73.8 
TObs6 159671 119035 74.6 
TObs7 155429 128007 82.4 
TObs8 146021 105339 72.1 
TOce1 159733 116410 72.9 
TOce2 150443 116280 77.3 
TOce3 145776 124714 85.6 
TOce4 146887 123361 84.0 
TOce5 136961 111461 81.4 
TOce6 224622 198501 88.4 
TOce7 150356 124305 82.7 
TOce8 159065 132382 83.2 
TOce9 152478 128469 84.3 
TOceH1 157241 131701 83.8 
TOceH2 155394 129800 83.5 
TOceH3 141842 116155 81.9 
TOceH4 151496 129495 85.5 
TOceH5 151725 127863 84.3 
TOceH6 154466 127766 82.7 
TOceH7 145282 119661 82.4 
TOceH8 157492 129810 82.4 
TXan1 213730 86322 40.4 
TXan2 199307 107242 53.8 
TXan3 199838 121774 60.9 
TXan4 198187 99484 50.2 
TXan5 203987 148263 72.7 
TXan6 194227 115325 59.4 
TXan7 184848 107086 57.9 
TXan8 201829 109503 54.3 
TXan9 210885 164854 78.2 
TXan10 187209 122862 65.6 
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4.3.3. Sequencing depth 

All the rarefaction curves flatten at sequence depth of 40,000 that indicated the 

current sequence depth (minimum: 86,322) represented the majority of bacteria in 

the gut community of all puffer species in this study (Figure 4.3-2). 

 
Figure 4.3-2. Rarefaction cure of sequence data in chapter 4 

 

4.4. Results 

4.4.1. Weight, length and TTX content in puffer fish livers 

In this study, four wild species and one cultured specie were collected. The average 

weight and length of the puffer species were: TBim: 125.8 ± 36.4 g and 16.2 ± 1.6 

cm; TObs: 326.8 ± 32.7 g and 23.6 ± 1.7 cm; TOce: 131.2 ± 33.2 g and 16.8 ± 2.8 

cm; TOceH: 122.2 ± 40.2 g and 16.8 ± 2.9 cm; TXan: 125.0 ± 37.6 g and 15.9 ± 

2.1cm. TTX contents in the livers were detected by LC-MS/MS. MRM1 (m/z 

320.00 to m/z 302.10) was applied for quantification and the calibration curve was 

constructed. The MRM1 chromatograms of samples and TTX standards were 

shown in Figure 4.4-1a, where all the peaks were aligned at time 7.2 min to 7.3 min. 

The average TTX contents in the liver samples were: TBim: 49.75 ± 26.40 µg/g; 

TObs: 0.00 µg/g; TOce: 65.25 ± 40.16 µg/g; TOceH: 12.53 ± 5.98 µg/g; TXan: 

0.00 µg/g. Boxplot showed the distribution of the TTX contents in different species 
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(Figure 4.4-1b). Unquantifiable amount of TTX content was found in livers of T. 

obscurus and T. xanthopterus. Therefore, the cultured T. obscures (TObs) and wild 

T. xanthopterus (TXan) obtained in this study were grouped into the non-toxic 

species. T. ocellatus (TOce), suspected hybrid T. ocellatus (TOceH) species and T. 

bimaculatus (TBim) were grouped into toxic species. In the toxic species, TTX 

contents in livers of T. ocellatus and T. bimaculatus were significantly higher than 

in the suspected T. ocellatus species (Wilcoxon rank-sum test, P-value < 0.001). 

Data of sex, weight, length, and liver TTX content of each sample was recorded in 

Table S1 in Appendix. 
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Figure 4.4-1. Puffer fishes livers TTX contents detected by LC-MS/MS.  

(a) MRM1 (m/z 320.00 to M/z 302.10) chromatograms of TTX standards and 
samples. (b) TTX content boxplot. Wilcoxon rank-sum test was applied for 
significance testing of average TTX content between toxic species (***:<0.001; 
NS: Non-significant). STD: standard. 
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4.4.2. Bacterial structure and phylogenetic diversity of puffer fish gut bacteria 

In this study, 1207 unique OTUs were obtained and classified. At Kingdom level, 

0.07% Archaea and 99.93% Bacteria were identified, indicating the dominant 

bacterial composition in the puffer fish gut bacteria. At phylum level, top phyla 

found in all species were Proteobacteria and Spirochaetes (TObs: 37.39% ± 18.28%, 

33.20% ± 27.13%; TXan: 42.57% ± 28.37%, 22.50% ± 33.72%; TBim: 36.96% ± 

9.27%, 41.13% ± 13.48%; TOce: 44.15% ± 19.53%, 32.8% ± 14.57%; TOceH: 

36.44% ± 7.91%, 38.62% ± 9.26%, Figure 4.4-2a). On the other hand, at the OTU 

level, taxa with top ten relative abundance of puffer fishes gut bacteria were shown 

in Figure 4.4-2b. Family Brevinemataceae (phylum Spirochaetes) was mutually 

found in all the species with large dominance (TObs: 32.79% ± 27.19; TXan: 22.39 

± 33.69%; TBim: 39.87 ± 13.68%; TOce: 30.02% ± 13.40%; TOceH: 36.36% ± 

9.04%). In addition, another predominant bacterium was genus Arcobacter, which 

was found in all three wild species and the cultured species (TObs: 24.08% ± 

18.35%; TBim: 26.57% ± 11.00%; TOce: 28.18% ± 18.03%; TOceH: 26.90% ± 

10.40%). 
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Figure 4.4-2. Taxonomic classification of OTUs 

(a) OTUs relative abundance at Phylum level. Phyla with relative abundance less 
than 1% were assigned to “Others”. (b) Top ten OTUs relative abundance at latest 
taxonomic levels. 
 
All sequence data was rarefied to the lowest library size before the diversity studies 

(86,322). Chao1 index value was applied to measure the bacterial richness of gut 
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bacteria in different puffer species, box plot was applied to visualize the results 

(Figure 4.4-3). The mean ± sd Chao1 index values of gut bacteria in different 

samples were 700.01 ± 677.48, 562.63 ± 490.24, 339.67 ± 129.38, 254.31 ± 167.30 

and 252.91 ± 66.95 for TObs, TXan, TBim, TOce and TOceH respectively. 

Wilcoxon rank sum test shown that Chao1 index value was significantly higher in 

the non-toxic group than in the toxic (P-value < 0.05). 

 
Figure 4.4-3. Chao1 alpha diversity boxplot. 

Significant testing was conducted by ANOVA (among species) and Welch's T-
test. P-value: * < 0.05. 
 

 
Unweighted UniFrac dissimilarity matrix based PCoA was applied for the 

phylogenetic diversity study of puffer fish gut bacteria (Figure 4.4-4), 

PERMANOVA was applied for the significant testing. The testing results were 

recorded (Table 4.4-1). PERMANOVA results showed that the cluster of toxic 

group samples was significantly different with the cluster of non-toxic group 

samples (P-value < 0.001), indicating their dissimilarity of phylogenetic diversity. 
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In groups of species, overlapping of toxic species (TBim, TOce and TOceH) 

reflected less dissimilarity (P-value > 0.05) in the phylogenies. 

 
Figure 4.4-4. Unweight UniFrac principal coordinate analysis.  

Hollow ellipses and solid ellipses represented clustering of samples grouped by 
puffer species and toxicity respectively (95% confidence). The significance was 
tested by PERMANOVA (999 times permutation). 
 
Table 4.4-1. PERMANOVA test result 

Group 1 Group 2 
Sample 

size 
Permutations pseudo-F P-value 

TBim TObs 15 999 6.78 0.001 
TBim TOce 16 999 1.38 0.169 
TBim TOceH 15 999 1.11 0.346 
TBim TXan 17 999 4.07 0.001 
TObs TOce 17 999 5.46 0.002 
TObs TOceH 16 999 9.01 0.001 
TObs TXan 18 999 3.55 0.001 
TOce TOceH 17 999 1.18 0.309 
TOce TXan 19 999 3.96 0.001 
TOceH TXan 18 999 5.57 0.001 
Non-toxic Toxic 42 999 9.62 0.001 

 

To distinguish the gut bacteria in toxic and non-toxic puffer species, ANCOM test 

was applied at the latest classified level of the data. Volcano plot shown all OTUs 
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in the ANCOM test where the OTUs rejected by ANCOM test were labelled (Figure 

4.4-5). Families of Desulfovibrionaceae, Erysipelotrichaceae, Mycoplasmataceae, 

Pseudoalteromonadaceae; genera of AF12 clone (Rikenellaceae), Brachyspira, 

PW3 clone (Rikenellaceae); species of Aliivibrio fischeri, Bacteroides ovatus, 

Parabacteroides distasonis and Ruminococcus bromii were distinct in toxic puffer 

species, while order of Streptophyta; genera of Ralstonia and Acinetobacter were 

distinct in non-toxic puffer species. 

 
Figure 4.4-5. ANCOM test volcano plot.  

Dots with Log2FC > 0/Log2FC < 0 represents OTUs in gut bacteria of toxic/non-
toxic puffer species. Dashed line separated OTUs that were significant distinct 
(above) and non-significant (below). 
 

4.4.3. Gut bacteria co-occurrence network 

Network analysis was conducted to study the significant co-occurrence pattern of 

bacteria in gut environment of puffer fishes. Significant correlation pairs (Spearman 

rho threshold > 0.8, P-value < 0.05) were selected to construct the network (Figure 

4.4-6). A number of 51 unique network centralities were determined by 
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incorporating the rank of their network features. The BLAST results of the network 

centralities were recorded in Supplementary Table S2 in Appendix. 

 
Figure 4.4-6. Puffer fish gut microbial co-occurrence network.  

Co-occurrence network at OTU level. Co-occurrence pairs with Spearman rho 
threshold > 0.8 and P-value < 0.05 were shown. Edges showed the positive (red) 
and negative (blue) relationships between nodes. Network centralities in each 
puffer group were highlighted.  
 

Network topological features (Betweenness centrality, closeness centrality, Degree, 

topological coefficient and neighbour connectivity) were calculated for each node 

with the same puffer species. Ranks of each topological feature were assigned to 

the nodes. Average rank of all the features was calculated and was defined as rank 

score for selecting network centralities. The rank scores and selection of network 

centralities were shown in Figure 4.4-7. 
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Figure 4.4-7. Selection of network centralities. 

OTU9: Dielma fastidiosa; OTU42: Vibrio anguillarum; OTU44: Enterobacterales; 
OTU76: Faecalibacterium prausnitzii; OTU80: Vibrio gigantis; OTU81: 
Succinivibrio dextrinosolvens; OTU85: [Eubacterium] rectale ATCC 33656; 
OTU88: Streptococcus salivarius; OTU90: Fusicatenibacter saccharivorans; 
OTU97: Calotrichaceae unknown genus1; OTU99: Aliivibrio fischeri; OTU100: 
Romboutsia timonensis; OTU123: Calotrichaceae unknown genus3; OTU124: 
Roseburia inulinivorans DSM 16841; OTU128: Aeromonas; OTU129: Dialister; 
OTU152: Ruminococcus bromii; OTU153: [Clostridium] spiroforme; OTU161: 
Vibrio renipiscarius; OTU168: Proteocatella sphenisci; OTU198: Intestinibacter 
bartlettii; OTU218: Marinomonas pontica; OTU223: Monoglobus pectinilyticus; 
OTU225: Vibrio unknown species; OTU233: Vibrio kanaloae; OTU239: 
Pseudorhodobacter wandonensis; OTU241: Litorilinea aerophile; OTU270: 
Shewanella baltica unknown strain1; OTU271: Eionea nigra; OTU317: 
Micrococcaceae; OTU336: Lactobacillus rogosae; OTU354: Acinetobacter 
seohaensisl; OTU357: Calotrichaceae unknown genus2; OTU372: 
Pseudoalteromonas neustonica; OTU375: Coprococcus comes ATCC 27758; 
OTU393: Schaalia odontolytica; OTU441: Shewanella putrefaciens; OTU461: 
Dorea formicigenerans; OTU471: Desulfovibrio; OTU509: Streptococcus 
sinensis; OTU511: Moritella viscosa; OTU548: Shewanella baltica unknown 
strain2; OTU666: Catabacter hongkongensis; OTU925: Lutimaribacter 
marinistellae; OTU946: Parasutterella excrementihominis; OTU978: Rhodobacter 
vinaykumarii; OTU987: Turicibacter sanguinis; OTU1113: Bacteroides; 
OTU1371: Methylophaga thiooxydans DMS010; OTU1706: Vicingus serpentipes 
 
 
Cladogram showing the common lineage of the centralities were constructed 

(Figure 4.4-8). The representative sequences of the centralities are shown in Table 
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S3. In the BLAST result, 50 out of 51 centralities were successfully classified. The 

centralities in all puffer groups were identified within phyla of Proteobacteria, 

Firmicutes, Cyanobacteria, Bacteroidetes, Actinobacteria and Chloroflexi. Among 

them, the majority of centralities belonged to phyla Proteobacteria (23/50) and 

Firmicutes (19/50). In Proteobacteria lineage, Vibrio anguillarum, V. gigantis, V. 

renipiscarius, Aliivibrio fischeri and an unknown Vibrio species were found to be 

network centralities of toxic puffer species, where the latter three Vibrio species 

were significantly abundant (P-value < 0.05) in toxic puffer species than in the non-

toxic. Additionally, centralities belonging to Alteromonadales (two unknown 

Shewanella baltica strains, S. putrefaciens, Moritella viscosaand 

Pseudoalteromonas neustonica) were all found in the toxic groups, where the 

relative abundance of M. viscosa was found significantly higher (P-value < 0.01) 

in toxic puffers. Meanwhile, some other centralities belonging to phylum 

Proteobacteria, such as Eionea nigra, Methylophaga thiooxydans DMS010 strain, 

Rhodobacter vinaykumarii and genus Desulfovibrio were uniquely found in toxic 

puffer species with significantly higher relative abundance (P-value < 0.05). On the 

contrary, centralities in non-toxic host representing Acinetobacter seohaensis and 

Lutimaribacter marinistellae within phylum Proteobacteria were found 

significantly abundant (P-value <0.05) in non-toxic puffer species. 
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Figure 4.4-8. Cladogram showing common tree of network centralities and 

their percentage relative abundance (%RLA) in gut of puffer species.  

The relative abundance of the centralities in toxic and non-toxic puffer species 
were compared by Wilcoxon rank sum test (WT) (P-value: *<0.05, **<0.01, 
***<0.001; NS: Non-significant). 
 

4.4.4. Key metabolic pathway prediction and distinction 

PICRUSt2 (Douglas et al., 2019) was adopted to conduct the KEGG Onthology 

(KO) prediction. R package ALDEx2 was applied to identify the distinct KOs in the 

comparison between toxic and non-toxic groups. KOs with effect size threshold > 

1 and/or BH adjusted P-value < 0.01 were considered to be distinct KOs. MA plot 

was applied to show the significant distinct KOs in ALDEx2 (Figure 4.4-9).  
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Figure 4.4-9. MA plot showing significant distinct KOs determined by 

ALDEx2 algorithm.  

KOs with BH adjusted P-value <0.01 and effect size > 1 (distinct in toxic group) 
or effect size < -1 (distinct in non-toxic) were considered to be significant distinct. 
Only KOs with effect size > 1 and BH adjusted P-value < 0.01 were applied for 
the subsequent gene set enrichment analysis. 
 

The significant distinct KOs were loaded into R package clusterprofile for GSEA 

with default setting. All significant enriched KEGG pathways (BH adjusted P-value 

< 0.05) from GSEA were recorded in Table S4 in Apendix. Selected significant 

enriched pathways relating with chemical biosynthesis and metabolisms were 

shown in Figure 4.4-10. In the results, arginine biosynthesis (ko00220) was found 

significantly enriched in toxic group.  
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Figure 4.4-10. Significant enriched KEGG pathway bar plot. 

KEGG pathways with adjusted P-value < 0.05 in gene set enrichment analysis 
(GSEA) were considered as significantly enriched (Enrichment scores > 0: 
enriched in toxic group; < 0: enriched in non-toxic group). 
 

Arginine biosynthesis pathway was revised from KO database by R package 

pathview and detailed KO changes inside were further investigated (Figure 4.4-11). 

