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Chapter 1. General Introduction 

 

In maintaining a sustainable ecosystem in this period of global warming, the development of key 

technologies for renewable energy sources has become an important challenge. Bioethanol, 

bio-higher alcohol and biohydrogen, produced from various carbohydrates present in terrestrial 

plants, are potentially important renewable energy sources using well controlled microbial energy 

conversion metabolism (Ingram et al., 1987; Ohta et al., 1991; Dien et al., 2003; Stephanopoulos, 

2007; Atsumi et al., 2008; Atsumi et al., 2010; Lee et al., 2010; Dürre and Richard, 2011; Geddes et 

al., 2011). Biofuel production, however, involves a paradox in the energy-food conflict, so we need 

to find alternative fermentation substrates and unique microbes for the development of 

food-uncompetitive biofuel production for use in the future. 

 

In the meantime, successful constructions of metabolically engineered Escherichia coli and 

Sphingomonas sp. implemented with homo-ethanologenic pathways have been achieved (Takeda et 

al., 2011; Wargacki et al., 2012). In both strains, alginate degradation and utilization are the key 

metabolic pathways in bioethanol production using fast growing kelp as feed stocks. Kelp is 

cultured and/or harvested not only as a food crop but also for industrial purposes such as 

polysaccharide production, especially in Asian countries such as Japan and China, and also in Chile 

(McHugh, 2003). In 2014, the global annual production of kelp reached to 7.6 million tonnes wet 

weight (ww) (Fig. 1.1). Kelp is not a staple crop, and used as animal feeds, agricultural fertilizers, 

and sources of polymers. The industrial utilization rate of the kelp is only 30% (dry weight (dw)), 

the major products are algin, mannitol and iodine, and about 60% of the kelp components (such as  
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sodium alginate, dietary fiber) still cannot be utilized and discharged as waste (Tang, 2003). 

According to FAO data, China is responsible for 80 % of globally farmed kelp in 2002. In particular, 

kelp production was 62.2 tonnes ww in 1952 but by 1958 it had dramatically increased over 10000 

tonnes ww (Jin et al., 2009). From the 1960s to the 1980s, the development of the algin production 

sector further pushed Chinese kelp farming to a higher level, and by 2000 Chinese production had 

reached over 4 million tonnes/yr ww. As kelp grows very quickly, traditional kelp aquaculture 

could easily be refined to adapt to energy-aimed cultivation systems, recently called “The Energy 

Line” (Stokstad, 2012). However, E. coli and Sphingomonas do not naturally occur in marine 

environments and are incapable of showing their best fermentation performance in saline 

environments using kelp as feedstock. We need to find more suitable microbes to improve 

performance in biofuel production from seaweed feedstock under marine conditions (Hidaka and 

Sakai, 1968).  

 

Alginate (alginic acid) is a major carbohydrate contained in kelp ranging from 20% to 40% (dw) 

(Takeda et al., 2011). The carbohydrate is liner polysaccharide, composed of 1-4 linked 

β-D-mannuronic acid (M) and the C-5 epimer α-L-guluronic acid (G) as the unit structures, and 

generally divided into three types, polyM block, polyG block and MG random block (Gacesa, 1988; 

Gacesa, 1992; Wong et al., 2000). To date, the degradation of alginate has been characterized in 

some microorganisms. In the microorganisms, alginate lyase catalyzes the depolymerization of 

alginate into metabolizable units via a β-elimination reaction (Gacesa, 1992; Wong et al., 2000; 

Ochiai et al., 2006; Zhu and Yin, 2015). From the mode of degradation of alginate, alginate lyase 

can be classified as endotype alginate lyase or exotype alginate lyase. Alginate lyase also can be 
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further classified into polyG and polyM specific lyases that can degrade each block of alginate, 

respectively. A unique alginate lyase with broad substrate specificity from Pseudoalteromonas 

elyakovii has also been described (Sawabe et al., 1997). In most bacteria, oligomers are further 

degraded into unsaturated monomers by exotype alginate lyase often described as oligoalginate 

lyase (Gacesa, 1992; Wong et al., 2000; Yamasaki et al., 2004; Kim et al., 2012a; Kim et al., 

2012b). Surprisingly, a bacterium possessing a super channel on the cell surface, Sphingomonas sp. 

A1, which could assimilate insoluble alginate macromolecule using alginate binding proteins and 

ATP-binding cassette transporters has also been reported (Takeda et al., 2011). In both cases, 

alginate and/or alginate oligomers are converted into unsaturated uronic acids, and further 

metabolized to 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH) by alginate lyase. After that, 

DEH was converted into 2-keto-3-deoxy-D-gluconate (KDG) using dehydrogenases, which is 

further phosphorylated by a carbohydrate kinase into 2-keto-3-deoxy-phosohogluconate (KDGP). 

Afterword, through the Entner-Doudoroff pathway the KDGP can be directly assimilated and 

further converted into ethanol (Takeda et al., 2011). Through the pathway in alginate metabolism, 

excess one molecule of ATP is generated but no excess reducing equivalents are produced, which 

means alginate if used as a single substrate is not a suitable, but necessary, substrate for ethanol 

production (Takeda et al., 2011; Wargacki et al., 2012; Trinh et al., 2008). Therefore, to enable 

alginate catabolism, a counterbalance to the excess-reducing equivalents must be preconditioned. 

 

Vibrios are a large group containing marine facultative anaerobic bacteria (Farmer et al., 2005). The 

bacteria are widespread in marine environments, but one of the major habitats is in the gut of marine 

fish/shellfish. Among marine fish/shellfish species, there are a huge variety of kelp (or other 
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seaweed) eating animals. We expected the presence of unique marine bacteria which can ferment 

seaweed carbohydrates in the digestive system (gut) of such herbivorous marine animals 

(Hehemann et al., 2010). In fact, Vibrio halioticoli and related species have been isolated from 

Haliotis abalone (Gastropoda) as a newly described alginate degrading vibrio (Sawabe et al., 1998; 

Sawabe et al., 2003; Sawabe, 2006). The bacterium shows degradation of alginate, anaerobically 

produced acid from glucose without gas, Na
+
 requirement, oxidase-positive, and non-motile. From 

the description of Sawabe et al. (2013), this bacterium has been placed in the Halioticoli clade with 

nine other Vibrio species (Sawabe et al., 2004, 2007a and 2013). The bacterial species of the 

Halioticoli clade are regarded as possible symbionts that have relationships with the host 

herbivorous animals in the digestion and conversion of alginate to short chain fatty acids (Sawabe et 

al., 2004, Sawabe, 2006). More recently, the V. halioticoli cell has been used to create a new 

biocatalyst implemented with Production of Ethanol cassette (PET operon) and the engineered 

vibrio actually produced ethanol from alginate (Inohara, 2014). The pathway implemented by the 

PET operon can save reducing equivalents to forward in production of ethanol. To improve the 

biocatalysts in producing bioethanol more efficiently, the detailed metabolic pathway of alginate 

and the gene expression controls of such genes in the bacterium should be elucidated. 