In arginine biosynthesis, a clear pathway of the bio-reaction from glutamate to 

arginine was found significantly up-regulated in the comparison between the toxic 

and non-toxic groups. Significant up-regulations (BH adjusted P-value < 0.01) of 

N-acetylglutamate synthase (2.3.1.1), acetylglutamate kinase (2.7.2.8), N-acetyl-

gamma-glutamyl-phosphate reductase (1.2.1.38), acetylornithine aminotransferase 

(2.6.1.11), aminoacylase (3.5.14) and acetylornithine deacetylase (3.5.1.16) 

indicated that glutamate was more effectively transferred to omithine in gut bacteria 

of toxic puffers. Subsequently, the significant up-regulations (BH adjusted P-value 

< 0.01) of ornithine carbamoyltransferase (2.1.3.3), argininosuccinate synthase 

(6.3.4.5) and argininosuccinate lyase (4.3.2.1) showed that omithine was 
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significantly transferred to citrulline, argininosuccinate, and then to arginine in the 

toxic group. In addition to arginine biosynthesis, pathway representing Vibrio 

cholerae biofilm formation was found significantly enriched in the gut environment 

of toxic puffers, indicating the high activity of Vibrio species in this environment. 
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Figure 4.4-11. Arginine biosynthesis.  
Significantly up/down (red/blue) regulated KOs and non-significant (gray) KOs revealed from ALDEx2 analysis in the pathway were shown. 
1.2.1.38: N-acetyl-gamma-glutamyl-phosphate reductase; 1.4.1.3: glutamate dehydrogenase; 1.4.1.4: glutamate dehydrogenase; 2.1.3.3: ornithine 
carbamoyltransferase; 2.1.3.9: N-acetylornithine carbamoyltransferase; 2.3.1.1: N-acetylglutamate synthase;2.3.1.35: glutamate N-
acetyltransferase; 2.6.1.1: aspartate aminotransferase;2.6.1.11: acetylornithine aminotransferase; 2.7.2.8: N-acetylglutamate 5-
phosphotransferase; 3.5.1.14: aminoacylase; 3.5.1.16: acetylornithine deacetylase; 3.5.1.38: glutamin-(asparagin-)ase; 3.5.1.54: allophanate 
hydrolase; 3.5.3.6: arginine deiminase; 4.3.2.1: argininosuccinate lyase; 6.3.1.2: glutamine synthetase; 6.3.4.5: argininosuccinate synthase; 
6.3.4.6: urea carboxylase; ArgB: LysW-gamma-L-alpha-aminoadipate;ArgC: LysW-gamma-L-alpha-aminoadipyl-6-phosphate; ArgD: LysW-
gamma-L-lysine; ArgE: [amino group carrier protein]-lysine. 
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4.5. Discussion 

4.5.1. Comparison of toxicity and gut bacteria between toxic and non-toxic 

puffer species 

In this study, the living environments of both the cultured and wild puffer species 

were similar. The body weight and length of culture T. obscurus were significantly 

larger than the wild species, indicating the food supply for the culture species was 

sufficient and stable than from the wild environment. Not surprisingly, the TTX 

content in T. obscurus was non-detectable, which was in line with the previous 

study that toxic puffer fish would become non-toxic after culturing (Noguchi et al., 

2006). On the other, referring to non-toxic T. xanthopterus reported previously 

(Nagashima et al., 2001), the findings of wild T. xanthopterus with non-detectable 

TTX content in liver was reasonable. The wild but non-toxic puffer species 

provides valuable hints for the origin of TTX. In our study, microbial richness in T. 

xanthopterus and T. Obscurus was significantly higher than in the toxic species. In 

addition, UniFrac-based PCoA and PERMANOVA test also suggested the 

significant difference of microbial structure between toxic and non-toxic puffer fish 

gut bacteria. In the case of sharing the same living environment, the difference of 

gut bacteria between T. xanthopterus and other wild toxic puffers may be 

contributed by their diet, which could alter entire fish gut microbial structure 

(Egerton et al., 2018). It was suspected that T. xanthopterus may has a different 

food preference comparing to the other wild puffer in this study, which eventually 

formed different gut bacterial structure. 

In this study, we found that the most dominant phylum in all the species was 

Proteobacteria, which was in line with the previous study on the culturable bacterial 

study on T. obscures (Yang et al., 2007). With 16S rRNA amplicon metagenomics, 
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we extended the knowledge of predominant bacteria in puffer fish gut that 

considerable amount of Spirochaetes, Firmicutes and Bacteroidetes also 

constructed the gut bacterial composition in puffer fishes of toxic, non-toxic, wild-

caught and farm-raised. Exact phylogenetic classifications of most the OTUs were 

unable to be obtained due to the deficiency of the taxonomic database. Nevertheless, 

a number of OTUs classified at species level were significantly differentiated in the 

ANCOM test. Among the results, Aliivibrio fischeri was found significantly 

abundant in the toxic species. Besides, Vibrio species was also massively found as 

network centralities in gut environment of the toxic species, indicating that Vibrio 

species and Aliivibrio species may play a more crucial role in the bacterial 

community in the toxic species than in the non-toxic one. Resent study showed that 

bacterial symbionts were adversely affected by the type VI secretion system of V. 

cholera (Logan et al., 2018), which could explain the significantly lower of 

microbial richness in toxic gut environment functionally dominate by Vibrio 

species. Unique gut bacterial composition possible shaped by unique food 

preference of toxic puffer species, which might subsequently create essential 

condition for TTX-biosynthesis. 

4.5.2. Vibrio spp. and Calotrichaceae (Cyanobacteria) TTX-producing 

symbionts 

In this study, bacteria in gut environment of the toxic species were found consistent 

in both of the ANCOM test showing distinct abundance and the network centralities 

showing the functional keystones in the bacterial community (Röttjers and Faust, 

2018). For instance, Ruminococcus bromii and Aliivibrio fischeri were found both 

distinct abundant (ANCOM test) and as network centralities in toxic group, 

suggesting their potential relationships or participation in TTX biosynthesis. The 
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detection of Ruminococcus spp. in marine biofilms (Zhang and Fang, 2001) and sea 

cucumber (Pagán-Jiménez et al., 2019) suggested that Ruminococcus species might 

get into and colonized in puffer fish gut environment through diet. The role of 

Ruminococcus species in the gut environment of puffer fishes was unclear. 

However, the detection of Ruminococcus species found in gut of Siganus  

canaliculatus fed by non-starch polysaccharide (Zhang et al., 2018) suggested the 

role of Ruminococcus species in cellulose degradation of fish gut. Furthermore, rich 

and diverse cellulose-degrading enzymes in Ruminococcus species transferring 

polysaccharides into nutrient source for other bacterial symbionts and the host 

revealed their key role in gut environment (La Reau and Suen, 2018). 

Similar to the findings of R. bromii, Aliivibrio fischeri was also found as network 

centrality in gut environment of toxic puffers with significantly higher abundance 

comparing to the non-toxic group. Aliivibrio fischeri was a TTX-producing 

bacterium found in Atergatis floridus (Sugita et al., 1987). The relatively 

predominance of it in the toxic puffer fish guts directly implied its close relationship 

with TTX biosynthesis. Additionally, centralities representing Vibrio species were 

mostly found in toxic puffers. Among them, TTX-producing ability of V. gigantis, 

V. renipiscarius were unknown. However, they were originally isolated from 

marine species (Arahal et al., 2015; Le Roux et al., 2005) and were believed to 

colonized in puffer fish gut thorough marine environment. Secondary metabolites 

were frequently found in the symbiotic bacteria community composed of Vibrio 

(Mansson et al., 2011). Though Vibrio was the most frequent genus reported as 

TTX-producing bacteria (Jal and Khora, 2015), no Vibrio strain was successfully 

isolated for continuously TTX production. TTX content of bacterial cultures 

reduced along with the culturing time (Yu et al., 2011) implied that the TTX-
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producing bacteria may lost their producing ability after their isolation from the gut 

environment. Respected to this fact, symbionts composed of Vibrio species or 

potential triggers were suspected for TTX biosynthesis. 

In addition to Vibrio species, Calotrichaceae belonging to Cyanobacteria lineage 

was found centered in the microbial co-occurrence network of the toxic samples. 

Little research reported the presence of Cyanobacteria in gut environment of puffer 

fishes. However, as the major habitant in marine environment, Cyanobacteria may 

passively get into puffer fish gut. Cyanobacteria was known that responsible for 

saxitoxin (STX) biosynthesis, which was structurally similar to TTX. The 

biosynthesis of saxitoxin were achieved by a massive of gene clusters in 

Cyanobacteria (Pearson et al., 2010). In the case of TTX, exact gene or gene clusters 

coding for TTX biosynthesis were unknown. In this study, Cyanobacteria found as 

network centralities in toxic group suggested some intrinsic relationship between 

STX and TTX production. Fugu pardalis was previously found to host both TTX 

and STX (Jang and Yotsu-Yamashita, 2006), indicating their nonexclusive 

relationship. In line with our findings, Cyanobacteria and Vibrio species were both 

found as network centralities in toxic samples, implying that STX and TTX might 

share same precursors or intermediates during their biosynthesis. Previous study 

showed that Cyanobacteria served as reservoir of V. cholerae, evidencing the case 

of their symbiotic relationship (Islam et al., 2004). Moreover, Calotrichaceae 

representing Cyanobacteria was only found in toxic samples, suggesting its strong 

connection with TTX biosynthesis. On the other hand, though Vibrio species was 

also found in the non-toxic puffers, only one of them were defined as network 

centralities that Vibrio species was considered to be less functionally important in 

the gut environment of non-toxic species than in the toxic. 
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Factors shaping different gut bacteria between toxic and non-toxic puffers were 

diversified. The compositional changes of bacteria symbionts in puffer fish gut was 

possible to determine the presence of TTX. The exclusive finding of Moritella sp., 

Eionea sp., Methylophaga sp., Rhodobacter sp., Desulfovibrio sp. and 

Calotrichaceae in toxic puffers and their importance as network centralities strongly 

suggested that gut environment of toxic samples catered their growth as symbionts, 

which also favored TTX biosynthesis as secondary metabolites. Our study defines 

the gut bacteria symbionts with the major components of Vibrio sp. and 

Cyanobacteria. In vitro co-culture of the Vibrio spp. and cyanobacteria can further 

validate the TTX-biosynthesis in the symbionts. 

In addition to Vibrio and Cyanobacteria, Shewanella baltica and 

Pseudoalteromonas neustonica were found as network centralities in the toxic 

puffers in this study, though there realtiveance were not significant in comparing to 

the non-toxic group. Genus Shewanella and genus Pseudoalteromonas of unknown 

species were identified as TTX-producing bacteria in Nassarius semiplicatus and 

Hubrechtella juliae respectively (Melnikova et al., 2017; Wang et al., 2008). 

Therefore, Shewanella baltica and Pseudoalteromonas neustonica identified in this 

study may also contribute to TTX biosynthesis. However, bacterial stain level 

identification though short amplicon sequencing is difficult that further 

investigations are required to confirm the exact strain of Shewanella and 

Pseudoalteromonas in this study. 

 

4.5.3.  Arginine precursor driven TTX biosynthesis 

Arginine has been proposed to be the precursor in the TTX biosynthesis, serving as 

amidino donor of the guanidinium moiety in TTX (Chau et al., 2011), however, has 
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yet to be proved. In this study, the PICRUSt2 genome prediction and GSEA result 

revealed that arginine biosynthesis was significantly more activated in the gut 

bacteria of toxic puffers than in the non-toxic, implying the key role of arginine in 

TTX biosynthesis. Arginine biosynthesis from glutamate was well documented in 

different bacteria (Cunin et al., 1986), as well as in Vibrio and Cyanobacteria 

(Flores et al., 2019; Xu et al., 2000). The pattern of arginine biosynthesis in Vibrio 

and Cyanobacteria were identical that glutamate was catalyzed to omithine, 

citrulline, argininosuccinate, and finally to arginine, where all genes coding for the 

catalyzations were significantly enriched in the gut bacteria of toxic puffers in our 

study. Although other gut bacteria in puffer fish may also contribute to the arginine 

biosynthesis, the identical biosynthetic pattern and the key role of Vibrio and 

Cyanobacteria in the gut bacterial symbiont at least indicated their participation of 

arginine biosynthesis in the gut environment of toxic puffers. 

The incorporation of arginine in TTX biosynthesis was suspected to be conducted 

by nonribosomal peptide synthetase (NRPS), which was richly found in bacteria 

and produced multifunctional metabolites (Challis, 2005; Challis et al., 2000). 

Specific NRPS and unique assembly mechanism was suspected for arginine-

derived guanidinium moiety formation (Chau et al., 2011). Though no convincing 

evidence supported the hypothesis, massively diverse in functions of NRPS in 

bacteria incorporating single amino acid for marine secondary metabolites 

productions (Agrawal et al., 2017; H. Wang et al., 2014) highly supported the 

hypothesis that NRPS incorporated amino acid such as arginine as precursor in 

puffer fish gut environment for TTX biosynthesis. NRPSs were also found in Vibrio 

and Cyanobacteria and were known to participated in secondary metabolites such 

as vibriobactin (Keating et al., 2000) and cryptophycins (Fidor et al., 2019). 
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However, detailed NRPS assembling arginine for TTX biosynthesis was unknown 

and awaited for further study.  

In addition to the findings of arginine biosynthesis, the pathway representing Vibrio 

cholerae biofilm formation was found significant enriched in the toxic puffers gut 

environment, which further emphasized the importance of Vibrio in both arginine 

biosynthesis as well as the TTX biosynthesis in gut environment of puffer fishes. 

Although the strain level of Vibrio was not commonly identified, Vibrio genus was 

frequently found in gut environment of marine fishes (Egerton et al., 2018). Vibrio 

was known as opportunistic bacteria (Lee et al., 2015). Recent study shown that the 

antibiotic-induced reduction of bacterial richness and diversity in fish gut increased 

the dominance of opportunistic Vibrio in the gut environment (Kim et al., 2019). In 

line with our study, microbial richness was found significant lower in the toxic 

puffer gut environment, where the Vibrio was found centered at the bacteria co-

occurrence network with significantly high relative abundance than that in the non-

toxic gut environment. Coupling with the finding of the significantly enriched 

metabolic pathway relating with Vibrio cholerae biofilm formation in the toxic 

group, we suspected that opportunistic Vibrio may dominant the toxic puffer fish 

gut environment and possibly contributed to TTX biosynthesis. The expression of 

opportunistic Vibrio was found different in vitro and in vivo (Egerton et al., 2018), 

which could explain the low TTX detection of Vibrio in vitro (Strand et al., 2016). 

However, specific unknown or unidentified Vibrio strain may be responsible for the 

TTX production and awaited for further confirmation. 

4.6. Chapter summary 

In this chapter, 16S rRNA amplicon metagenomic was applied on the gut content 

of both toxic and non-toxic puffer fishes. In line with the result in Chapter 3, 
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microbial richness was found significantly lower in gut bacteria of toxic puffer 

species than that in the non-toxic. Phylogenetic diversity was also found 

significantly different between toxic and non-toxic gut bacteria. In the co-

occurrence network, Vibrio and Cyanobacteria were defined as key symbionts in 

gut environment of toxic species, possibly contributing to TTX biosynthesis. 

PICRUSt2 and GSEA results revealed that arginine biosynthesis was activated in 

gut environment of toxic puffers. Specific nonribosomal peptide synthetase in 

Vibrio and Cyanobacteria symbiont were suspected to incorporate arginine in TTX 

biosynthesis. 
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5. Chapter five: Insights of TTX biosynthetic 

pathway revealed from gut bacterial study 

during the detoxification process of Takifugu 

ocellatus  

5.1. Introductions 

In last chapter, gut bacteria of five puffer fishes (three toxic species, two non-toxic 

species) were profiled. Direct evidences proved that gut bacteria was significantly 

different between toxic and non-toxic puffer species. Vibrio and Cyanobacteria 

were suspected to form key bacteria symbionts in gut environment, coopering the 

TTX biosynthesis through NRPS. 

To verify the findings, dynamics of bacteria compositions and their relationships 

with TTX needed to be confirmed. In the previously study, toxic puffer fishes were 

reported to become non-toxic after the artificial culture (Noguchi et al., 2006).  The 

zero detection of TTX in liver of cultured T. obscurus in this study further supported 

the results in the previous study. The monitoring of gut bacteria dynamics along 

with the TTX dynamics in puffer fish organs is expected to identify hidden factors 

contributing to TTX biosynthesis and to verify the results in Chapter 4. In addition, 

in arginine biosynthesis, which was one of the key findings relating with TTX 

biosynthesis in last chapter, only genes coding for proteins were identified that no 

metabolites information was supported. Besides, pathway prediction from 

PICRUST2 needed to be validated. Therefore, in this chapter, gut bacterial 

dynamics and gut metabolites were monitored in the commonly found toxic puffer 



 143 

fish T. ocellatus during their detoxification process. This study aims to verify key 

role of arginine biosynthesis in TTX biosynthesis and identify metabolites relating 

with TTX biosynthesis. 

5.2. Methods and materials 

5.2.1. Experimental procedures 

(1) Sample collections 

Takifugu ocellatus samples were sampled from the sea area of Pearl River Estuary, 

located at north Qi Ao Island, Zhuhai city, China (113.65˚E, 22.50˚N). On the 

sampling location, T. ocellatus were transported into bucket filled with salinity and 

temperature adjusted (through ice bag) water. 

(2) Laboratory culture of T. ocellatus 

Randomly selected T. ocellatus samples (N = 10) were set as the control group and 

were conducted for dissection as soon as they were transported to the laboratory. 

The remaining T. ocellatus samples were randomly grouped into three groups and 

cultured for 20 days (N = 12), 40 days (N = 4) and 60 days (N = 6) before their 

dissections. The conditions of the laboratory culture were: (1) Room temperature 

was set at 20 ˚C. (2) Around 40 L tap water was filled in each bucket 24 h before 

the culturing of fishes. (3) The salinity of the water was adjusted to 1 % measured 

by the salinity refractometer, which was the same as the salinity of the sea area 

where the T. ocellatus were collected. (4) The filtration systems were placed on to 

the buckets and worked till the end of the experiment. (5) The T. ocellatus were 

starved for three days before the feeding. (6) TTX-free (detected by LC-MS/MS) 

dried shrimps were fed evenly to T. ocellatus once per day. The buckets and the 

filtration systems were cleaned and adjusted to maintain salinity every three days.  

(3) Sample pre-treatment 
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Length, weight and sex of the puffer fish samples were recorded. The dissection 

was conducted in the disinfected safety cabinet. The gut content of each puffer fish 

was homogenized and divided into two portions in two 2.0 mL sterilized centrifuge 

tubes and stored in -80 ℃ before analysis. The livers of puffer samples were store 

in -20 ℃ before analysis. 

(4) TTX extraction 

TTX extraction procedure is the same as the description in Chapter two. TTX 

extraction in this study followed the published method with modifications (Reverté 

et al., 2015). 1.0 - 10.0 gram of homogenized organs was weighted into 50.0 mL 

centrifuge tube. 1:2.5 g/v (organ weight/acetic acid volume) 0.1% acetic acid was 

added. The mixture was boiled in water bath for 10 min. The exacts was then cooled 

to room temperature was centrifuged at 4,500 rpm for 5 min. The supernatant was 

separated and added with 1:1 v/v (extract volume/hexane volume) hexane for 15 

minutes vibration. Subsequently, the extracts were transferred into 50.0 mL 

volumetric flask and the volume was made up by 0.1 % acetic acid. The solution 

was finally passed though the 0.2 μm polytetrafluoroethylene (PTFE) syringe filter 

and stored into the 1.5 mL vial and stored at 4 ℃ before the measurement by of 

Agilent 6460 triple Q mass spectrometry. 

(5) UHPLC-MS/MS conditioning and TTX detection 

LC-MS/MS conditioning and TTX detection method is the same as the description 

in Chapter two. TTX detection method was optimized. The Agilent 1290 UHPLC 

system (Agilent Technology, Inc, USA) and the Agilent 6460 triple quadrupole 

mass spectroscopy system (Agilent Technology, Inc, USA) were applied for TTX 

identification and quantification. The Hilic Plus column (RRHD 1.8 μm, 2.1×100 

mm) (Agilent Technology, Inc, USA) was used for the liquid chromatography. The 
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mobile phase was A: 0.1% acetic acid in water; B: acetonitrile (ACN). The elution 

gradient was: 0-6.0 min: A:B = 1:99, 6.0-6.2 min: A:B = 95:5, 6.2-8.2 min: A:B = 

95:5, 8.2-8.5 min: A:B = 90:10, 8.5-10.0 min: A:B = 90:10, 10.0-10.5 min: A:B = 

50:50. Post time = 5 min. The mobile phase flow rate was set at 0.4 mL/min, and 

the column temperature was 25 ℃. The injection volume was 1 µL per sample. 

For the mass spectroscopy, electrospray ionization positive mode (ESI+) was 

applied as the ionization source. The scan type was multiple reaction monitoring 

(MRM). MRM1 was set at collision induced dissociation energy (CID) = 25 eV, 

fragmentor = 135 V, segment was 320.0 m/z to 302.1 m/z. MRM2 was set at CID 

= 35 eV, fragmentor = 135V, segment was 320.0 m/z to 161.8 m/z. The source 

parameters of the mass spectroscopy were: gas temperature = 350 ℃, gas flow = 8 

L/min, nebulizer = 45 psi, sheath gas temperature = 400 ℃, sheath gas flow = 11 

L/min, capillary voltage = 4,000 V. 

(6) DNA extraction and library preparation 

CTAB/SDS method was applied to extract DNA from puffer fish gut content. 

Primer pair 314F: CCTAYGGGRBGCASCAG; 806R: 

GGACTACNNGGGTATCTAAT was applied to amplify the 16S rRNA V3-V4 

regions of the 16S rRNA. Phusion® High-Fidelity PCR Master Mix (New England 

BioLabs, US) was applied for the PCR. Agilent Bioanalyzer 2100 (Agilent, US) 

was applied for the DNA concentration measurement. NEBNext® UltraTM DNA 

library Pre Kit for Illumina® (New England BioLabs, US) was applied for the 

library preparation. Illumina Hiseq 2500 was applied for the DNA sequencing. 

DNA sequencing was conducted by Illumina Hiseq by Novogene company (Beijing, 

China) 

(7) Metabolites extraction  
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The metabolite extraction and QC sample preparation followed the published 

protocols (Thomas et al., 2012; Want et al., 2010). Gut content samples were 

thawed at 4 ˚C and 100 mg gut samples were weighted in 2 mL centrifuge tube. 500 

µL ddH2O (4 ˚C) were added into tubes and vortexed for 1 min. 1 mL methanol 

was added and vortexed for 30 s. The mixtures were ultrasonicated for 10 min 

(room temperature) and subsequently cooled on ice for 30 min. The mixtures were 

then centrifugated for 10 min (4 ˚C, 14,000 rpm). 1.2 mL supernatant was 

transferred from the mixtures to new centrifuge tube.  

(8) QC samples preparation  

QC samples were prepared by pooling 20 µL of each experimental sample. All the 

sample solutions were freeze dried and stored at -80 C˚ before the measurement by 

Thermo Fisher Q Exactive Focus Orbitrap mass spectrometry. 

(9) HRMS detection 

Metabolites were detected by Thermo Fisher Q Exaction Orbitrap mass 

spectrometry by BioNovoGene company (Suzhou, China). The detection mode was 

dd-MS2 mode. The fragmentation energy was set as 30 eV.  

5.2.2. Statistical analysis 

(1) Liver TTX content 

The data processing of liver TTX content is the same as the description in Chapter 

4. 

(2) 16S rRNA amplicon metagenomics raw data processing 

Raw 16S rRNA amplicon metagenomics data processing is the same as the 

description in Chapter 4. 

(3) Correlation network 
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Spearman correlations were calculated among OTU relative abundances, sampling 

days, and TTX content in T. ocellatus liver. Pairs of nodes with Spearman rho > 

0.4 were loaded into Cytoscape software for network analysis and visualization. 

(4) KEGG KOs prediction 

Metagenome prediction is the same as the description in Chapter 4. ALDEx2 was 

gained applied to identify key distinct KOs during the detoxification process of. T. 

ocellatus. 

(5) Over representative analysis 

ORA algorithm in R package clusterProfiler was applied to implement the distinct 

KOs for metabolic pathway enrichment. 

(6) Metabolomic raw data processing 

Raw metabolomics data in .RAW file format was first transformed to .mzXML 

format by msconvert. The transformed data was loaded into R XCMS package for 

peak detection, peak alignment, peak grouping and generating feature table. 

(7) Metabolites identifications 

Precursor ions of candidate metabolites were searched. A mass error less than 10 

ppm between the precursor ion ([M+H]+ or [M-H]-) and the exact mass of candidate 

metabolites was considered to be a successful identification. MS2 spectra of the 

precursor ions were extracted by XCMS package to compare with public orbitrap 

MS2 spectra in HMDB.  

(8) Distinction of metabolites 

OPLS-DA model was constructed for metabolites comparison between sample 

groups of Day20 and Day0; Day40 and Day0; Day60 and Day0. VIP values were 

generated and was implemented with Welch’s T-test, FC values for metabolites 
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distinction in the comparison of different sample groups. Volcano plot was applied 

to visualize the results. 

(9) Pathway reconstruction 

Distinct KOs from ALDEx2 analysis and distinct metabolites in OPLS-DA were 

applied to reconstruct arginine biosynthesis metabolic pathway by R package 

pathview. 

5.3. Method validations 

5.3.1. Sequence quality 

Sequence reads were grouped by sampling days, %Q30 of sequence data was 

shown in Figure 5.3-1. From the results, %Q30 of sequence data of all the samples 

were lager than 92%, indicating good quality of the data. 

 

 
Figure 5.3-1. %Q30 distribution of samples 
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5.3.2. Sequence data utilization 

Sequence data utilization rate was shown in Table 5.3-1. The average value of 77.17 

± 6.42 shown good data utilization rate. 

Table 5.3-1. Data utilization after DADA2 denoising 
Samples Input Output %Utilization 
Day0_1 203707 133034 65.31 
Day0_2 210115 168690 80.28 
Day0_3 198828 154744 77.83 
Day0_4 194302 149417 76.90 
Day0_5 217991 162697 74.63 
Day0_6 201897 156678 77.60 
Day0_7 191689 164620 85.88 
Day0_8 204578 172144 84.15 
Day0_9 188466 141318 74.98 
Day0_10 216920 169308 78.05 
Day20_1 201415 115014 57.10 
Day20_2 170560 116595 68.36 
Day20_3 187160 146561 78.31 
Day20_4 188125 155178 82.49 
Day20_5 186799 146031 78.18 
Day20_6 198965 156486 78.65 
Day20_7 205647 164513 80.00 
Day20_8 213200 176967 83.01 
Day20_9 211494 167213 79.06 
Day20_10 204558 156969 76.74 
Day20_11 191939 152425 79.41 
Day20_12 199351 163088 81.81 
Day40_1 197104 156054 79.17 
Day40_2 202009 152872 75.68 
Day40_3 210345 151383 71.97 
Day40_4 196736 156438 79.52 
Day60_1 192690 154636 80.25 
Day60_2 202544 124831 61.63 
Day60_3 197608 152149 77.00 
Day60_4 202698 154707 76.32 
Day60_5 183855 153259 83.36 
Day60_6 201772 173136 85.81 

   Mean ± sd =  
77.17 ± 6.42 
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5.3.3. Sequencing depth 

The sequencing depth of each samples is shown in Figure 5.3-2. From the result, 

all rarefaction cures flatten at sequencing depth of 50,000 indicating that current 

sequencing depth was representative in terms of the integrity of gut bacteria 

community. 

 
Figure 5.3-2. Rarefaction cure of sequence data in chapter 5 
 
 
 
5.3.4. Mass accuracy of HRMS 

In HRMS detection, the mass accuracy of the MS detector determined entire 

accuracy of the method, including the metabolites identification. Known exact mass 

internal standard quercitrin (exact mass = 448.100555) was applied to test the mass 

error of the HRMS. The detection of quercitrin in HRMS was shown in Figure 5.3-

3. In positive mode, the mass error was: 

"# =
"%#&#'&#% − ") −"#*+'&

"#*+'&
= 1.24972	334 

While in negative mode:  

"# =
"%#&#'&#% + ") −"#*+'&

"#*+'&
= 0.98192	334 

A mass error around 1ppm indicated excellent mass accuracy of the HRMS. 
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Figure 5.3-3. Mass error of internal standard quercitrin in HRMS detection 
 

5.3.5. Quality control of metabolites data 

After the feature table was constructed, quality control was taken to remove the 

low-quality feature data. Theoretically, QC samples were similar in metabolites 

composition because they were identical sample in different injection orders during 

the HRMS detection. Therefore, features with large variations in QC samples were 

considered to be errors that would adversely affect the subsequent data analysis. 

The distribution of the variations of the features in QC samples was shown in Figure 

5.3-4. Features with %RSD > 30% were removed before the subsequent data 

analysis.  
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Figure 5.3-4. %RSD distribution of metabolites in QC samples 
X axis represents the %RSD ranges. Y axis represent the percentage of features 
(a) Positive mode (b) Negative mode 
 

More than 55% of the features were retained after the quality filtering in both 

positive mode and negative mode. To ensure the method validation, PCA was 

applied on all samples (including QC samples) to check the clustering of QC 
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samples before and after the quality filtering (Figure 5.3-5). Pareto scaling was 

conducted on the data before the PCA. It can be found in Figure 5.3-5 that QC 

samples were relatively clustered to each other before the quality filtering, 

indicating the high similarity of the feature composition in different QC samples. 

After the quality filtering, QC samples in both modes were more clustered. 

Clustering of QC samples before the quality filtering indicated the good data quality 

as well as the good method establishment. No dramatic changes of QC sample 

clustering after the removal of low quality data indicated that the removal of low-

quality features contributed little to the dissimilarity of entire feature composition, 

but indeed improved the data quality. 

 
Figure 5.3-5. PCA of metabolomics data before and after quality filtering 
PCA before quality filtering (a) positive mode (b) negative mode. PCA after 
quality filtering (c) positive mode (b) negative mode 
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5.4. Results 

5.4.1. T. ocellatus liver TTX contents during the laboratory culturing 

TTX content of T. ocellatus livers were detected by LC-MS/MS. The TTX content 

distributions of T. ocellatus livers at different sampling days were shown in Figure 

5.4-1. Mean ± sd values of TTX contents were 31.86 ± 22.20 µg/g, 36.93 ± 40.04 

µg/g, 18.76 ± 20.39 µg/g and 6.41 ± 3.00 µg/g for samples of Day0, Day20, Day40 

and Day60 respectively. TTX contents between Day0 and other sampling times 

were tested by Wilcoxon rank sum test. The rest results showed that TTX content 

in samples of Day60 was significantly lower than that in samples of Day0 (P-value 

< 0.01), while TTX content in samples of Day20 and Day40 shown no significance 

in the comparison of that in Day0. 

 
Figure 5.4-1. TTX content in T. ocellatus liver at different sampling days 
** P-value < 0.01 (Wilcoxon Rank sum test) 
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5.4.2. OTUs correlating with sampling days and liver TTX contents 

Correlation network was constructed among OTU relative abundances, liver TTX 

contents and sampling days to study their relationships. Pairs of nodes with 

Spearman rho > 0.4 were loaded into Cytoscape software for network analysis. 

Representative sequences of OTUs in the networks were uploaded to NCBI 

database for detail taxonomic classification through BLAST tool 

(blast.ncbi.nlm.nih.gov/Blast.cgi). The representative sequences were recorded in 

Table S5 in Appendix. The network was shown in Figure 5.4-2. 

In Figure 5.4-2, a clear negative correlation was found between the sampling time 

and the T. ocellatus liver TTX content, indicating T. ocellatus lost their toxicity 

during the laboratory culturing. On the other hand, one distinct node, genus Vibrio 

(OTU205) was found positively correlated with liver TTX content while negatively 

correlated with the sampling days. Though OTU205 was unable to be classified to 

species level due to the short 16S rRNA sequence that failed to deliver incomplete 

bacteria species information. Interestingly, three species-level identified OTUs 

were classified to Vibrio vulnificus (OTU30, OTU91, OTU151). Among them, 

OTU30 and OTU91 were found positively correlated with liver TTX content of T. 

ocellatus, while OTU151 was found negatively correlated with the sampling days.  