 

The advent of whole genome sequence provided a more efficient way to elucidate the detailed 

metabolic pathway and the gene function. Follow with the development of sequencing technical, 

genome sequence allowed the establishment of taxonomic schemes (such as average amino acid 

identity, supertrees, genome-to-genome distance, and the Karlin signature) (Amaral et al., 2014). 

Along with additional tools, they can comprehensively analyze and classify thousands of genomes. 
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These new tools have led to new understandings of genetic relationships better than the 16S rRNA 

gene only approximates (Land et al., 2015). Not only this, these also help us to gain a better 

understanding of the ecology of these microbes rather than the classic phenotypic characterization 

using time-consuming laborious wet laboratory tests. It is important to obtain phenotypic 

information based on whole genome sequences (Sim et al., 2012). 

 

In this study, the alginate loving bacterium, V. halioticoli IAM 14596
T
, was used to investigate the 

alginate metabolic pathway. To achieve this aim, whole genome sequencing was performed and 

genome wide mining of genes responsible for alginate degradation was conducted. 
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Chapter 2. Whole genome sequencing and analysis of Vibrio halioticoli IAM 14596
T
 

 

ABSTRACT 

In this chapter, the complete genome sequence of alginate loving Vibrio halioticoli IAM 14596
T
 is 

determined. The larger (Chromosome 1 (Chr. 1)) and smaller (Chromosome 2 (Chr. 2)) circular 

chromosomes comprised of 2,785,698 bp and 1,098,310 bp, respectively. In addition to these two 

chromosomes, one plasmid comprised 244,363 bp. The 21 kb identical region was found between 

Chr. 2 and the plasmid. Genes responsible for conjugation were found on this plasmid, and 

suggesting the function as a conjugative plasmid. The average G+C content was 42.9%. Annotation 

results showed a total of 3,602 coding sequences (CDSs), and 75% of these CDSs are annotated. 

The vast majority of recognizable genes are for metabolism (such as carbohydrate, energy, 

nucleotide, amino acid, cofactors and vitamins metabolism), genetic information processing (such 

as translation, replication, and repair) and environmental information processing (such as membrane 

transport, and signal transduction). V. halioticoli possessed genes responsible for three central 

carbohydrate metabolic pathways (EM, PP, and ED), TCA cycle, glyoxylate cycle, and mixed acid 

fermentation pathways. In addition, the variety of transporters, secretion systems, and protein export 

systems were predicted in this chapter. Pathways responsible to utilization of mannitol and alginate 

were also reconstructed. The small chromosome contains more CDSs with unknown functions 

(45% in annotation rate), but Chr. 2 contains many more genes responsible for alginate degradation 

and assimilation. 

 

 



8 

 

INTRODUCTION 

Since the first two successful complete genome analyses of bacteria, biology and biotechnology of 

prokaryotes have dramatically changed due to technical improvements in genome sequence 

technologies and developments of genome wide gene mining tools in silico (Fraser et al., 1995; 

Land et al., 2015). This also contributes to establishing the field of “Bioinformatics”, the 

accumulation of genetic data, and the establishment of public databases. In particular, the 

establishment of nucleotide and protein databases is noteworthy. In 1979, Walter Goad and 

colleagues at the Theoretical Biology and Biophysics Group at Los Alamos National Laboratory 

established the Los Alamos Sequence Database, which led to the creation of the public GenBank in 

1982 (Strasser, 2011). In the early 1990’s this responsibility was awarded to NCBI (The NCBI 

handbook, available on line at http://www.ncbi.nlm.nih.gov/books/NBK21101/). Currently, 

GenBank is the “right-hand man” of gene analysis, and the amount of recorded information is huge 

(Ilene, 2007). GenBank contains publicly available nucleotide sequences for more than 400,000 

organisms and helps in both developing and implementing individual and genome sequence 

submissions and search tools (Benson et al., 2007, 2011 and 2017). The genome sequence data of 

50 bacterial phyla and 11 archaeal phyla are also currently available, nevertheless ca. 90% of 

bacterial genomes have not yet been completed (Land et al., 2015). The advances in genome 

sequence technologies have directed us to spotlight on uncultured organisms, to establish a portable 

classification system of prokaryotic taxa, and finding novel prokaryotic immunity against viruses 

such as the clustered regularly interspaced shot palindromic repeats (CRISPR)-Cas system, to 

elucidate evolution and population genetics of prokaryotes in the aspect of core- and pan-genomes, 

and to open state-of-art strategies in genome-scale metabolic modelling of prokaryotes (Land et al., 
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2015). 

 

Vibrionaceae is a large group of Gram-negative bacteria, possessing a curved-rod shape and sodium 

ion requirement for growth (Gomez-Gil et al., 2014; Holt et al., 1994). It is ubiquitous in aquatic 

environment and can be isolated from both marine and brackish habitats. Several species are 

associated with host-microbe interactions. For example, Vibrio coralliilyticus and Vibrio harveyi 

are marine animal pathogens, Vibrio cholerae, Vibrio parahaemolyticus and Vibrio vulnificus are 

human pathogens, also some species form mutualistic relationships with marine organisms. As a 

versatile metabolism, Vibrionaceae have attracted a lot of attention towards their physiology and 

taxonomy. Vibrionaceae is also a reading bacterial taxon in which genomic taxonomy is applied 

(Thompson et al., 2009). On the basis of the methodology, the species delineation with average 

amino acid identity (ANI), supertrees, genome-to-genome distance, and the Karlin signature 

becomes a clear, standard and portable scheme in bacterial taxonomy (Thompson et al., 2009). 