Besides, Cyanobacteria (OTU794) was found negatively correlated with sampling 

days, indicating that the amount of the amount of this Cyanobacteria in gut 

environment decreased along with the culturing days of T. ocellatus. 
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Figure 5.4-2. Correlation network of OTUs, T. ocellatus liver TTX contents and Sampling days. 
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5.4.3. PICRUSt2 metagenome prediction and arginine biosynthesis 

Similar with Chapter 4, PICRUSt2 was again applied on the metagenome prediction 

with the input of 16S rRNA data. R package ALDEx2 was applied to identify the 

distinct KOs between the comparisons of experimental groups and the control 

group. All the results were shown in Figure 5.4-3.  

 

Figure 5.4-3. MA plots showing distinct KOs 
KOs were significantly distinct (S): P-value < 0.05 & effect size > 1; partially 
significantly distinct (PS): P-value < 0.05 or effect size > 1; non-significant (NS): 
P-value > 0.05 and effect size < 1. (a) Day20 vs. Day0 (control) (b) Day40 vs. 
Day0 (c) Day60 vs. Day0 
 

The distinct KOs were loaded in R package clusterProfiler for ORA, where all the 

ORA results were shown in Figure 5.4-4.  From the results, arginine biosynthesis 

was found significantly enriched in all the comparisons containing the control 

group.  
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Figure 5.4-4. Over representative analysis of predicted genome 
Significant enriched pathways (P-value < 0.05) were shown. 
 

5.4.4. Identification of key metabolites in arginine biosynthesis 

In Chapter 4, arginine metabolism (ko00220) was identified as key upstream 

metabolism relating with TTX biosynthesis (Figure 4.4-11). However, the result 

was based on metagenome prediction and only the genetic information was 

involved, while the information of metabolite was missing. Therefore, in this 

chapter, gut metabolites were investigated during the detoxification of T. ocellatus. 

In this stage, TTX was suspected to be generated in gut environment and 

transported and stored in livers of puffer species. Therefore, consistent or similar 

dynamics of metabolites in arginine biosynthesis with TTX content were expected.  

Metabolites of T. ocellatus gut environment were extracted and detected by Thermo 

Fisher Q Exactive Focus Orbitrap mass spectrometry. R package XCMS3 was 

applied for the MS data processing. The resulting feature table and MS2 

information were applied for all the data analysis in metabolomics. Basic peak 
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chromatogram of feature data in all samples at both positive and negative mode are 

shown in Figure S1 in Appendix. 

Exact masses of the key metabolites in arginine biosynthesis were searched in the 

feature table. MS2 spectra were extracted from the matched precursor ion and were 

compared with the Orbitrap MS2 spectrum in HMDB database. The identification 

of the metabolites with no public MS2 database were based on the mass error 

between their exact mass and the m/z values of the detected precursor ions. Mass 

error less than 10 ppm was considered to be the valid identification. The resulted 

metabolites identification was shown in Table 5.4-1. Besides, TTX was also 

identified in the feature table, which was also shown in Table 5.4-1. The TTX 

content dynamics in gut environment of T. ocellatus was illustrated by logarithm 

intensity of TTX and was shown in Figure S2 in appendix. 
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Table 5.4-1. Metabolites identifications in arginine biosynthesis metabolic pathway 

Name KEGG ID Feature ID Exact mass 
Precursor  
ion (m/z) 

Mass error 
(ppm) 

Adduction Spectrum 

L-Glutamate C00025 FT0514 147.0531578 148.0605 3.28 [M+H]+ HMDB0000148 
N-Acetyl-L-
glutamate 

C00624 -- 189.0637225 ND -- -- Not found 

N-Acetyl-L-
glutamate  
5-phosphate 

C04133 -- 269.0300529 ND -- -- Not found 

N-Acetyl-L-
glutamate 5-
semialdehyde 

C01250 -- 173.0688078 ND -- -- Not found 

N-Acetylornithine C00437 FT0767 174.1004423 175.1080 1.54 [M+H]+ Not found 

L-Ornithine C00077 FT00410 132.0898776 131.0815 4.18 [M-H]- HMDB0000214 

L-Citrulline C00327 FT0776 175.0956913 176.1051 9.04 [M+H]+ HMDB0000904 

L-Aspartate C00049 FT0396 133.0375077 134.0448 4.00 [M+H]+ HMDB0000191 

L-Argininosuccinate C03406 FT2425 290.1226343 291.1298 2.27 [M+H]+ Not found 

Fumarate C00122 FT00156 116.0109586 115.0026 4.60 [M-H]- Not found 

L-Arginine C00062 FT0771 174.1116757 175.1190 2.88 [M+H]+ HMDB0000517 

TTX -- FT2953 319.1015650 320.1086 2.48 [M+H]+ Not found 
-- Not applicable; ND: no detection
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In this study, L-Glutamate, L-Ornithine, L-Citrulline, L-Aspartate and L-Arginine 

in arginine biosynthesis were identified through both precursor ions and MS2 

spectrum in HMDB. Where all the spectra are shown in Figure 5.4-5 to Figure 5.4-

9. It can be seen from the mirror plots that all MS2 spectra of the detected precursor 

ions matched the MS2 spectra of the metabolites in HMDB database, indicating 

their accurate identifications. 

 

 
Figure 5.4-5. MS2 mirror plot of L-Glutamate identification 
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Figure 5.4-6. MS2 mirror plot of L-Ornithine identification 
 

 
Figure 5.4-7. MS2 mirror plot of L-Citrulline identification 
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Figure 5.4-8. MS2 mirror plot of L-Aspartate identification 
 

 
Figure 5.4-9. MS2 mirror plot of L-Arginine identification 
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5.4.5. Significant regulations of metabolites in arginine biosynthesis 

Although a number of metabolites were successfully identified in arginine 

biosynthesis, their regulations between each sampling time (Day20, Day40, Day60) 

and the original state (Day0) needed to be investigated. OPLS-DA was applied for 

features distinction in the comparison of different sample groups. Pareto scaling 

and log 10 transformation were taken to the data before the construction of OPLS-

DA. The OPLS-DA results are shown in Figure 5.4-10. From Figure 5.4-10a-b, the 

overlapping of the ellipses indicated the relatively lower of accuracy of the OPLS-

DA on illustrating the data compositions between sample groups of Day20 and 

Day0. Nevertheless, in the comparison between sample groups of Day40 and Day0, 

Day60 and Day0 all shown well separations, indicating high accuracy and 

prediction ability of the OPLS-DA models. 
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Figure 5.4-10. OPLS-DA score plots of different comparisons in both positive 
and negative modes 
 
 

The construction of OPLS-DA model calculated the VIP values of each metabolite, 

quantifying their contributions to the separation between groups. Fold change 
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values of features were calculated between comparison groups to show the direction 

of regulation. Welch’s T-test and VIP values were applied to select the significantly 

regulated features. Volcano plot was applied to visualize the results. In positive 

mode, L-Glutamate (feature ID: FT0514), N-Acetylornithine (FT0767), L-

Citrulline (FT0776), L-Aspartate (FT0396), L-Argininosuccinate (FT2425) and L-

Arginine (FT0771) were labelled. On the other hand, in negative mode, L-Ornithine 

(FT00410) and Fumarate (FT00156) were labelled. 

In the positive mode, in the comparison between sample group of Day20 and Day0 

shown that L-Citrulline (FT0776), L-Glutamate (FT0514) and L-Argininosuccinate 

(FT2425) were significantly down-regulated (VIP > 1, P-value < 0.05) (Figure 5.4-

11). In the comparison between Day40 and Day0, L-Citrulline (FT0776), L-

Argininosuccinate (FT2425) and L-Arginine (FT0771) were found significantly 

down regulated (VIP > 1, P-value < 0.05).  In the comparison between Day60 and 

Day0, N-Acetylornithine (FT0767), L-Argininosuccinate (FT2425), L-Citrulline 

(FT0776) and L-Glutamate (FT0514) were found significantly down-regulated 

(VIP > 1, P-value < 0.05).  

On the other hand, in the negative mode (Figure 5.4-12), in the comparison between 

sample groups of Day20 and Day0, L-Ornithine (FT00410) was found significantly 

down regulated (VIP > 1, P-value < 0.05). In the comparisons between sample 

groups of Day40 and Day0, as well as between sample groups pf Day60 and Day0, 

both L-Ornithine (FT00410) and Fumarate (FT00156) were found significantly 

down regulated (VIP > 1, P-value < 0.05).  
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Figure 5.4-11. Volcano plot of metabolites distinction in positive mode. 
Up/down-regulated: P-value < 0.05 & VIP > 1; Partially significant (PS): P-value 
< 0.05 or VIP > 1; Not significant (NS) : P-value ≥ 0.05 & VIP < 1 
 

 
Figure 5.4-12. Volcano plot of metabolites distinction in negative mode. 
Up/down-regulated: P-value < 0.05 & VIP > 1; Partially significant (PS): P-value 
< 0.05 or VIP > 1; Not significant (NS) : P-value ≥ 0.05 & VIP < 1 
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5.4.6. Detail regulations in arginine biosynthesis 

With the detail regulations of distinct KOs from ALDEx2 and metabolites from 

OPLS-DA, arginine metabolism metabolic pathway was reconstructed with the 

detail regulations (Figure 5.4-13). 

 

 
Figure 5.4-13. Arginine metabolism with detail KOs and metabolites 
regulations 
(a) Day20 vs. Day0 (b) Day40 vs. Day0 (c) Day60 vs. Day0 
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5.5. Discussion 

5.5.1. TTX content in T. ocellatus liver and gut during the detoxification 

process 

In this study, TTX content in liver of T. ocellatus samples were extracted and 

detected by LC-MS/MS. The results showed that average liver TTX content 

remained stable in the first sampling day. The average content decreased at Day 40 

but not significant. At Day 60, liver TTX content was found significantly lower. 

Spearman correlation (rho > 0.4) showed that TTX was negatively correlative the 

culture time. However, low rho indicated that the correlation was relatively weak. 

TTX-binding proteins were suspected to transport TTX from the producing source 

to organs such as liver and ovary in TTX-bearing species (Yotsu-Yamashita et al., 

2013). TTX produced in gut environment may gradually be transported by TTX 

binding proteins to specific organs. Therefore, TTX content in liver may not 

represent the real state of the TTX producing activity from the source. On the other 

hand, though no MS2 spectrum was obtained from public database, TTX was 

detected in the gut environment. From the result, TTX contents in the gut 

environment dropped dramatically from the first sampling day (Figure S2), 

indicating that environmental and diet changes significantly reduced TTX content 

in gut of T. ocellatus. However, MS2 mass spectrum was unable to be obtained 

from public database that the presence of TTX in gut of T. ocellatus needed to be 

validated by targeted method in the future. 

5.5.2. Validation of metabolites in arginine biosynthesis 

In last chapter, arginine biosynthesis was found significantly enriched in gut 

environment of toxic puffer fishes. However, PICRUSt2 applying for metagenomic 

prediction may not represent the real state of the metabolic pathway activities. 
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Besides, only functional gene information was performed that metabolites in the 

metabolic pathway was unknown. Therefore, dynamics of metabolites in arginine 

biosynthesis were measured in this study. In the ORA, arginine biosynthesis was 

found significantly enriched in all comparisons, indicating that arginine 

biosynthesis was activated in gut environment of all sampling times. Among eight 

identified metabolites, 4 out of 8, 4 out of 8 and 7 out of 8 metabolites were found 

significantly down regulated in the comparison between the control group and 

groups of Day20, Day40 and Day60 respectively. The incorporation of functional 

genes and metabolites sufficiently proved that arginine biosynthesis was down 

regulated in gut environment of cultured T. ocellatus comparing to the wilds. 

5.6. Chapter summary 

In this chapter, both metabolomics and 16S rRNA amplicon metagenomics were 

applied on monitoring of the bacteria dynamics as well as the metabolites dynamics 

in gut environment during the detoxification process of T. ocellatus. The decreasing 

TTX content in both liver and gut in T. ocellatus proved the detoxification of puffer 

fish by laboratory culturing. During this process, Vibrio was found positively 

correlated with liver TTX content and negatively correlated with culturing times, 

suggesting its inherent connection with TTX biosynthesis. Both functional genes 

and metabolites in arginine biosynthesis were found significantly down regulated 

in the cultured T. ocellatus comparing to the wilds, suggesting that arginine 

biosynthesis was the key process in TTX biosynthesis. 
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6. Chapter six: Final conclusions, limitation, 

further studies and recommendations 

6.1. Proposed TTX biosynthesis mechanism and final 

conclusions  

In this study, 16S rRNA amplicon metagenomics and metabolomics study pipelines 

incorporating newly developed bioinformatic tools were first established to profile 

and monitor bacterial and metabolic compositions in the gut environment of puffer 

species. In Chapter 3, 16S rRNA amplicon metagenomics was conducted to profile 

the gut bacteria between wild and toxic T. ocellatus, cultured and non-toxic T. 

obscurus. Gut bacteria structures between them were found different and 

Ferruginibacter was suspected to play a role in TTX biosynthesis. However, the 

samples size and data size in Chapter three were small that no strong connection 

could be found  between puffer fish gut bacteria and TTX biosynthesis. To solve 

the problems in Chapter three, lager sample size and more data production were 

obtained in Chapter four. Non-toxic T. obscurus, T. xanthopterus and toxic T. 

bimaculatus, T. ocellatus & a hybrid suspected T. ocellatus were sampled for gut 

bacteria profiling. The result of gut bacterial compositions were found significantly 

different between toxic and non-toxic puffer samples. Vibrio and Cyanobacteria 

were found functionally dominated in toxic puffer fish gut environment. Besides, 

the results of PICRUSt2 functional gene predictions and metabolic pathway 

enrichment showed that Arginine biosynthesis was significantly enriched in toxic 

puffer fish gut environment. Most of the genes coding for catalysing glutamate to 

arginine were found significantly up-regulated when comparing toxic group to the 
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non-toxic. Because Vibrio and Cyanobacteria have identical pattern of arginine 

biosynthesis and are rich in NRPS, it was proposed that NRPS in Vibrio and 

Cyanobacteria incorporate arginine as a precursor for TTX biosynthesis. In Chapter 

five, To validate this finding, gut bacteria and metabolites in toxic T. ocellatus were 

monitored during its detoxification process. Consequently, Vibrio was found 

positively correlated with TTX content while negatively correlated with the culture 

time. Moreover, more genes and metabolites were found down-regulated with the 

longer culture time, which validated the direct connection of Vibrio & arginine in 

TTX biosynthesis. 

With all the findings, a proposed mechanism of TTX biosynthesis is shown in 

Figure 6.1-1. T. ocellatus, T. bimaculatus and an unknown puffer spceis (suspected 

hybrid species) in this study may share similar food preference which is different 

to T. xanthopterus in the same marine environment. Eventually, puffer fishes with 

different food preference may develop entirely different gut bacteria structures. 

Besides, cultured T. obscurus fed by artificial food also developed unique gut 

bacteria composition. The unique bacteria structure in wild T. ocellatus, T. 

bimaculatus and the unknown puffer were found functionally dominated by Vibrio 

and Cyanobacteria symbionts, which contribute to TTX production. The laboratory 

culture of toxic T. ocellatus showed the decrease of TTX content and down 

regulation of arginine biosynthesis. Vibrio and Cyanobacteria were believed to 

dominate the synthesis of arginine, which was subsequently implemented by 

unknown NRPS for TTX production. The role and mechanism of unknown NRPS 

in TTX biosynthesis needed to be confirmed in the future studies.  
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Figure 6.1-1. Proposed mechanism of TTX production in puffer fish gut 
environment 

6.2. Limitations 

There are several limitations in this study that reuqired be addressed in the future 

studies: 

(1) Unknown strain level of Vibrio spp. and Cyanobacteria 

The strain level classifications of Vibrio spp. and Cyanobacteria, which are 

considered to be the key bacteria contributing to TTX biosynthesis, are unknown 

because of the limitation of the 16S rRNA amplicon metagenomics. Bacteria strains 

are diverse in function even they are the same bacteria species. Therefore, the strain 

level of Vibrio spp. and Cyanobacteria are required to explore the detailed 

metabolic pathway of TTX. 