Genome sequence data is also effective in genus description in Vibrionaceae (Amin et al., 2017). 

Currently, 2,401 vibrio genomes are available in the NCBI genome repository, but only 65% of 

each type strain of the Vibrionaceae species has been sequenced, and only 30 species genomes have 

been completed (https://www.ncbi.nlm.nih.gov/genome/). To push forward the biology of vibrios 

including their biotechnological application, completed genome sequence and information must be 

accumulated, and this could contribute to phenotype prediction on the basis of whole genome 

sequences (Amaral et al., 2014).  

 

V. halioticoli was isolated from the gut of the abalone Haliotis discus hannai (Sawabe et al., 1995; 
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Sawabe et al., 1998; Sawabe et al., 2006). The bacterium has a high native ability to ferment 

mannitol and alginate. The wild type cannot convert alginate to ethanol directly, but the 

metabolically engineered cells with installed PET operon were able to produce ethanol (Inohara, 

2016). The V. halioticoli-like strains are widespread in the gut of abalone living in the word’s 

coastal habitats. Currently 10 species in the Halioticoli clade have been described, including the 

newly described Vibrio ishigakensis (see Chapter 4 in detail), and symbiotic association to the host 

abalone has been considered (Sawabe et al., 2006). Therefore the V. halioticoli is a 

biotechnologically and ecologically important marine bacterium but the complete genome sequence 

has not yet been achieved. In this chapter, to understand the alginate metabolic pathway and related 

metabolic network in this bacterium, I undertook complete genome sequencing of V. halioticoli 

IAM 14596
T
 using Next Generation Sequencer (NGS) including the 3

rd
 generation PacBio 

(Miyamoto et al., 2014). This work enables us to provide a blue print of not only unique 

bacteriological and biochemical features but also seaweed carbohydrate metabolic pathways of V. 

halioticoli IAM 14596
T
.  

 

 

MATERIALS AND METHODS 

Bacterial strains and culture condition 

V. halioticoli IAM 14596
T 

was cultured in ZoBell 2216E agar medium containing 0.5% sodium 

alginate at 20°C (Sawabe et al., 1995). For extraction of genomic DNA, the bacterium was cultured 

in ZoBell 2216E broth without alginate at 25°C with gentle shaking at 130 rpm for 24 h. 
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DNA extraction and genome sequence
 

DNA of this strain was prepared as described by Marmur (1961), with minor modification. The 

bacterial cells were collected by centrifugation (10,000 rpm), and used for DNA extraction. The 

purified DNA showed >1.8 of 260/280 ratio was checked by spectrophotometer (Ultrospec 2000, 

Pharmacia Biotech, USA).  

 

The draft genome sequence of the strain was determined using a 454 FLX Titanium genome 

sequencer with 37x shotgun and 153x pared end sequence coverage, and assembled using Newbler 

software. Finally, the sequence contigs were assembled into eight scaffolds (average scaffold size: 

509,773 bp). Illumina reads were also obtained using HiSeq2000 platform (Illumina, CA, USA) 

based on the standard protocol provided by the manufacture. Some gaps were filled by manual 

Sanger sequencing. The 3
rd

 generation NGS, Pacific Biosciences RSII sequencer (Pacific 

Biosciences, CA, USA) was also used to obtain the long-read sequences of the genome as detailed 

in the procedure previously reported (Kamada et al, 2014; Shimizu et al., 2017). Genome 

sequencings and assembles were performed by Dr. Ogura (Kyusyu Univ., Japan) and Professor 

Toyoda (National Institute of Genetics, Shizuoka, Japan). 

 

Genome annotation 
 

The CDS prediction was performed using MiGAP (http://www.migap.org/; Noguchi et al., 2008) 

and Rapid Annotation System Technology (RAST) server (Aziz et al., 2008). After correcting 

overlapping CDS (selecting lager CDS and removing no blast hit CDS on the opposite strand of 

longer CDS) obtained by two autoannotation methodologies, all available CDSs were searched 
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using BlastP (Altschul et al., 1990) against NR nucleotide database to obtain the top 30 sequences. 

According to the criteria of Blattener et al. (1997), functions were assigned to each CDS; 1) a 

specific physiological role was assigned if most of the hits were for a specific function, but if the 

substrates varied among the hits, the common denominator was assigned to the ORF, 2) if less 

specificity was found among the hits, a general function was assigned to an ORF, and 3) when 

functions of the hit sequences varied and there was no solid agreement even for type of function, or 

when only one sequence was hit, no function was assigned to the query ORF and it was counted 

among the unknowns (or hypothetical). 

 

Genome analysis of Vibrio halioticoli IAM 14596
T
 with the metabolism overview

 

Genome analysis was first performed using RAST server. This server is based on manually curated 

subsystems and subsystem-based protein families that automatically guarantee a high degree of 

assignment consistency (Aziz et al., 2008). The CDSs were also annotated using the pathway 

mapping tool BlastKOALA in the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database 

(http://www.genome.jp/kegg/). BlastKOALA is a recently developed automatic annotation server 

for genome sequences, which perform KO (KEGG Orthology) assignments to characterize 

individual gene functions and reconstruct KEGG pathways, BRITE hierarchies and KEGG modules 

to infer high-level functions of the organism (Kanehisa et al., 2016). The genus prokaryotes were 

used for the search as KEGG GENES database file. The program ExPASy translates (ExPASy 

Bioinformatics Resource Portal) and the implemented protein similarity search tools were used to 

confirm the annotation. Finally, all annotation results from the MiGAP, RAST, BLASTP, and 

KEGG results were unified and checked by eye. 
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Diagnostic phenotypic features 

There are 19 phenotypic characterization features (production of amylase, chitinase, arginine 

dihydrolase, ornithine decarboxylase, and indole, utilization of sucrose, D-gluconate, cellobiose, 

acetate, L-glutamate, D-mannitol, D-glucosamine, fumarate, succinate, D-xylose, L-arabinose, 

citrate and DL-malate, and alginate) that are key phenotypes of V. halioticoli differentiating from 

related species as diagnostic features (Sawabe et al., 1998). Genes responsible for the diagnostic 

features were searched on the basis of KEGG. It clearly shows each biochemical reaction with 

substances, products and enzymes.  

 

 

RESULTS AND DISCUSSION 

Genome features 

Using genome sequences produced by 454 FLX Titanium genome sequencer, eight scaffolds were 

produced. However, even my efforts of gap filling using manual Sanger sequencing, 24 kb 

plasmid-like sequence was only manually closed. On the basis of this knowledge, complete genome 

sequences of V. halioticoli IAM 14596
T
, consisting of two chromosomes (Okada et al., 2005) and 

the plasmid-like structure, were successfully obtained using the PacBio sequencer. After error 

correction using the Illumina short reads, 2,785,698 bp larger (Chr. 1), 1,098,310 bp smaller (Chr. 

2) chromosomes and a 244,363 bp plasmid-like sequences were obtained (Fig. 2.1 and Table 2.1). 

The sequences were also matched to two larger scaffolds assembled using 454 reads which are 

likely to correspond to Chr. 1 and Chr. 2. All Illumina reads were mapped evenly on the 

reconstructed genomes, which also supports the completeness of the genomes (Fig. 2.2). The  
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average guanine-plus-cytosine (G+C) contents of each genome were 43.23%, 42.39%, and 41.18%, 

respectively (Table 2.1), corresponding to the experimentally determined GC moles% (43.1 mol%) 

using high-performance liquid chromatography (HPLC) (Sawabe et al., 1998). I succeeded for the 

first time in obtaining the complete genome sequence of V. halioticoli, and this is the second 

complete genome in Halioticoli clade species followed by V. breoganii FF50 

(NZ_CP016177/NZ_CP016178/NZ_CP016179). 

 

In total 3,602 CDSs were predicted on the genome, which covers 85.8% of the genome (Table 2.1). 

Unfortunately, approximately 25% of the CDSs were annotated as hypothetical proteins, even these 

were conserved in other bacterial species (Table 2.2). Details of the functional categories are 

described below. In total 33 rRNAs were found and all rRNAs were on the Chr. 1 (Table 2.1). A 

total of 8 rRNA operons were likely to be on the genome. In total 30 tRNAs were found, most of 

them were on the Chr. 1, and only one tRNA (TCC, Gly) was on the Chr. 2. 

 

Estimation of replication origins 

To identify the region of replication origin of Ch. 1, the genes and unique sequences required for 

replication of each genome were searched. The replication origin contains several common features 

consisting of chromosome partitioning protein genes, parB (sequence specific DNA binding protein) 

and parA (ATPase), rRNA small subunit 7-methylguanosine methyltransferase gene, gidB, tRNA 

uridine 5-carboxymethylaminomethyl modification enzyme gene, gidA, chromosomal replication 

initiator protein gene, dnaA, and DNA recombination and repair protein gene, recF (Fig. 2.3A) 

(Duigou et al., 2006; Val et al., 2014). Length of the V. halioticoli dnaA gene was 1,374 bp and 
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84.2%, 80.4%, 79.5%, 78.8% and 78.48% nucleotide identity with dnaA genes of V. breoganii 

FF50 (NZ_CP016177/NZ_CP016178/NZ_CP016179), V. scophthalmi VS-12 (NZ_CP016307/ 

NZ_CP016308/NZ_CP016309), V. campbellii ATCC BAA-1116 (NZ009783_CP000789/ 

NZ009874_CP000790/NZ009777_CP000791), V. alginolyticus ATCC 17749 

(NC_022349_CP006718/NC_022359_CP006719/NZ_CP013486), and V. cholerae O1 biovar El 

Tor str. N16961 (NC_002505_AE003852/NC_002506_AE003853/NZ_ CP007636), respectively. 

Typical DnaA box (TTATCCACA) sequences were found downstream and upstream of gidA, and 

downstream of dnaA gene on the V. halioticoli genome (Fig. 2.3A). Positions of the DnaA box were 

likely to be similar in vibrio but the numbers were likely to vary in different species.  

 

To identify the region of replication origin of Ch. 2, the genes and unique sequences required for 

replication of each genome were searched. The replication origin contains several common features 

consisting of chromosome partitioning protein genes, parB and parA, and transcriptional regulator 

protein, rctB gene (Fig. 2.3B) (Duigou et al, 2006; Val et al., 2014). Length of the V. halioticoli 

rctB gene was 1,977 bp and 79.8%, 74.7%, 74.3%, 73.3% and 72.1% nucleotide identity with rctB 

genes of V. breoganii, V. scophthalmi, V. campbellii, V. alginolyticus and V. cholerae, respectively. 

Typical DnaA box (TTATCCACA) sequences were found downstream after parA on the V. 

halioticoli Ch. 2 (Fig. 2.3B). Positions of DnaA box, parB, parA and rctB genes were likely to be 

similar in vibrio but numbers of DnaA box were likely to vary in different species. 

 

Presence of Plasmid-like structure 

A plasmid-like sequence (244,363 bp) was found in V. halioticoli genome. It shows lower G+C 
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content (41.18 %) than other two chromosomes, and encodes 238 CDSs. A gene located on a CDS 

positioned from 101 to 1171 (356 AA, 41028.67 Da) possessed rep-3 Initiator Rep protein domain 

by Pfam search, and was grouped into Winged helix-like DNA-binding domain superfamily, which 

could function as a replication initiation (Fig. 2.3C). DNA box was also located downstream of the 

rep gene (Fig. 2.3C). Compared to plasmid structures which possess similar rep genes, no identical 

structure was found, which means the plasmid was likely to be unique in the strain and/or in the 

species. Tra gene set was found in the plasmid-like structure, which suggests the plasmid might be a 

conjugative plasmid. However, low similarity of the rep gene could provide better identification of 

the incompatibility group of the plasmid-like structure. In previous studies to construct 

GFP-expressed V. halioticoli cells, the R6K plasmid used was successfully transferred to the V. 

halioticoli IAM 14596
T
 cells via conjugation (Dunn et al., 2006; Sawabe et al., 2006). In the aspect 

of incompatibility of plasmids, the V. halioticoli plasmid might not be the IncX type. In fact, the V. 

halioticoli plasmid neither possesses typical core genes set of IncX plasmids consisted of 

pir-bis-par-hns-topB-pilX-actX-taxCA nor failed in silico amplification using taxC targeting IncX 

typing PCR (Johnson et al., 2012; Timothy et al., 2012). A possible Type I-E CRISPR/Cas system 

set consisted of cas3-cse12345-cas1-cas2 with CRISPR loci consisted of two repeats (Koonin et al., 

2017) was also located on the plasmid. No CRISPR/Cas system was found on the Chr. 1 and 2. 