(2) Regulation of arginine biosynthesis 

Though arginine biosynthesis was found strongly correlated with TTX biosynthesis 

in puffer fish environment by 16S rRNA amplicon metagenomics and 



 174 

metabolomics in this study, more accurate technique such as targeted arginine gene 

detection is needed to validate its regulations. 

(3) Unknown TTX producing ability of Vibrio spp. and Cyanobacteria 

Although this study links TTX production with the gut bacteria dominance by 

Vibrio spp. and Cyanobacteria in puffer fish gut environment, no experimental 

work has been conducted to validate the TTX producing ability of Vibrio spp. and 

Cyanobacteria. 

(4) Unknown NRPS responsible for TTX biosynthesis 

(5) Unknown bacterial community in the living environment (seawater samples) 

of puffer fish samples 

(6) Newly developed bioinformatic tools and  

6.3. Future studies 

The future studies to further validate and explore key factors in TTX biosynthesis 

are as follows: (1) To identify the strain level of Vibrio spp. and Cyanobacteria 

contributing to TTX biosynthesis by whole genome sequencing. (2) To study genes 

or enzymes in arginine biosynthesis by PCR or Western blot could. (3) To culture 

or co-culture exact Vibrio spp. and Cyanobacteria strains could validate their ability 

of TTX production. (4) To detect and distinguish NRPS contributing to TTX 

biosynthesis by metatranscriptomics or metaproteomics. (5) To investigate the 

bacterial community of the living environment of puffer samples which may 

eliminate the false positive findings contributing to TTX biosynthesis. 
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6.4. Recommendations 

TTX biosynthetic pathways is an unsettled question that have been perplexing 

researchers for half of a century. The traditional research tools which isolating 

TTX-producing bacteria could no longer promote the progress of exploring TTX 

biosynthetic pathway. The strength of this study is the applications of NGS-based 

16S rRNA amplicon sequencing and HRMS-based metabolomics, which profile the 

bacteria and metabolites in puffer fish gut environment and draw a strong linkage 

between the puffer fish gut environment and TTX biosynthesis. The weakness of 

this study is the identification of both bacteria and metabolites in puffer fish gut 

environment. Because of the deficiency of 16S rRNA amplicon sequencing, 

bacteria identification is unable to be classified to strain level. Besides, most of the 

metabolites in metabolomics needed to be identified as well. The exact 

identification of puffer fish gut bacteria and gut metabolites can further explore the 

detail metabolic pathway of TTX biosynthesis in puffer fishes. With the 

development of omics, multi-omics including metagenomics, metabolomics, 

metatranscriptomics and proteomics could be conducted and combinedly to identify 

key factors involving in TTX biosynthesis. However, the applications of multi-

omics required high investment in sample preparations, detection and data analysis 

platform establishment. With the development of NGS and HRMS and 

bioinformatic tools, higher sample throughput, data production, accuracy and cost 

efficiency are expected to resolve the TTX biosynthetic pathway in the near future.
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Appendix 

Table S1. Body weight, length sex and liver TTX content of different puffer fish species in Chapter four 
SampleID Group Species Sex Liver weight (g) TTX concentration (ug/g) Body weight Body length 
TBim1 TBim Takifugu bimaculatus Female 10.0 85.70 100.5 14.1 

TBim2 TBim Takifugu bimaculatus Female 10.0 79.23 89.3 15.6 

TBim3 TBim Takifugu bimaculatus Female 10.0 39.00 122.6 16.7 

TBim4 TBim Takifugu bimaculatus Female 10.0 36.26 148.2 15.9 

TBim5 TBim Takifugu bimaculatus Female 10.0 23.27 156.8 17.7 

TBim6 TBim Takifugu bimaculatus Female 10.0 21.03 178.9 18.5 

TBim7 TBim Takifugu bimaculatus Female 10.0 63.76 84.6 14.7 

TObs1 TObs Takifugu obscurus Female 10.0 0.00 302.0 23.4 

TObs2 TObs Takifugu obscurus Female 10.0 0.00 331.9 21.5 

TObs3 TObs Takifugu obscurus Female 10.0 0.00 294.9 21.9 

TObs4 TObs Takifugu obscurus Female 10.0 0.00 318.1 22.2 

TObs5 TObs Takifugu obscurus Female 10.0 0.00 369.4 25.1 

TObs6 TObs Takifugu obscurus Female 10.0 0.00 382.5 26.1 

TObs7 TObs Takifugu obscurus Female 10.0 0.00 314.4 24.2 

TObs8 TObs Takifugu obscurus Female 10.0 0.00 301.0 24.6 

TOce1 TOce Takifugu ocellatus Female 10.0 15.71 83.8 13.4 

TOce2 TOce Takifugu ocellatus Female 10.0 18.81 154.6 19.4 

TOce3 TOce Takifugu ocellatus Female 10.0 38.55 131.5 17.7 

TOce4 TOce Takifugu ocellatus Female 10.0 92.53 87.8 13.4 

TOce5 TOce Takifugu ocellatus Female 10.0 60.61 149.3 19.6 
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TOce6 TOce Takifugu ocellatus Female 10.0 112.45 150.0 17.6 

TOce7 TOce Takifugu ocellatus Female 10.0 132.10 104.3 14.1 

TOce8 TOce Takifugu ocellatus Female 10.0 55.13 136.2 15.1 

TOce9 TOce Takifugu ocellatus Female 10.0 61.36 183.5 20.7 

TOceH1 TOceH Takifugu ocellatus (suspected species) Female 10.0 4.71 164.5 18.6 

TOceH2 TOceH Takifugu ocellatus (suspected species) Female 10.0 17.31 89.7 14.3 

TOceH3 TOceH Takifugu ocellatus (suspected species) Female 10.0 12.28 98.7 15.3 

TOceH4 TOceH Takifugu ocellatus (suspected species) Female 10.0 15.44 110.2 17.7 

TOceH5 TOceH Takifugu ocellatus (suspected species) Female 10.0 8.65 193.2 20.8 

TOceH6 TOceH Takifugu ocellatus (suspected species) Female 10.0 22.81 93.9 13.0 

TOceH7 TOceH Takifugu ocellatus (suspected species) Female 10.0 12.60 84.1 14.9 

TOceH8 TOceH Takifugu ocellatus (suspected species) Female 10.0 6.44 143.6 20.1 

TXan1 TXan Takifugu xanthopterus Female 10.0 0.00 68.4 13.5 

TXan10 TXan Takifugu xanthopterus Female 10.0 0.00 124.9 16.0 

TXan2 TXan Takifugu xanthopterus Female 10.0 0.00 150.2 18.4 

TXan3 TXan Takifugu xanthopterus Female 10.0 0.00 144.4 16.3 

TXan4 TXan Takifugu xanthopterus Female 10.0 0.00 123.0 16.2 

TXan5 TXan Takifugu xanthopterus Female 10.0 0.00 183.9 17.0 

TXan6 TXan Takifugu xanthopterus Female 10.0 0.00 85.2 12.1 

TXan7 TXan Takifugu xanthopterus Female 10.0 0.00 124.9 17.2 

TXan8 TXan Takifugu xanthopterus Female 10.0 0.00 80.9 13.6 

TXan9 TXan Takifugu xanthopterus Female 10.0 0.00 163.8 18.3 
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Table S2. NCBI BLAST result of network centralities 
ID Phylogenetic classification TaxaID Identities Sequence length Miss Gaps Query Length Start End E value Max score 
OTU97 Calotrichaceae unknown genus1 2661849 86.241 407 53 2 407 315 718 9.47E-123 438 

OTU129 Dialister 39948 100 429 0 0 429 373 801 0 793 

OTU90 Fusicatenibacter saccharivorans 1150298 100 404 0 0 404 351 754 0 747 

OTU317 Micrococcaceae 1268 100 409 0 0 409 353 761 0 756 

OTU198 Intestinibacter bartlettii 261299 100 403 0 0 403 320 722 0 745 

OTU239 Pseudorhodobacter wandonensis 1120568 99.01 404 4 0 404 299 702 0 725 

OTU666 Catabacter hongkongensis 270498 87.105 411 45 8 407 349 755 7.27E-129 459 

OTU946 Parasutterella excrementihominis 487175 99.301 429 3 0 429 337 765 0 776 

OTU44 Enterobacterales 91347 100 429 0 0 429 358 786 0 793 

OTU925 Lutimaribacter marinistellae 1820329 95.792 404 17 0 404 318 721 0 652 

OTU76 Faecalibacterium prausnitzii 853 98.762 404 5 0 404 344 747 0 719 

OTU511 Moritella viscosa 80854 98.608 431 2 4 429 354 782 0 760 

OTU1113 Bacteroides 816 99.292 424 3 0 424 327 750 0 767 

OTU128 Aeromonas 642 100 429 0 0 429 340 768 0 793 

OTU987 Turicibacter sanguinis 154288 96.279 430 14 2 429 327 755 0 704 

OTU168 Proteocatella sphenisci 181070 99.256 403 3 0 403 345 747 0 728 

OTU461 Dorea formicigenerans 39486 99.01 404 4 0 404 372 775 0 732 

OTU375 Coprococcus comes ATCC 27758 470146 100 404 0 0 404 345 748 0 747 

OTU81 Succinivibrio dextrinosolvens 83771 96.782 404 13 0 404 331 734 0 675 

OTU509 Streptococcus sinensis 176090 99.068 429 4 0 429 364 792 0 771 
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OTU978 Rhodobacter vinaykumarii 407234 99.257 404 3 0 404 290 693 0 730 

OTU270 Shewanella baltica unknown strain1 62322 99.068 429 4 0 429 351 779 0 771 

OTU393 Schaalia odontolytica 1660 99.526 422 1 1 422 350 770 0 767 

OTU218 Marinomonas pontica 264739 100 429 0 0 429 352 780 0 793 

OTU1706 Vicingus serpentipes 1926625 89.81 422 41 2 424 357 777 2.52E-153 540 

OTU42 Vibrio anguillarum 55601 100 429 0 0 429 331 759 0 793 

OTU223 Monoglobus pectinilyticus 1981510 89.461 408 38 4 407 368 771 1.98E-144 510 

OTU233 Vibrio kanaloae 170673 100 429 0 0 429 267 695 0 793 

OTU88 Streptococcus salivarius 1304 100 429 0 0 429 362 790 0 793 

OTU548 Shewanella baltica unknown strain2 62322 98.834 429 5 0 429 351 779 0 765 

OTU1371 Methylophaga thiooxydans DMS010 637616 91.204 432 32 5 429 320 748 4.13E-166 582 

OTU354 Acinetobacter seohaensis 281376 99.767 430 1 0 430 326 755 0 789 

OTU441 Shewanella putrefaciens 24 99.068 429 4 0 429 331 759 0 771 

OTU124 Roseburia inulinivorans DSM 16841 622312 100 406 0 0 406 360 765 0 750 

OTU271 Eionea nigra 287488 92.807 431 27 4 429 320 748 8.76E-178 621 

OTU152 Ruminococcus bromii 40518 99.015 406 3 1 405 313 718 0 726 

OTU225 Vibrio unknown species 662 98.368 429 7 0 429 305 733 0 754 

OTU153 [Clostridium] spiroforme 29348 92.991 428 30 0 428 343 770 6.77E-179 625 

OTU336 Lactobacillus rogosae 706562 100 404 0 0 404 350 753 0 747 

OTU80 Vibrio gigantis 296199 99.767 429 1 0 429 350 778 0 789 

OTU9 Dielma fastidiosa 1034346 91.822 428 30 4 423 355 782 6.87E-169 592 

OTU100 Romboutsia timonensis 1776391 100 403 0 0 403 338 740 0 745 

OTU99 Aliivibrio fischeri 668 97.436 429 11 0 429 341 769 0 752 

OTU372 Pseudoalteromonas neustonica 1840331 98.601 429 6 0 429 311 739 0 760 
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OTU471 Desulfovibrio 872 92.343 431 30 3 430 358 786 1.90E-174 610 

OTU241 Litorilinea aerophila 1204385 78.273 359 62 13 351 351 701 4.83E-56 217 

OTU161 Vibrio renipiscarius 1461322 98.601 429 6 0 429 311 739 0 760 

OTU85 [Eubacterium] rectale ATCC 33656 515619 100 404 0 0 404 367 770 0 747 

OTU357 Calotrichaceae unknown genus2 2661849 86.241 407 53 2 407 315 718 9.47E-123 438 

OTU123 Calotrichaceae unknown genus3 2661849 86.486 407 52 2 407 315 718 2.03E-124 444 