 

Reconstruction of the metabolic pathway 

Among 2,470 CDSs on the V. halioticoli Ch. 1, 1634 CDSs were annotated in BlastKOALA 

approximate to 66.3% (Fig. 2.4 and Table 2.2). Most of the CDSs encode products involved in 

Metabolism (882, 54.0%), and followed by Genetic Information Processing involved with 
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Transcription, Translation, Replication and repair, and Folding, sorting, and degradation (508 CDSs, 

31.1%), followed by Environmental Information Processing involved with Membrane transport and 

Signal transduction (378 CDSs, 23.1%), followed by Cellular Processes involved with Transport 

and catabolism, Cell growth and death and Cellular community (187 CDSs, 11.4%). Next is Human 

Diseases which are involved with Cancers, Immune diseases, Neurodegenerative diseases, 

cardiovascular diseases, Endocrine and metabolic diseases, Infectious diseases and Drug resistance 

(73 CDSs, 4.5%). The last one is Organismal Systems, which are involved with Immune system, 

Endocrine system, Circulatory system, Digestive system, Excretory system, Nervous system, Aging 

and Environmental adaptation (25 CDSs, 1.5%). 

 

For V. halioticoli Ch. 2, among 888 CDSs on this chromosome, 403 CDSs were annotated in 

BlastKOALA corresponding to 45.4% Fig. 2.4 and Table 2.2). Most of the CDSs encode products 

involved in Metabolism (196, 48.6%), and followed by Environmental Information Processing (127 

CDSs, 31.5%), followed by Genetic Information Processing (53 CDSs, 11.2%), followed by 

Cellular Processes (30 CDSs, 7.4%). Next is Human Diseases, (18 CDSs, 4.5%). The last one is 

Organismal Systems (5 CDSs, 1.2%). In contrast with Ch. 1, Ch. 2 showed more percentage of 

CDS encoding products involved in Environmental Information Processing and lower percentages 

of CDS encode products involved in Genetic Information Processing. 

 

For V. halioticoli plasmid, among 244 CDSs on this chromosome, 63 CDSs were annotated in 

BlastKOALA corresponding to 25.8% (Fig. 2.4 and Table 2.2). Most of the CDSs encode products 

involved in Environmental Information Processing (27 CDSs, 42.9%), and followed by Metabolism 
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(17, 27.0%), followed by Genetic Information Processing (5 CDSs, 7.9%). Next is Organismal 

Systems (2 CDSs, 3.2%). The last one is Human Diseases (1 CDSs, 1.6%). In contrast with Ch. 1 

and Ch. 2, this plasmid showed highest percentage of CDS encoding products involved in 

Environmental Information Processing. 

 

Overall metabolic pathways of V. halioticoli were reconstructed using KEGG and BLAST search 

tools (Figs. 2.4 and 2.5). V. halioticoli possessed genes responsible for three central metabolic 

pathways in carbohydrate metabolism; 1) Embden-Meyerhof (EM) pathway, 2) oxidative pentose 

phosphate (PP) pathway, and 3) Entner-Doudoroff (ED) pathway. Tricarboxylic acid (TCA) cycle, 

glyoxylate cycle, and mixed acid fermentation pathways were also reconstructed. CAZyme 

annotation using dbCAN revealed V. halioticoli possessed CDS classified into 32 glycoside 

hydrolase (GH), 26 glycosyltransferase (GT), 20 polysaccharide lyase (PL), 7 carbohydrate esterase 

(CE) and 2 auxiliary activities (AA) in total (Fig. 2.1, and Table 2.3). Among them, CDSs classified 

into 9 GH and 6 PL also possessed carbohydrate-binding module families (CBMs), and total CBMs 

number of 27 were found. The variety of transporters, secretion systems, and protein export systems 

were predicted. 117 types of ABC transporter genes being capable of transport 30 substrates were 

found. There are 7 mineral and organic ion transporters 

(4-Amino-5-hydroxymethyl-2-methylpyrimidine (HMP), glycine betaine, iron (III), molybdate, 

proline, N-formyl-4-amino-5-aminomethyl-2-methylpyrimidine (FAMP), tungstate), 3 

oligosaccharide, polyol, and lipid transporters (maltose, maltodextrin, phospholipid), 4 

monosaccharide transporters (autoinducer, D-xylose, ribose and sn-glycerol-3-phosphate), 8 

phosphate and amino acid transporters (amino acid, arginine, D-methionine, general L-amino acid,  
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ornithine, phosphate, phosphonate and urea), 3 peptide and nickel transporters (cationic peptide, 

microcin C and oliopeptide), 2 metallic cation, iron-siderophore and vitamin B12 transporters (iron 

complex and zine), and 3 ABC-2 and other transporters (heme, lipopolysaccharide and lipoprotein). 

23 types of PTS genes supported utilization of 5 types of substrates (glucose, mannitol, cellobiose, 

L-ascorbate and fructose). Six two-component systems (nitrate, phosphate limitation, osmotic 

upshift K
+
, misfolded protein, quinone electron carriers and nitrogen availability low) were found to 

respond to environmental stimuli (Fig. 2.5) 

 

V. halioticoli also possesses genes responsible for mannitol utilization: mannitol specific 

phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS), which has a role in 

uptake and phosphorylation of mannitol, and a nicotinamide adenine dinucleotide (NADH)-specific 

mannitol l-phosphate dehydrogenase, which catalyzes oxidation of mannitol l-phosphate to fructose 

6-phosphate. The fructose 6-phosphate is further metabolized through the EM pathway. Mannitol 

operon (mtlADR operon) coding mannitol-specific PTS proteins is made up of three genes, 

annotated as mannitol-specific IIABC component, PTS system (MtlA), mannitol-1-phosphate 

5-dehydrogenase (MtlD) and mannitol repressor protein (MtlR).  

 

Identification of a gene responsible for 4-deoxy-L-erythro-hex- 4-enepyranosyluronate (DEH) 

reductase in Sphingomonas sp. strain A-1 revealed that bacteria use the ED pathway in alginate 

metabolism (Preiss and Ashwell, 1962a; 1962b; Takase et al., 2010). Alginate polymer is degraded 

in extracellular by end-type alginate lyase, the resultant alginate oligomers are transported into 

intercellular, and then converted into unsaturated monosaccharide by saccharification process using 
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exo-type oligoalginate lyase, generating DEH. The conversion of DEH and 

2-keto-3-deoxy-D-gluconic acid (KDG) is catalyzed by a nicotinamide adenine dinucleotide 

phosphate (NADPH)-dependent short-chain dehydrogenase (sdr). KDG is phosphorylated by 

ATP-dependent 2-dehydro-3-deoxygluconokinase (kdgK), so the generated 

2-dehydro-3-deoxy-D-gluconate 6-phosphate (KDGP) finally can enter the ED pathway in V. 

halioticoli. All genes responsible to the pathway were found (Fig. 2.6) 

 

A total of 15 candidate genes encoding alginate lyases were found on V. halioticoli (Fig. 2.7). 

Among them, three genes (C1gene1623_S2G4, C1gene875_S2G5 and C2gene58_S4G10) were 

unlikely to be not only located in tandem but also located closely on the related gene responsible for 

alginate utilization. S2G4 was localized on Ch. 1 locus from 1805696-1806688. Before this area, I 

also found some genes respond tight adherence proteins (tad, associated with Flp pilus assembly) 

and Flp pilus assembly proteins (Flp). The gene set of tadG-tadF-tadE-tadD-tadC-tadB-cpaF-tadZ 

and cpaA-pilA-pilA were found from this locus. S2G5 was localized on Ch. 1 locus from 968803 to 

970368. Around this area, genes of tesB, NTPase, HPA2, lysR and beta-lactamase were present. The 

genes of C1gene1920_S2G1, C1gene1919_S2G2 and C1gene1914_S2G3 were localized in a gene 

cluster on Ch. 1 locus from 2150679 to 2160048. Around this area, two genes of PTS-Mtl-EII 

component proteins and araD, ulaD, sguB, kduD, uxaC, tctB and arsB gene were found. In Ch. 2, 

three alginate lyase related genes (C2gene578_S4G1, C2gene580_S4G2 and C2gene581_S4G3) 

constituted a cluster locus from 672876 to 678503, I also found the HPA2, MAGT, pyrC, glpK and 

glgC  genes present around this area.  Interestingly, four genes (C2gene303_S4G4, 

C2gene304_S4G5, C2gene312_S4G8 and C2gene319_S4G9) were localized within a large cluster 
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comprising additional alginate-assimilating genes including two porin (S4G6 and S4G7), aldolase, 

kdgF and kdgK. S4G4 and S4G5 may function as oligoalginate lyase. S4G8 may be an alginate 

lyase, and S4G9 may work as symporter (Fig. 2.7). In addition, a sdr-like gene was found on Ch. 1 

locus from 810324 to 811205. Around this area, there were also presented the genes of ABC 

transporter, aminotransferase, archaeal kinase, tal, dacD, fabF and fabG. However, I totally found 9 

genes which were identified as functional alginate lyases out of 15 gene candidates. Details of gene 

location of alginate lyases and the related metabolism are described below and in the next chapter. 

 

Genotype to Phenotype 

KEGG pathway prediction was also used to diagnose phenotypic features. V. halioticoli shows 

negative reaction of amylase and chitinase, arginine dihydrolase, ornithine decarboxylase, indole 

production, utilization of sucrose, D-gluconate, cellobiose, D-glucronate, γ-aminobutyrate, acetate, 

pyruvate, propinonate, L-glutamate, D-mannitol, D-glucosamine, fumarate, succinate, 

meso-erythritol, D-xylose, L-arabinose, citrate, DL-malate and -aminovarate (Sawabe et al., 1998). 

Most of the negative reactions were supported by the absence of genes responsible for the 

diagnostic features except amylase, chitinase, and indole production, utilization of sucrose, 

D-gluconate, acetate, D-mannitol, fumarate, succinate, D-xylose, L-arabinose, citrate and 

DL-malate (Table 2.4). Nevertheless, I found two -amylase genes and the assimilation gene sets 

(C2gene119, C2gene204) on Chr. 1, but the bacterium showed negative starch degradation (Sawabe 

et al., 1998). Recently, implementation of amylase gene from V. harveryi S20 could enhance the 

degradation and utilization of starch by the bacterium (data not shown). These suggest the 

inactivation or less expression of these amylase genes of V. harveryi S20. I also found the presence  
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of chitinase genes and the related pathway. The status of chitin utilization might be similar to that of 

starch utilization in the bacterium. This may be valuable in testing the implementation of active 

chitinase genes into the bacterium. For indole production, the bacterium possessed complete 

pathway. As non-flagellation is one of the unique features of this bacterium, no genes responsible 

for flagellar assembly were found on the genome (West et al., 1977). 

 

Genome comparison 

V. halioticoli Ch. 1 was similar to that of V. breoganii ZF-55 (comparison score: 546), and followed 

by V. cyclitrophicus 1F273 (comparison score: 496), V. antiquarius Ex25 (comparison score: 438), 

V. tasmaniensis 1F-267 (comparison score: 402), and V. campbellii DS40M4 (comparison score: 

394). Ch. 2 was similar to the genome of V. harveyi ATCC BAA-1116 (comparison score: 523), V. 

coralliilyticus ATCC BAA-450 (comparison score: 445), V. shilonii AK1 (comparison score: 431), 

V. splendidus 12B01 (comparison score: 397) and V. breoganii ZF-55 (comparison score: 395). The 

plasmid was closely similar to Photobacterium profundum SS9 with the comparison score 508. 

 

 

CONCLUSION 

The genome sequence of V. halioticoli IAM 14596
T
 was completely finished using the sequencer 

combination of Sanger, 454 FLX, Illumina, and PacBio. Two chromosomes and one plasmid were 

reconstructed. This genome sequence provides a starting point for the study of this organism's 

phenotype and genotype characteristics. It will be interesting to determine the gene expression 
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patterns that are unique to its function as well as classic phenotypic characterization. Additionally, 

the genomic sequence of V. halioticoli should clearly show the metabolic pathway of this 

prokaryotic organism, and provide important clues to understanding the metabolic and regulatory 

networks that link genes on the two chromosomes. Finally, V. halioticoli clearly possesses each 

gene they worked in utilization of mannitol, alginate, and the other components of marine biomass. 