OTU405 Unknown -- -- -- -- -- -- -- -- -- -- 
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Table S3. Representative sequences of network centralities in Chapter four 
>OTU97 
tggggaattttccgcaatgggcgaaagcctgacggagcaataccgcgtgagggatgacggcctatgggttgtaaacctcttttttcagggaggaataaatgacgtgtacctgaagaataagcatcggctaactccgtgccagcagccgcggt
aagacggaggatgcaagtgttatccggaatcactgggcgtaaagcgtctgtaggtggtttgataagtcaactgttaaatcttgaggcttaacctcaaaatcgcagtcgaaactattagactagagtatagtaggggtaaagggaatttccagt
ggagcggtgaaatgcgtagatattggaaagaacaccgatggcgaaggcactttactgggctattactaacactcagagacgaaagctagggtagcaaatggg 
>OTU129 
tggggaatcttccgcaatgggcgaaagcctgacggagcaacgccgcgtgagtgatgacggccttcgggttgtaaaactctgtgatccgggacgaaaaggcagagtgcgaagaacaaactgcattgacggtaccggaaaagcaagccacg
gctaactacgtgccagcagccgcggtaatacgtaggtggcaagcgttgtccggaattattgggcgtaaagcgcgcgcaggcggcttcccaagtccctcttaaaagtgcggggcttaaccccgtgatgggaaggaaactgggaagctggagt
atcggagaggaaagtggaattcctagtgtagcggtgaaatgcgtagagattaggaagaacaccggtggcgaaggcgactttctggacgaaaactgacgctgaggcgcgaaagcgtggggagcaaacagg 
>OTU90 
tggggaatattgcacaatgggggaaaccctgatgcagcgacgccgcgtgagcgaagaagtatttcggtatgtaaagctctatcagcagggaagataatgacggtacctgactaagaagccccggctaactacgtgccagcagccgcggta
atacgtagggggcaagcgttatccggatttactgggtgtaaagggagcgtagacggcaaggcaagtctgatgtgaaaacccagggcttaaccctgggactgcattggaaactgtctggctcgagtgccggagaggtaagcggaattcctag
tgtagcggtgaaatgcgtagatattaggaagaacaccagtggcgaaggcggcttactggacggtaactgacgttgaggctcgaaagcgtggggagcaaacagg 
>OTU317 
tggggaatattgcacaatgggcgcaagcctgatgcagcgacgccgcgtgagggatgacggccttcgggttgtaaacctctttcagtagggaagaagcgaaagtgacggtacctgcagaagaagcgccggctaactacgtgccagcagccg
cggtaatacgtagggcgcaagcgttatccggaattattgggcgtaaagagctcgtaggcggtttgtcgcgtctgccgtgaaagtccggggctcaactccggatctgcggtgggtacgggcagactagagtgatgtaggggagactggaattc
ctggtgtagcggtgaaatgcgcagatatcaggaggaacaccgatggcgaaggcaggtctctgggcattaactgacgctgaggagcgaaagcatggggagcgaacagg 
>OTU198 
tggggaatattgcacaatgggcgaaagcctgatgcagcaacgccgcgtgagcgatgaaggccttcgggtcgtaaagctctgtcctcaaggaagataatgacggtacttgaggaggaagccccggctaactacgtgccagcagccgcggta
atacgtagggggctagcgttatccggatttactgggcgtaaagggtgcgtaggcggtcttttaagtcaggagtgaaaggctacggctcaaccgtagtaagctcttgaaactggaggacttgagtgcaggagaggagagtggaattcctagtg
tagcggtgaaatgcgtagatattaggaggaacaccagtagcgaaggcggctctctggactgtaactgacgctgaggcacgaaagcgtggggagcaaacagg 
>OTU239 
tggggaatcttagacaatgggcgcaagcctgatctagccatgccgcgtgatcgatgaaggccttagggttgtaaagatctttcagatgggaagataatgacggtaccatcagaagaagccccggctaactccgtgccagcagccgcggtaat
acggagggggctagcgttattcggaattactgggcgtaaagcgcacgtaggcggatcagaaagtcagaggtgaaatcccagggctcaaccttggaactgcctttgaaactcctggtcttgagttcgagagaggtgagtggaattccgagtgt
agaggtgaaattcgtagatattcggaggaacaccagtggcgaaggcggctcactggctcgatactgacgctgaggtgcgaaagcgtggggagcaaacagg 
>OTU666 
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tggggaatattgggcaatggaggaaactctgacccagcaacgccgcgtgaatgatgaaggtcttcggattgtaaagttcttttctaagggaagaagaaagtgacggtaccttaggaataagcctcggctaactacgtgccagcagccgcggt
aatacgtaggaggcaagcgttatccggaatgactgggcgtaaagggtgcgtaggtggtttgacaagttggtagcgtaactccggggctcaacctcggcactactaccaaaactgttggacttgagtgcaggaggggcaaatggaattcctag
tgtagcggtggaatgcgtagatattaggaggaacaccagtggcgaaggcgatttgctggactgtaactgacactgaggcacgaaagcgtggggagcaaacagg 
>OTU946 
tggggaattttggacaatgggcgcaagcctgatccagctattccgcgtgtgggatgaaggccctcgggttgtaaaccacttttgtagagaacgaaaagacaccttttaaaaaagggtgttgctgacggtactctaagaataagcaccggctaa
ctacgtgccagcagccgcggtaatacgtagggtgcgagcgttaatcggaattactgggcgtaaagggtgcgcaggcggttgagtaagacagatgtgaaatccccgagcttaactcgggaatggcatatgtgactgctcgactagagtgtgtc
agagggaggtggaattccacgtgtagcagtgaaatgcgtagatatgtggaagaacaccgatggcgaaggcagcctcctgggacataactgacgctcaggcacgaaagcgtggggagcaaacagg 
>OTU44 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagcggggaggaagggagtaaagttaatacctttgctcattgacgttacccgcagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcaagcgttaatcggaattactgggcgtaaagcgcacgcaggcggtttgttaagtcagatgtgaaatccccgggctcaacctgggaactgcatctgatactggcaagcttgagtctcgt
agaggggggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccggtggcgaaggcggccccctggacgaagactgacgctcaggtgcgaaagcgtggggagcaaacagg 
>OTU925 
tggggaatcatagacaatgggggcaaccctgatcttgccatgccgcgtggatgatgaaggtcctaggatcgtaaagtcctttcgcctgtgaagataatgacggtagcaggtaaagaaaccccggctaactccgtgccagcagccgcggtaat
acggagggggttagcgttgttcggaattactgggcgtaaagcgcgcgtaggcggattagtcagtcaggggtgaaatcccggggctcaaccccggaactgcctttgatactgctagtctagaggtcgagagaggtgagtggaataccgagtgt
agaggtgaaattcgtagatattcggtggaacaccagtggcgaaggcggctcactggctcgaatctgacgctgaggtgcgaaagtgtggggagcaaacagg 
>OTU76 
tggggaatattgcacaatgggggaaaccctgatgcagcgacgccgcgtggaggaagaaggtcttcggattgtaaactcctgttgttggggaagataatgacggtacccaacaaggaagtgacggctaactacgtgccagcagccgcggta
aaacgtaggtcacaagcgttgtccggaattactgggtgtaaagggagcgcaggcgggaagacaagttggaagtgaaatctatgggctcaacccataaactgctttcaaaactgtttttcttgagtagtgcagaggtaggcggaattcccggt
gtagcggtggaatgcgtagatatcgggaggaacaccagtggcgaaggcggcctactgggcaccaactgacgctgaggctcgaaagtgtgggtagcaaacagg 
>OTU511 
tggggaatattgcacaatgggggaaaccctgatgcagccataccgcgtgtatgaagaaggccttagggttgtaaagtactttcagcgaggaggaaagggtagtcattaatactggctatctgtgacgttactcgcagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcaagcgttaatcggaattactgggcgtaaagcgcatgcaggcggtttgttaagcgagatgtgaaagccccgggctcaacctgggaactgcatttcgaactggcaaactagagttctt
gagagggtggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccagtggcgaaggcggccacctggcaagtaactgacgctcagatgcgaaagcgtgggtagcaaacggg 
>OTU1113 
tgaggaatattggtcaatgggcgagagcctgaaccagccaagtagcgtgaaggatgaaggctctatgggtcgtaaacttcttttatatgggaataaagtattccacgtgtggaattttgtatgtaccatatgaataaggatcggctaactccgt
gccagcagccgcggtaatacggaggatccgagcgttatccggatttattgggtttaaagggagcgtaggtggattgttaagtcagttgtgaaagtttgcggctcaaccgtaaaattgcagttgaaactggcagtcttgagtacagtagaggtg
ggcggaattcgtggtgtagcggtgaaatgcttagatatcacgaagaactccgattgcgaaggcagctcactagactgcaactgacactgatgctcgaaagtgtgggtatcaaacagg 
>OTU128 
tggggaatattgcacaatgggggaaaccctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagcgaggaggaaaggtcagtagctaatatctgctggctgtgacgttactcgcagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcaagcgttaatcggaattactgggcgtaaagcgcacgcaggcggttggataagttagatgtgaaagccccgggctcaacctgggaattgcatttaaaactgtccagctagagtcttg
tagaggggggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccggtggcgaaggcggccccctggacaaagactgacgctcaggtgcgaaagcgtggggagcaaacagg 
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>OTU987 
tagggaatcttcggcaatgggcgaaagcctgaccgagcaacgccgcgtgaatgaagaaggccttcgggttgtaaaattctgttataagggaagaaaggtgataggaggaaatgactatcaattgacggtaccttatgagaaagccacggct
aactacgtgccagcagccgcggtaatacgtaggtggcaagcgttatccggaattattgggcgtaaagagcgcgcaggtggttaattaagtctgatgtgaaagcccacggcttaaccgtggagggtcattggaaactggttgacttgagtgca
gaagagggaagtggaattccatgtgtagcggtgaaatgcgtagagatatggaggaacaccagtggcgaaggcggcttcctggtctgcaactgacactgaggcgcgaaagcgtggggagcaaacagg 
>OTU168 
tggggaatattgcacaatgggcgcaagcctgatgcagcaacgccgcgtgagtgatgaaggctttcgggtcgtaaaactctgtcctaagggaagataatgacggtaccttaggaggaagccccggctaactacgtgccagcagccgcggtaa
tacgtagggggcaagcgttatccggaattactgggcgtaaagggtgcgtaggtggcctgacaagtcaggggtcaaaggcaacggctcaaccgttgtaagcccttgaaactgtcgggcttgagttcaggagaggaaagcggaattcctagtg
tagcggtgaaatgcgtagatattaggaggaacaccagtggcgaaggcggctttctggactgatactgacactgaggcacgaaagcgtggggagcaaacagg 
>OTU461 
tggggaatattgcacaatgggcgaaagcctgatgcagcgacgccgcgtgaaggatgaagtatttcggtatgtaaacttctatcagcagggaagaaaatgacggtacctgactaagaagccccggctaactacgtgccagcagccgcggta
atacgtagggggcaagcgttatccggatttactgggtgtaaagggagcgtagacggctgtgcaagtctgaagtgaaaggcatgggctcaacctgtggactgctttggaaactgtgcagctagagtgtcggagaggtaagtggaattcctagt
gtagcggtgaaatgcgtagatattaggaggaacaccagtggcgaaggcggcttactggacgatgactgacgttgaggctcgaaagcgtggggagcaaacagg 
>OTU375 
tggggaatattgcacaatgggggaaaccctgatgcagcgacgccgcgtgagcgaagaagtatttcggtatgtaaagctctatcagcagggaagaaaatgacggtacctgactaagaagcaccggctaaatacgtgccagcagccgcggta
atacgtatggtgcaagcgttatccggatttactgggtgtaaagggagcgtagacggctgtgtaagtctgaagtgaaagcccggggctcaaccccgggactgctttggaaactatgcagctagagtgtcggagaggtaagtggaattcccagt
gtagcggtgaaatgcgtagatattgggaggaacaccagtggcgaaggcggcttactggacgatgactgacgttgaggctcgaaagcgtggggagcaaacagg 
>OTU81 
tagggaatattgcacaatggggggaaccctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcggaggggaggaaaatgacgttaccctcagaagaagcaccggctaactccgtgccagcagccgcggta
atacggagggtgcaagcgttaatcggaataactgggcgtaaagggcatgcaggcggttgtataagtagggtgtgaaatccccgggctcaacctgggaactgcattctaaactgtacaactagagtattgcagggggagacggaattccagg
tgtagcggtggaatgcgtagatatctggaagaacaccaaaggcgaaggcagtctcctgggcaaatactgacgctcatatgcgaaagcgtgggtagcaaacagg 
>OTU509 
tagggaatcttcggcaatgggggcaaccctgaccgagcaacgccgcgtgagtgaagaaggttttcggatcgtaaagctctgttgtaagtcaagaacgagtgtgagagtggaaagttcacactgtgacggtagcttaccagaaagggacggc
taactacgtgccagcagccgcggtaatacgtaggtcccgagcgttgtccggatttattgggcgtaaagcgagcgcaggcggttagataagtctgaagttaaaggctgtggcttaaccatagtacgctttggaaactgtttaacttgagtgcaga
aggggagagtggaattccatgtgtagcggtgaaatgcgtagatatatggaggaacaccggtggcgaaagcggctctctggtctgtaactgacgctgaggctcgaaagcgtggggagcaaacagg 
>OTU978 
tggggaatcttagacaatgggggaaaccctgatctagccatgccgcgtgagcgatgaaggccttagggttgtaaagctctttcagctgggaagataatgacggtaccagcagaagaagccccggctaactccgtgccagcagccgcggtaa
tacggagggggctagcgttgttcggaattactgggcgtaaagcgcacgtaggcggattggtaagttgggggtgaaatcccggggctcaaccccggaactgcctccaaaactcccagtcttgaggtcgagagaggtgagtggaattccgagt
gtagaggtgaaattcgtagatattcggaggaacaccagtggcgaaggcggctcactggctcgatactgacgctgaggtgcgaaagcgtggggagcaaacagg 
>OTU270 
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tggggaatattgcacaatgggggaaaccctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagtagggaggaaaggtaatggtttaatacaccattgctgtgacgttacctacagaagaaggaccggcta
actccgtgccagcagccgcggtaatacggagggtccgagcgttaatcggaattactgggcgtaaagcgtgcgcaggcggtttgttaagcgagatgtgaaagccccgggctcaacctgggaattgcatttcgaactggcgaactagagtcttg
tagaggggggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccggtggcgaaggcggccccctggacaaagactgacgctcaggcacgaaagcgtggggagcaaacagg 
>OTU393 
tggggaatattgcacaatgggcgaaagcctgatgcagcgacgccgcgtgagggatggaggccttcgggttgtaaacctctttcgctcatggtcaagccgcaactgtgggttgtggtgagggtagtgggtaaagaagcgccggctaactacgt
gccagcagccgcggtaatacgtagggcgcgagcgttgtccggaattattgggcgtaaagggcttgtaggcggttggtcgcgtctgccgtgaaatcctctggcttaactgggggcgtgcggtgggtacgggctgacttgagtgcggtagggga
gactggaactcctggtgtagcggtggaatgcgcagatatcaggaagaacaccggtggcgaaggcgggtctctgggccgttactgacgctgaggagcgaaagcgtggggagcgaacagg 
>OTU218 
tggggaatattggacaatgggcggaagcctgatccagccatgccgcgtgtgtgaagaaggccttagggttgtaaagcactttcaggggtgaggaagggtgattggttaatacccaattatcttgacgttagccccagaagaagcaccggcta
actctgtgccagcagccgcggtaatacagagggtgcaagcgttaatcggaattactgggcgtaaagcgcgcgtaggtggtttgttaagtcggatgtgaaatcccagggctcaaccttggaatggcacccgatactggcaggctagagtacgg
tagaggggtgtggaatttcctgtgtagcggtgaaatgcgtagatataggaaggaacatcagtggcgaaggcgacaccctggactgatactgacactgaggtgcgaaagcgtggggagcaaacagg 
>OTU1706 
tagggaatattggtcaatggacgcaagtctgaaccagccatgccgcgtgcaggacgaaggccctctgggttgtaaactgcttttgtataggaagaaaccccctgatgtatcgggggctgacggtactataagaataaggatcggctaactac
gtgccagcagccgcggtaatacgtaggatccaagcgttgtccggatttattgggtttaaagggtgcgcaggcggcctgataagtcagtggtgaaagccgacagcttaactgtcgaattgccattgatactgttgggcttgagtatagttgaggtt
ggcggaatgtaacatgtagcggtgaaatgcatagatatgttacagaacaccgattgcgaaggcagctgactaagctattactgacgctcatgcacgaaagcgtggggatcaaacagg 
>OTU42 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagtcgtgaggaaggtggtgttgttaatagcagcatcatttgacgttagcgacagaagaagcaccggctaa
ctccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggtggattaagtcagatgtgaaagcccggggctcaacctcggaaccgcatttgaaactggttcactagagtactgt
agaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccggtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU223 
tggggaatattgcgcaatgggggcaaccctgacgcagcaacgccgcgtgcaggaagaaggtcttcggattgtaaactgttgtcgcaagggaagaagacagtgacggtaccttgtgagaaagtcacggctaactacgtgccagcagccgcg
gtaatacgtaggtgacaagcgttgtccggatttactgggtgtaaagggcgcgtaggcggactgtcaagtcagtcgtgaaataccggggcttaaccccggggctgcgattgaaactgacagccttgagtatcggagaggaaagcggaattcct
agtgtagcggtgaaatgcgtagatattaggaggaacaccagtggcgaaggcggctttctggacgacaactgacgctgaggcgcgaaagtgtggggagcaaacagg 
>OTU233 
tggggaatattgcacaatgggcgaaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagttgtgaggaagggtgtgtagttaatagctgcacatcttgacgttagcaacagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggttcattaagtcagatgtgaaagcccggggctcaacctcggaactgcatttgaaactggtgaactagagtgctg
tagaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccagtggcgaaggcggccccctggacagacactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU88 
tagggaatcttcggcaatgggggcaaccctgaccgagcaacgccgcgtgagtgaagaaggttttcggatcgtaaagctctgttgtaagtcaagaacgagtgtgagagtggaaagttcacactgtgacggtagcttaccagaaagggacggc
taactacgtgccagcagccgcggtaatacgtaggtcccgagcgttgtccggatttattgggcgtaaagcgagcgcaggcggtttgataagtctgaagttaaaggctgtggctcaaccatagttcgctttggaaactgtcaaacttgagtgcaga
aggggagagtggaattccatgtgtagcggtgaaatgcgtagatatatggaggaacaccggtggcgaaagcggctctctggtctgtaactgacgctgaggctcgaaagcgtggggagcgaacagg 
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>OTU405 
gtgacgggggtgtgggtctacccggtgctggagcgcattgcccccctggccagagtcttgtttttcagcatgatgacgtttgtgatctgcctcctgtacaccctcggagagatcctcaacagctacatctgggatcagacacacacaggtacaca
cacacacacatacacaggtagacacaggtacacactcacagatacacacacatacacaggtagacacaggtacacactcacacacacatacacaggtagacacaggtacacactcacagatacatacacaggtagactcacaatcacag
atacacgtatacaggtacgcacactcacaaatacacacaaacatacacaggtaacatacacactcacaggtacacattgacagagacaaacatgacagagacacacatacacaagtacaccct 
>OTU548 
tggggaatattgcacaatgggggaaaccctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagtagggaggaaaggtaatggtttaatacaccattgctgtgacgttacctacagaagaaggaccggcta
actccgtgccagcagccgcggtaatacggagggtccgagcgttaatcggaattactgggcgtaaagcgtgcgcaggcggtttgttaagcgagatgtgaaagccccgggctcaacctgggaattgcatttcgaactggcaaactagagtcttg
tagaggggggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccggtggcgaaggcggccccctggacaaagactgacgctcaggcacgaaagcgtggggagcaaacagg 
>OTU1371 
tggggaatattggacaatgggggcaaccctgatccagcaatgccacgtgtgtgaagaaggccttcgggttgtaaagcactttcaattgggaagaaggtaatcaggttaagagctagattacttgacggtacctttagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcaagcgttaatcggaatcactgggcgtaaagcgcgcgtaggcggtttattaagtcagatgtgaaagccctgggctcaacccgggaactgcatttgatactggtagactagagtatgg
tagaggggtgtggaatttcctgtgtagcggtgaaatgcgtagatataggaaggaacaccagtggcgaaggcgacaccctggaccaatactgacgctgaggtgcgaaagcgtgggtagcaaacagg 
>OTU354 
tggggaatattggacaatggggggaaccctgatccagccatgccgcgtgtgtgaagaaggccttttggttgtaaagcactttaagtggggaggaggcttacctggttaatacctgggctaagtggacgttacccacagaataagcaccggct
aactctgtgccagcagccgcggtaatacagagggtgcgagcgttaatcggatttactgggcgtaaagcgcgcgtaggtggttaattaagtcaaatgtgaaatccccgagcttaacttgggaattgcattcgatactggttagctagagtatggg
agaggatggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccgatggcgaaggcagccatctggcctaatactgacactgaggtgcgaaagcatggggagcaaacagg 
>OTU441 
tggggaatattgcacaatgggggaaaccctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagtagggaggaaagggtgtagtttaatacgctatatctgtgacgttacctacagaagaaggaccggcta
actccgtgccagcagccgcggtaatacggagggtccgagcgttaatcggaattactgggcgtaaagcgtgcgcaggcggtttgttaagcgagatgtgaaagccccgggctcaacctgggaattgcatttcgaactggcgaactagagtcttg
tagaggggggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccggtggcgaaggcggccccctggacaaagactgacgctcaggcacgaaagcgtggggagcaaacagg 
>OTU124 
tggggaatattgcacaatgggggaaaccctgatgcagcgacgccgcgtgagcgaagaagtatttcggtatgtaaagctctatcagcagggaagaagaaatgacggtacctgactaagaagcaccggctaaatacgtgccagcagccgcg
gtaatacgtatggtgcaagcgttatccggatttactgggtgtaaagggagcgcaggcggaaggctaagtctgatgtgaaagcccggggctcaaccccggtactgcattggaaactggtcatctagagtgtcggaggggtaagtggaattcct
agtgtagcggtgaaatgcgtagatattaggaggaacaccagtggcgaaggcggcttactggacgataactgacgctgaggctcgaaagcgtggggagcaaacagg 
>OTU271 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtgtgaagaaggccctagggttgtaaagcactttcaatggggaagaaaagagtaaagcgaatacctttattctgtgacattacccatacaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcgcgtaggcggtaagttaagcgggatgtgaaatccccgggctcaacctgggaactgcatttcgaactggcttgctagagtaca
gaagagggtggtggaatttccagtgtagcggtgaaatgcgtagagattggaaggaacatcagtggcgaaggcggccacctggtctgatactgacgctgaggtgcgaaagcgtggggagcaaacagg 
>OTU152 
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tgggggatattgcgcaatgggggcaaccctgacgcagcaacgccgcgtgaaggatgaaggttttcggattgtaaacttcttttattaaggacgaaacttgacggtacttaatgaataagctccggctaactacgtgccagcagccgcggtaat
acgtagggagcaagcgttgtccggatttactgggtgtaaagggtgcgtaggcggctttgcaagtcagatgtgaaatctatgggctcaacccataaactgcatttgaaactgtagagcttgagtgaagtagaggcaggcggaattccccgtgta
gcggtgaaatgcgtagagatggggaggaacaccagtggcgaaggcggcctgctgggctttaactgacgctgaggcacgaaagcgtgggtagcaaacagg 
>OTU225 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagtcgtgaggaaggcgttagtgttaatagcactatcgtttgacgttagcgacagaagaagcaccggctaa
ctccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggttcgttaagtcagatgtgaaagcccggggctcaacctcggaattgcatttgaaactggcggactagagtactgt
agaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccggtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU153 
tagggaattttcggcaatgggggaaaccctgaccgagcaacgccgcgtgaaggaagaagtaattcgttatgtaaacttctgtcatagaggaagaacggtggatatagggaatgatatccaagtgacggtactctataagaaagccacggct
aactacgtgccagcagccgcggtaatacgtaggtggcgagcgttatccggaattattgggcgtaaagagggagcaggcggcactaagggtctgtggtgaaagatcgaagcttaacttcggtaagccatggaaaccgtagagctagagtgtg
tgagaggatcgtggaattccatgtgtagcggtgaaatgcgtagatatatggaggaacaccagtggcgaaggcgacgatctggcgcataactgacgctcagtcccgaaagcgtggggagcaaatagg 
>OTU153 
tagggaattttcggcaatgggggaaaccctgaccgagcaacgccgcgtgaaggaagaagtaattcgttatgtaaacttctgtcatagaggaagaacggtggatatagggaatgatatccaagtgacggtactctataagaaagccacggct
aactacgtgccagcagccgcggtaatacgtaggtggcgagcgttatccggaattattgggcgtaaagagggagcaggcggcactaagggtctgtggtgaaagatcgaagcttaacttcggtaagccatggaaaccgtagagctagagtgtg
tgagaggatcgtggaattccatgtgtagcggtgaaatgcgtagatatatggaggaacaccagtggcgaaggcgacgatctggcgcataactgacgctcagtcccgaaagcgtggggagcaaatagg 
>OTU336 
tggggaatattgcacaatggaggaaactctgatgcagcgacgccgcgtgagtgaagaagtagttcgctatgtaaagctctatcagcagggaagatagtgacggtacctgactaagaagctccggctaaatacgtgccagcagccgcggtaa
tacgtatggagcaagcgttatccggatttactgggtgtaaagggagtgtaggtggccaggcaagtcagaagtgaaagcccggggctcaaccccgggactgcttttgaaactgcagggctagagtgcaggaggggcaagtggaattcctagt
gtagcggtgaaatgcgtagatattaggaggaacaccagtggcgaaggcggcttgctggactgtaactgacactgaggctcgaaagcgtggggagcaaacagg 
>OTU80 
tggggaatattgcacaatgggcgaaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagttgtgaggaagggggtagcgttaatagcgctatctcttgacgttagcaacagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggttcattaagtcagatgtgaaagcccggggctcaacctcggaactgcatttgaaactggtgaactagagtactg
tagaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccagtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU9 
tagggaattttcggcaatgggggcaaccctgaccgagcaacgccgcgtgagtgatgaaggccttcgggttgtaaagctctgttgtaaaggaagaatggcagagatagaatctttgtatgacggtactttaccagaaagccacggctaactac
gtgccagcagccgcggtaatacgtaggtggcaagcgttatccggaattattgggcgtaaagggtgcgcaggcggctatataagtctggggtgaaagaccgaagctcaacttcggtttgccttggaaactgtatggctagagtgcaagagagg
acaatggaattccatgtgtagcggtaaaatgcgtagatatatggaggaacaccagtggcgaaagcggttgtctggcttgtaactgacgctcatgcacgaaagcgtggggagcaaatagg 
>OTU100 
tggggaatattgcacaatgggcgaaagcctgatgcagcaacgccgcgtgagcgatgaaggccttcgggtcgtaaagctctgtcctcaaggaagataatgacggtacttgaggaggaagccccggctaactacgtgccagcagccgcggta
atacgtagggggctagcgttatccggaattactgggcgtaaagggtgcgtaggtggtttcttaagtcagaggtgaaaggctacggctcaaccgtagtaagcctttgaaactgggaaacttgagtgcaggagaggagagtggaattcctagtg
tagcggtgaaatgcgtagatattaggaggaacaccagttgcgaaggcggctctctggactgtaactgacactgaggcacgaaagcgtggggagcaaacagg 
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>OTU99 
tggggaatattgcacaatgggcgaaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagtagggaggaaggttcatgcgttaatagcgtatggatttgacgttacctacagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggttcattaagtcagatgtgaaagcccggggctcaacctcggaaccgcatttgaaactggtgaactagagtgctg
tagaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccagtggcgaaggcggccccctggacagacactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU372 
tggggaatattgcacaatgggcgaaagcctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagtcaggaggaaagggtgtgttttaatagagcacatctgtgacgttactgacagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgtacgcaggcggttgattaagcgagatgtgaaagccccgggctcaacctgggaactgcatttcgaactggtcaactagagtgtg
atagagggtggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccgatggcgaaggcagccacctgggtcaacactgacgctcatgtacgaaagcgtggggagcaaacagg 
>OTU471 
tggggaatattgcgcaatgggcgaaagcctgacgcagcgacgccgcgtgagggatgaaggttctcggatcgtaaacctctgtcaggggggaagaaaccccctcgtgtgaataatgcgagggcttgacggtacccccaaaggaagcaccg
gctaactccgtgccagcagccgcggtaatacggagggtgcaagcgttaatcggaatcactgggcgtaaagcgcacgtaggcggcttggtaagtcaggggtgaaatcccacagcccaactgtggaactgcctttgatactgccaggcttgagt
accggagagggtggcggaattccaggtgtaggagtgaaatccgtagatatctggaggaacaccggtggcgaaggcggccacctggacggtaactgacgctgaggtgcgaaagcgtgggtagcaaacagg 
>OTU241 
tggggaatattggacaatgggcgaaagcctgatccagcgattctgcgtgaaggacgaagcctcgtggggtgtaaacttcttttctgggagaagacgaatgacggtatctcaggaataagagacggctaactacgtgccagcagccgcggta
atacgtaggtctcgagcgttatccggaattactgggcgtaaagcgtctgcagccggatgtataagtctgtctttaaagacttcgattcaatcggaggaaagggatagatactgtatttctagagaattttggaggttagtggaatttccggtgga
gcggtgaaatgcgttgatatcggaaggaatgccaaaagcgaaagcagctaactacgaaacttctgacggtcagagacgacagcttggggagcaaacggg 
>OTU161 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagtcgtgaggaaggcattaacgttaatagcgttggtgtttgacgttagcgacagaagaagcaccggctaa
ctccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggttcgttaagtcagatgtgaaagcccggggctcaacctcggaattgcatttgaaactggcggactagagtactgt
agaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccggtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU85 
tggggaatattgcacaatgggcgaaagcctgatgcagcgacgccgcgtgagcgaagaagtatttcggtatgtaaagctctatcagcagggaagataatgacggtacctgactaagaagcaccggctaaatacgtgccagcagccgcggta
atacgtatggtgcaagcgttatccggatttactgggtgtaaagggagcgcaggcggtgcggcaagtctgatgtgaaagcccggggctcaaccccggtactgcattggaaactgtcgtactagagtgtcggaggggtaagcggaattcctagt
gtagcggtgaaatgcgtagatattaggaggaacaccagtggcgaaggcggcttactggacgataactgacgctgaggctcgaaagcgtggggagcaaacagg 
>OTU123 
tggggaattttccgcaatgggcgaaagcctgacggagcaataccgcgtgagggatgacggcctatgggttgtaaacctcttttttcagggaggaataaatgacgtgtacctgaagaataagcatcggctaactccgtgccagcagccgcggt
aagacggaggatgcaagtgttatccggaatcactgggcgtaaagcgtctgtaggtggtttgataagtcaactgttaaatcttgaggctcaacctcaaaatcgcagtcgaaactattagactagagtatagtaggggtaaagggaatttccagt
ggagcggtgaaatgcgtagatattggaaagaacaccgatggcgaaggcactttactgggctattactaacactcagagacgaaagctagggtagcaaatggg 
>OTU357 
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tggggaattttccgcaatgggcgaaagcctgacggagcaataccgcgtgagggatgacggcctatgggttgtaaacctcttttttcagggaggaatcaatgacgtgtacctgaagaataagcatcggctaactccgtgccagcagccgcggt
aagacggaggatgcaagtgttatccggaatcactgggcgtaaagcgtctgtaggtggtccaataagtcaactgttaaatcttgaggctcaacctcaaaatcgcagtcgaaactattagactagagtatagtaggggtaaagggaatttccagt
ggagcggtgaaatgcgtagagattggaaagaacaccgatggcgaaggcactttactgggctattactaacactcagagacgaaagctagggtagcaaatggg 