Cloning and expression of these genes may help us to verify the estimated pathways, and more 

clearly understand the alginate metabolism in the bacterium. 
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Chapter 3. Genome wide mining of genes responsible for alginate metabolic pathway  

of Vibrio halioticoli IAM 14596
T
 

 

ABSTRACT 

A total of 15 alginate lyase gene candidates were found from genome analysis, and 11 of them were 

more likely to be alginate lyase related genes. Among these, three genes, S2G1, S2G4 and S4G8, 

were similar to previously reported alginate lyase genes of Vibrio halioticoli IAM 14569
T
, 

designated as alyVGI and alyVGII. The other genes were newly found alginate lyase gene 

candidates of this bacterium. The family and domain information search revealed seven genes, 

S2G1, S2G3, S2G4, S4G1, S4G2, S4G3, and S4G8, which contained the “Alginate lyase2” domain 

and were classified as PL7. Only the S4G3 gene product contained one of the other domains 

classified as “F5_F8_type_C” domain. The products of three genes, S2G2, S4G4, and S4G5, 

contained a domain classified as the “Alginate lyase” and were grouped into PL17. S4G4 and S4G5 

were also estimated to be dual domain proteins containing the “Hepar_II_III” domain. Another 

more probable alginate lyase gene, S4G10, possessed only the domain “Hepar_II_III”, and was 

classified as PL15. Two genes, S4G6 and S4G7, previously reported as an alginate lyase alyVGIII, 

were further identified as an oligosaccharide specific porin gene, kdgM. S2G5 and S4G9 were 

estimated to be pectin lyase not alginate lyase. The 15 alginate lyase gene candidates were 

successfully cloned into Directional TOPO vector using Lumio technology. Alginate lyase activities 

were discovered from recombinant proteins from 9 alginate lyase gene candidates on the basis of 

plate assay and TBA method; 7 clones, S2G1/pET160, S2G3/pET161, S2G5/pET160, 

S4G1/pET160, S4G2/pET160, S4G3/pET161, and S4G8/pET160/pET161, showed activity in plate 



36 

 

assay, and 2 clones, S2G2/pET161 and S4G10/pET161, showed activity from the cell free extract. 

The optimum expression was also determined using LB broth with and/or without seawater. 

Substrate specificity was tentatively identified using plate assay; S2G1/pET160, S4G1/pET160, 

S4G3/pET161, and S4G8/pET160/pET161 showed polyG specific activities. 

 

 

INTRODUCTION 

Alginate is a linear copolymer widely present in brown algae (Gacesa, 1988). Alginate assimilation 

process is multi-step and complex, in which endo- and exo- type alginate lyases, ABC and/or 

energy independent transporters, and many enzymes in glycolysis are involved (Preiss and Ashwell, 

1962a, b; Takase et al., 2010; Takeda et al., 2011; Wargacki et al., 2012). Alginate lyases are 

classified as a polyM-lyase and polyG-lyase (EC 4.2.2.3 and EC 4.2.2.11) according to their 

cleaving reaction with polyM-rich or polyG-rich block structure of alginates. Additionally, an 

alginate lyase showing broad substrate specificity has also been described (Sawabe et al., 1997). All 

alginate lyases reported are no-ATP dependent and irreversible. Alginate lyases function via the 

endolytic and exolytic β-elimination reaction. Currently known alginate lyases are grouped into PL5, 

PL6, PL7, PL14 (exolytic oligo-alginate specific), PL15 (oligo-specific), PL17, and PL18 (Garron 

and Cygler, 2010; Ochial et al., 2010; Park et al., 2014). We also know PL15, PL17, and PL18 are 

multidomain alginate lyases (Garron and Cygler, 2010; Ochiai et al., 2010; Park et al., 2014; Zhu 

and Yin, 2015). 

 

The major traits of V. halioticoli IAM14596
T
 are non-motile, fermentative, and assimilate alginate. 



37 

 

Bigger growth is observed in a medium containing alginate, showing the cell mass attaching gelling 

clusters of alginate; this gives an idea that the bacterium may possess efficient alginate assimilating 

machinery (Sawabe et al., 2006). Formate-acetate fermentation is also observed in the alginate 

containing medium (Sawabe et al., 2003). To elucidate the alginate assimilating machinery, 

biochemical and molecular biological studies have been conducted (Sugimura et al., 2000). Due to 

difficulties in the purification of the enzymes, however, only limited biochemical and genetic 

information is available; 1) at least 6 alginate lyases were detected in this bacterium using 

isoelectric focusing, and 2) three polyG specific lyase genes were cloned and sequenced (Sugimura 

et al., 2000).  

 

Since Preiss and Ashwell (1962a; 1962b) have detected alginate lyase activity in both the 

accumulation of 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH) and TPNH-linked 

dehydrogenase activity in converting DEH to 2-keto-3-deoxy-D-gluconate (KDG) in 

alginate-induced Pseudomonas sp., an unexpectedly large diversity in alginate assimilation 

machinery and/or biochemical pathways in bacteria have been clarified. The ABC transporter 

specific to intact alginate molecules, and the further metabolic DEH-KDG pathway, which was 

proposed by Preiss and Ashwell (1962a; 1962b), are found in a Sphingomonas bacterium capable of 

assimilating intact alginate (Hashimoto et al., 2004; Takase et al., 2010). Functional shotgun 

screening of Vibrio splendidus 12B01 genomic fosmid library in E. coli reveals that the presence of 

oligoalginate specific porin and symporter, which contribute to create metabolically engineered E. 

coli to show alginate assimilation coupled with ethanol production (Wargacki et al., 2012). 
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In Chapter 2, I succeeded in mapping a complete whole genome of the alginate loving marine 

bacteria for the first time. Such gap-closed circular genomes provide us with a better blueprint in 

how alginate assimilation machinery is established in this bacterium. In this chapter, I performed 

genome wide mining of genes responsible for alginate degradation machinery of the V. halioticoli 

strain using the protein family/domain database (Swiss-Prot/TrEMBL) search and protein 

localization prediction tool, aiming to increase the probability of the alginate lyase gene candidates 

and the expressions of these genes to prove if they are active enzymes or not.  