 

Table S4. Significant enriched KEGG pathways in gene set enrichment results 
ID Description setSize Enrichment Score BH adjusted P-value 
ko03010 Ribosome 78 -0.544581675 0.012423227 

ko00362 Benzoate degradation 48 -0.682057803 0.012423227 

ko01220 Degradation of aromatic compounds 46 -0.588572765 0.012423227 

ko00627 Aminobenzoate degradation 26 -0.630962305 0.012423227 

ko03030 DNA replication 24 -0.649336573 0.012423227 

ko03020 RNA polymerase 16 -0.786320859 0.012423227 

ko00622 Xylene degradation 14 -0.634572453 0.012423227 

ko00196 Photosynthesis - antenna proteins 12 -0.984702953 0.012423227 

ko03013 RNA transport 12 -0.818418379 0.012423227 

ko00195 Photosynthesis 10 -0.978314966 0.012423227 

ko03008 Ribosome biogenesis in eukaryotes 10 -0.848077654 0.012423227 

ko00361 Chlorocyclohexane and chlorobenzene degradation 11 -0.74715505 0.012423227 

ko01502 Vancomycin resistance 11 0.743267636 0.015813788 

ko00633 Nitrotoluene degradation 12 0.658167162 0.015813788 

ko05111 Biofilm formation - Vibrio cholerae 19 0.649682511 0.015924137 

ko02060 Phosphotransferase system (PTS) 37 0.586218753 0.015924137 

ko00720 Carbon fixation pathways in prokaryotes 38 0.365667597 0.015924137 

ko00380 Tryptophan metabolism 15 -0.579235155 0.015924137 
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ko00520 Amino sugar and nucleotide sugar metabolism 57 0.309713355 0.017810686 

ko00052 Galactose metabolism 22 0.423096758 0.025127047 

ko00920 Sulfur metabolism 27 0.46252032 0.025127047 

ko00020 Citrate cycle (TCA cycle) 29 0.456247859 0.025127047 

ko00130 Ubiquinone and other terpenoid-quinone biosynthesis 13 0.533428909 0.030152456 

ko00220 Arginine biosynthesis 27 0.389698027 0.033408408 

ko00350 Tyrosine metabolism 17 -0.505775202 0.043258482 

ko00620 Pyruvate metabolism 43 0.303393912 0.043258482 

ko00670 One carbon pool by folate 15 0.460886232 0.043258482 

ko04112 Cell cycle - Caulobacter 22 -0.470146914 0.048825982 

 

 

Table S5. Representative sequences of OTU in network in Chapter five 
>OTU316 
cctaagcagagaggcccagacttccctctccccaactacttcttccagctcgtctggggggatacccaggggttcccagaccagtcgagagacatagtctgtccaaagtgtcctgggtcttcctgggggcctcctaccagagggacatgccctg
aacacctcactagggaggcatccaaggggaatacta 
>OTU794 
tggggaattttccgcaatgggcgaaagcctgacggagcaatgccgcgtggaggtagaaggcccacgggtcatgaacttcttttctcagagaagaagcaatgacggtatctgaggaataagcatcggctaactctgtgccagcagccgcggt
aagacagaggatgcaagcgttatccggaatgattgggcgtaaagcgtctgtaggtggcttttcaagtccgccgtcaaatcccagggctcaaccctggacaggcggtggaaactaccaagctggagtacggtaggggcagagggaatttccg
gtggagcggtgaaatgcgtagagatcgggaagaacaccaacggcgaaagcactctgctgggccgacactgacactgagagacgaaagctaggggagcaaatggg 
>OTU358 
acatccacaaaactcaattcagacctaacaaaatgtgattatctggagtgggtttgcattaggtttgtatgcaaatacggcataaatcattaatatcgaaatttccccctgaatctgtgtgagctgctgtagggcacgcgctgcacatttggagtg
gccatctcttc 
>OTU55 
ccaagaatattccgcaatggggggaaccctgacggagcgacactgcgtgaatgatgaaggccttcgggttgtaaagttcttttataagggaagaataagttagagaggaaatgctttaatgatgacggtaccttatgaataagtcccggctaa
ttacgtgccagcagccgcggtaatacgtaagggacgagcgttattcggaattactgggcgtaaagggcgtgtaggcggttaattaggctgagtgttaaagactggggctcaacttcagaagggcattcagaaccaattaactagaatctggt
ggaaggcaacggaatttcccgtgtagcggtggaatgcatagatatgggaaggaacaccaaaggcgaaggcagttgtctatgccaagattgacgctgaggtgcgaaagtgtggggatcaaatagg 
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>OTU29 
tggggaattttccgcaatgggcgaaagcctgacggagcaatgccgcgtggaggtagaaggcccacgggtcgtgaacttcttttcccggagaagaagcaatgacggtatctggggaataagcatcggctaactctgtgccagcagccgcggt
aatacagaggatgcaagcgttatccggaatgattgggcgtaaagcgtctgtaggtggctttttaagtccgccgtcaaatcccagggctcaaccctggacaggcggtggaaactaccaagctggagtacggtaggggcagagggaatttccg
gtggagcggtgaaatgcgtagagatcggaaagaacaccaacggcgaaagcactctgctgggccgacactgacactgagagacgaaagctaggggagcgaatggg 
>OTU111 
tggggaatattggacaatgggcgcaagcctgatccagccataccgcgtgggtgaagaaggccttcgggttgtaaagcccttttgttgggaaagaaatccagctggctaatacccggttgggatgacggtacccaaagaataagcaccggct
aacttcgtgccagcagccgcggtaatacgaagggtgcaagcgttactcggaattactgggcgtaaagcgtgcgtaggtggttcgttaagtctgatgtgaaagccctgggctcaacctgggaattgcattggatactggcgggctagagtgcgg
tagaggatggcggaattcccggtgtagcagtgaaatgcgtagagatcgggaggaacatctgtggcgaaggcggccatctggaccagcactgacactgaggcacgaaagcgtggggagcaaacagg 
>OTU101 
ttacattagctaagaaataagatatcaatcaacaggctcacagatagaatgatagaccgtcacccttacagtttctacatagacatggaatgaatatagagctaacattttttctctgaatcacagtgattcctaccacagccttatacactcacc
ggccacttt 
>OTU91 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagttgtgaggaaggcggtgtagttaatagctgcatcgtttgacgttagcgacagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggtttgttaagtcagatgtgaaagcccggggctcaacctcggaactgcatttgaaactggcagactagagtactg
tagaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccggtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU19 
tgaggaatcttccacaatgggggcaaccctgatggagcaacgccgcgtgcaggatgaaggccttcgggttgtaaactgcttttatgagtgaagaatatgacggtaactcatgaataagcaccggctaactacgtgccagcagccgcggtcat
acgtagggtgcaagcattatccggagtgactgggcgtaaagagttgcgtaggcggttagttaagtgaatagtgaaacctggtggctcaaccatacagactattattcaaactggctaactcgagagtggtagaggtaactggaatttcttgtgt
aggagtgaaatccgtagatataagaaggaacaccaatggcgtaggcaggttactggaccatttctgacgctaaggcacgaaagcgtggggagcgaaccgg 
>OTU59 
ccaagaatattccgcaatgggggaaaccctgacggagcgacactgcgtgaatgatgaaggccttcgggttgtaaagttcttttataagggaagaataagttagagaggaaatgctttaatgatgacggtaccttatgaataagtcccggctaa
ttacgtgccagcagccgcggtaatacgtaagggacgagcgttattcggaattactgggcgtaaagggcgtgtaggcggttaattaggctgagtgttaaagactggggctcaacttcagaagggcattcagaaccaattaactagaatctggt
ggaaggcaacggaatttcccgtgtagcggtggaatgcatagatatgggaaggaacaccaaaggcgaaggcagttgtctatgccaagattgacgctgaggtgcgaaagtgtggggatcaaatagg 
>OTU264 
cggcaaggagaggcacagatcaaacagcaagcagcgaggaagacaggagagaggggagaggcagagttaagcaggtcggtggagaaggagtaggcggaaagcacggcagaagacagcttcccggcttccagacaatcattcagca
atcatcagaaacgaagagaccagagacaaagagaaagataaaggtgaaagaagcacaatgggtagatagtgcttctgatgagaccagaacgtgagcactccaagttactgtgcgaactctgatgcctctcttctgctttcttgattttctttg
agaactccggtcagggaaactcctattcatgcagtaaggtcaagggagaagcagcc 
>OTU16 
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tggggaatattgcacaatgggcgcaagcctgatgcagcaacgccgcgtgagtgatgaaggctttcgggtcgtaaaactctgtcctaagggaagataatgacggtaccttaggaggaagccccggctaactacgtgccagcagccgcggtaa
tacgtagggggcaagcgttatccggaattactgggcgtaaagggtgcgtaggtggcctgacaagtcaggggtcaaaggcaacggctcaaccgttgtaagcccttgaaactgtcgggcttgagttcaggagaggaaagcggaattcctagtg
tagcggtgaaatgcgtagatattaggaggaacaccagtggcgaaggcggctttctggactgatactgacactgaggcacgaaagcgtggggagcaaacagg 
>OTU14 
tggggaatattggacaatgggcgaaagcctgatccagcaatgccgcgtgagtgatgaaggccttagggttgtaaagctcttttacccgggatgataatgacagtaccgggagaataagctccggctaactccgtgccagcagccgcggtaat
acggagggagctagcgttgttcggaattactgggcgtaaagcgcacgtaggcggctttgtaagtcagaggtgaaagcctggagctcaactccagaactgcctttgagactgcatcgcttgaatccaggagaggtgagtggaattccgagtgt
agaggtgaaattcgtagatattcggaagaacaccagtggcgaaggcggctcactggactggtattgacgctgaggtgcgaaagcgtggggagcaaacagg 
>OTU450 
cacggaagaagtataacctgttgcaggacagcagcactagtgacagtgagctcacgtgcgactccagcaccagctcttctgaggacgaagacgatgacacttcaggcgggagcaagacaatcaagacggatatttcaggtaatggccaat
gtacactacacatgcttgtaacacggtaataccactgtccaccctctagttgtaaccacttcccatatcattgacaacaatgatatgtggtaacaagaacttctaggttatttgatagt 
>OTU151 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagttgtgaggaaggtggtgtcgttaatagcggcatcatttgacgttagcaacagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggtttgttaagtcagatgtgaaagccctgggctcaacctaggaatcgcatttgaaactgacaagctagagtactg
tagaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccggtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU71 
tggggaatcttggacaatgggcgaaagcccgatccagcaatatcgcgtgagtgaagaagggcaatgccgcttgtaaagctctttcgtcgagtgcgcgatcatgacaggactcgaggaagaagccccggctaactccgtgccagcagccgc
ggtaagacggggggggcaagtgttcttcggaatgactgggcgtaaagggcacgtaggcggtgaatcgggttgaaagtgaaagccgccaaaaactggcggaatgctctcgaaaccaattcacttgagtgagacagaggagagtggaatttc
gtgtgtaggggtgaaatccggagatctacgaaggaacgccaaaagcgaaggcagctctctgggtccctaccgacgctgaggtgcgaaagcatggggagcgaacagg 
>OTU30 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagttgtgaggaaggtggtgtcgttaatagcggcatcatttgacgttagcaacagaagaagcaccggcta
actccgtgccagcagccgcggtaatacggagggtgcgagcgttaatcggaattactgggcgtaaagcgcatgcaggtggtttgttaagtcagatgtgaaagcccggggctcaacctcggaactgcatttgaaactggcagactagagtactg
tagaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccggtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU13 
tggggaatattggacaatgggcgcaagcctgatccagccatgccgcgtgagtgatgaaggccctagggttgtaaagctctttcaccggtgaagataatgacggtaaccggagaagaagccccggctaacttcgtgccagcagccgcggtaa
tacgaagggggctagcgttgttcggatttactgggcgtaaagcgcacgtaggcggactattaagtcaggggtgaaatcccggggctcaaccccggaactgcctttgatactggtagtcttgagttcgagagaggtgagtggaattccgagtgt
agaggtgaaattcgtagatattcggaggaacaccagtggcgaaggcggctcactggctcgatactgacgctgaggtgcgaaagcgtggggagcaaacagg 
>OTU466 
tggggaatattgcacaatgggggaaaccctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagtagggaggaaaggttgtaagttaataccttgcagctgtgacgttacctacagaagaaggaccggcta
actccgtgccagcagccgcggtaatacggagggtccaagcgttaatcggaattactgggcgtaaagcgtgcgcaggcggtttgttaagcgagatgtgaaagccctgggctcaacctaggaatagcatttcgaactggcgaactagagtcttg
tagaggggggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccggtggcgaaggcggccccctggacaaagactgacgctcatgcacgaaagcgtggggagcaaacagg 
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>OTU205 
tggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtactttcagtagggaggaaggtggttaagttaataccttaatcatttgacgttacctacagaagaagcaccggctaa
ctccgtgccagcagccgcggtaatacggagggtgcaagcgttaatcggaattactgggcgtaaagcgcatgcaggtggtttgttaagtcagatgtgaaagccctgggctcaacctaggaattgcatttgaaactgacaagctagagtactgta
gaggggggtagaatttcaggtgtagcggtgaaatgcgtagagatctgaaggaataccggtggcgaaggcggccccctggacagatactgacactcagatgcgaaagcgtggggagcaaacagg 
>OTU5 
taaggaatattggtcaatggacggaagtctgaaccagccatgccgcgtgaaggaagaaggtcttctggattgtaaacttcttttattaaggaaaaaaggatggttatcgaatcattttgatggtacttaaggaataagcaccggctaactccgt
gccagcagccgcggtaatacggagggtgcgagcgttatccggatttactgggtttaaagggtgcgtaggtggatatataagtttggggtgaaatgtcagagcttaactttgagattgccttggatactgtatatcttgaatatagtagggataac
tggaatatgtcaagtagcggtaaaatgcatagatatgacatagaacaccgatagtgaagacgagttattggactatgattgacactgaggcacgaaagcgtgggtagcgaacagg 
>OTU206 
tggggaatattggacaatgggggcaaccctgatccagccatgccgcgtgtgtgaagaaggccttttggttgtaaagcactttaagcagggaggagaggctaatggttaatacccattagattagacgttacctgcagaataagcaccggcta
actctgtgccagcagccgcggtaatacagagggtgcgagcgttaatcggaattactgggcgtaaagcgagtgtaggtggctcattaagtcacatgtgaaatccccgggcttaacctgggaactgcatgtgatactggtggtgctagaatatgt
gagagggaagtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccgatggcgaaggcagcttcctggcataatattgacactgagattcgaaagcgtgggtagcaaacagg 
>OTU308 
tggggaatattgcacaatgggggaaaccctgatgcagccatgccgcgtgtgtgaagaaggccttcgggttgtaaagcactttcagtagggaggaaagggtgagtcttaatacggctcatctgtgacgttacctacagaagaaggaccggcta
actccgtgccagcagccgcggtaatacggagggtccaagcgttaatcggaattactgggcgtaaagcgtgcgcaggcggtttgttaagcgagatgtgaaagccccgggctcaacctgggaattgcatttcgaactggcaaactagagtcttg
tagaggggggtagaattccaggtgtagcggtgaaatgcgtagagatctggaggaataccggtggcgaaggcggccccctggacaaagactgacgctcaggcacgaaagcgtggggagcaaacagg 
>OTU45 
tggggaatattgcacaatgggcgcaagcctgatgcagcaacgccgcgtgagggatgacggccttcgggttgtaaacctcttttagtagggaagaagcgaaagtgacggtacctgcagaaaaagcaccggctaactacgtgccagcagccg
cggtaatacgtagggtgcaagcgttgtccggaattattgggcgtaaagagctcgtaggcggtttgtcgcgtctgctgtgaaatcccgaggctcaacctcgggcctgcagtgggtacgggcaaactagagtgtggtaggggagattggaactcc
tggtgtagcggtggaatgcgcagatatcaggaagaacaccgatggcgaaggcagatctctgggccattactgacgctgaggagcgaaagcgtggggagcgaacagg 
>OTU1047 
aagcaaagtaggaaaataaatcacgtgtttgtagaaacacccttatctgatgctcttgtacagcaaaactgctggagacattttctcttcttccaaatctttaaagttgggtc 
>OTU864 
acagctcgctttatgaagtccaggaggagcactaacaggttcatgatacaatcgcttggtaaccatgactgggggatttagcataaaaggaaaacaggctgttgcattgtgaaatactgttgtgcctccacagagcagctctcttcttaagcta
gtg 
>OTU7 
tggggaatattgcacaatggacggaagtctgatgcagcaacgccgcgtggaggatgacacatttcggtgcgtaaactccttttataggtcaagataatgacggtagcctatgaataagcgtcggctaactccgtgccagcagccgcggtaat
acggaggacgcaagcgttactcggaatcactgggcgtaaagagcgtgtaggcgggtagataagtcagaagtgaaatcctatagcttaactatagaactgcttttgaaactgtatacctagagtgtgggagaggtagatggaatttctggtgta
ggggtaaaatccgtagagatcagaaggaataccgattgcgaaggcgatttactggaacacaactgacgctgagacgcgaaagcgtggggagcaaacagg 
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>OTU656 
tggggaattttggacaatgggggcaaccctgatccagcaatgccgcgtgtgtgaagaaggccttcgggttgtaaagcacttttgtccggaaagaaatcgcacttactaatattaggtgtggatgacggtaccggaagaataaggaccggcta
actacgtgccagcagccgcggtaatacgtagggtccaagcgttaatcggaattactgggcgtaaagcgtgcgcaggcggttatgtaagacagatgtgaaatccccgggctcaacctgggaactgcatttgtgactgcatggctagagtacgg
tagagggggatggaattccgcgtgtagcagtgaaatgcgtagatatgcggaggaacaccgatggcgaaggcaatcccctggacctgtactgacgctcatgcacgaaagcgtggggagcaaacagg 
>OTU620 
tggggaattttggacaatgggggcaaccctgatccagcaatgccgcgtgtgtgaagaaggccttcgggttgtaaagcacttttgtccggaaagaaatcgcacttactaatattaggtgtggatgacggtaccggaagaataaggaccggcta
actacgtgccagcagccgcggtaatacgtagggtccaagcgttaatcggaattactgggcgtaaagcgtgcgcaggcggttcggaaagaaagatgtgaaatcccagggcttaaccttggaacggcatttttaactaccgggctagagtgtgt
cagaggggggtggaattccgcgtgtagcagtgaaatgcgtagatatgcggaggaacaccgatggcgaaggcagccccctgggataacactgacgctcatgcacgaaagcgtggggagcaaacagg 
>OTU21 
tggggaatattggacaatgggcgcaagcctgatccagccataccgcgtgggtgaagaaggccttcgggttgtaaagcccttttgttgggaaagaaatccagctggctaatacccggttgggatgacggtacccaaagaataagcaccggct
aacttcgtgccagcagccgcggtaatacgaagggtgcaagcgttactcggaattactgggcgtaaagcgtgcgtaggtggtcgtttaagtccgttgtgaaagccctgggctcaacctgggaactgcagtggatactgggcgactagagtgtg
gtagagggtagcggaattcctggtgtagcagtgaaatgcgtagagatcaggaggaacatccatggcgaaggcagctacctggaccaacactgacactgaggcacgaaagcgtggggagcaaacagg 
>OTU10 
tgaggaatattggacaatgggtggaagcctgatccagccatcccgcgtgtaggaagacggccctatgggttgtaaactacttttatctggggataaacctacttacgtgtaagtagctgaaggtaccagatgaataagcaccggctaactccg
tgccagcagccgcggtaatacggagggtgcaagcgttatccggatttattgggtttaaagggtccgtaggcggactgataagtcagtggtgaaatccgacagcttaactgtcgaactgccattgatactgttagtcttgagtaaggttgaagtg
gctggaataagtagtgtagcggtgaaatgcatagatattacttagaacaccaattgcgaaggcaggtcactaagtcttaactgacgctgatggacgaaagcgtggggagcgaacagg 
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Figure S1. Basic peak chromatogram of metabolomics data 
Positive mode (above); negative mode (below) 
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Figure S2. TTX content in gut environment of T. ocellatus at different 
sampling days 
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