 

 

MATERIALS AND METHODS 

In silico genome wide gene mining of alginate lyase, and structural and protein localization 

analysis 

Alginate lyase gene candidates were retrieved from the complete genome sequence using In Silico 

Molecular Cloning (ISMC) software (In Silico Biology, Yokohama) with a feature search command. 

Protein structural information was obtained using the blast searching tool (Altschul et al., 1990) in 

the UniProt Knowledgebase (Swiss-Prot+TrEMBL) implemented in the ExPASy Bioinformatics 

Resource Portal (http://expasy.org/). Pfam, SuperFamily, and Gene3D information were mainly 

used for evaluating whether the gene function is categorized into alginate lyase or not. CAZyme 

classification (Cantarel et al, 2009; http://www.cazy.org/) was conducted with the dbCAN HMMs 

using HMMER3 (http://csbl.bmb.uga.edu/dbCAN/) (Yin et al., 2012). The prediction of protein 

localization of these candidate genes was performed using the PSORTB subcellular localization 

prediction tool with the option of Gram-negative bacteria (http://www.psort.org/psortb/) (Yu et al., 
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2010). 

 

Bacterial strains, plasmids, and Media 

V. halioticoli IAM 14596
T 

was cultured in ZoBell 2216E agar and/or broth medium containing 0.5% 

sodium alginate at 20°C. E. coli strains TOP10 and BL21 (DE3) were used for transformation and 

recombinant protein expression, respectively. The recombinant E. coli strains were grown on LB 

agar and/or broth medium containing 100 μg/ml of ampicillin at 37°C. Directional TOPO vectors 

with Lumio technology (Invitrogen, Carlsbad, USA) were used for cloning the candidate genes and 

sequencing; one of these vectors, pET160, is designed for N-terminal His- and Lumio-tag, and the 

other, pET161, is for the C-terminal tags.  

 

For screening positive clones expressing alginate lyase, an alginate lyase activity screening (ALAS) 

agar plate was used (Sugimura et al., 2000). The composition of the medium was 20g LB-broth (BD, 

Franklin Lakes, USA), 15 g agar, 5 g alginates, 100 μg/ml ampicillin, 100 mM IPTG, and 1 L of 50% 

ASW (v/v) in final. Each transformant was spot-inoculated on the ALAS, and incubated at 30°C for 

5 days. After the cultivation, clear zone formation around colonies due to alginate degradation was 

observed after 5 days culture at 30°C by flooding the plate with 99.5% ethanol. Shorter time 

cultivation was also conducted to detect a clone showing strong alginate lyase activity. 

 

Gene manipulations 

Genomic DNA of V. halioticoli IAM 14596
T 

was isolated using Promega Wizard
TM 

genomic DNA 

extraction Kit according to the manufacturer’s instructions. DNA concentration was determined 
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using a spectrophotometer (Ultrospec2000, Pharmacia Biotech, Cambridge, UK). The gene primer 

was designed according to the alginate lyase gene sequencing selected in Table 3.1 using In Silico 

Molecular Cloning software (ISB) (Table 3.2). These oligonucleotide primers were purchased from 

Sigma-Aldrich Japan (Ishikari, Japan).  

 

Gene amplification was performed using a thermal cycling PCR system (GeneAmp PCR System 

9700, ABI, Foster City, USA) with pfu DNA polymerase (Promega, Madison, USA). The pfu DNA 

polymerase reaction mixture consisted of 5 μl pfu DNA polymerase 10 × buffers with MgSO4, 1 μl 

dNTP mix (10mM each), 5-50 pmol forward and reverse primer, 0.5 μg/50 μl DNA template, 1.25 

u/50 μl pfu DNA polymerase (2-3 u/μl), adjusted to a final volume of 50 μl using nuclease-free 

water. The reaction cycling condition was as follows; 96°C for 3 min. for an initial denaturation, 30 

cycles of major PCR step by 96°C, 1 min. 50°C, 1 min. 72°C, 1 to 2.5 min. The extension time was 

set according to 1 kb/min. in each gene of interest. Each amplification product was analyzed by 

agarose gel electrophoresis using a 1.5% agarose gel and TBE buffer system (Sambrook and 

Russell, 2001). Ethidium bromide was added to the gel. After the electrophoresis, stained DNA was 

observed using the Light Capture system (ATTO, Tokyo, Japan) as a fluorescent band. Lamda 

DNA HindIII and EcoRI digestion maker (Promega) were used as a molecular ruler. 

 

Gene cloning and protein expression were performed using Champion
TM 

pET Directional TOPO 

Expression Kits with Lumio
TM 

Technology (Invitrogen) according to the manufacturer’s 

instructions. The target genes were cloned into pET vectors and transferred into competent TOP10 

E. coli cells by heat shock. After the transformation step, recombinant TOP10 E. coli cells were 
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cultured in SOC broth, shaken horizontally (200rpm) at 37°C for 1 hour, then spread on 

pre-warmed LB agar plate and incubated at 37°C overnight. The cloning reaction produced over 

100 colonies, and 10 to 20 colonies were selected for analysis. Then the positive transformant was 

purified twice, and stored at -80°C as glycerol stock. 

 

Each recombinant plasmid was extracted using the Wizard SV Gel and PCR Clean-Up System 

(Promega, Madison, USA). In brief, each clone was cultured in LB broth containing 100 μg/mL 

ampicillin with vigorous shaking at 130 rpm (FMC-100, Eyela, Tokyo), and after overnight culture, 

cells were collected, and the plasmid was extracted using the abovementioned kit. Concentration of 

the plasmid was measured, and the plasmid was stored at -30°C before use. Insert fragment was 

confirmed by PCR with the T7 promoter primer set and gene primer set according to the 

manufacturer’s instructions. The forward primer included the 4 base pair sequences (CACC) 

necessary for directional cloning on the 5’ end. Vector pET160 has the N terminus Lumio tag. 

Reverse primer was set after gene stop codon. Vector pET161 has the C terminus Lumio tag. The 

Reverse primer was set not only before the stop codon but also to contain the entire frame. 

Sequencing was conducted using the BigDye terminator sequencing kit version 3.1 and ABI 

PRISM 3130XL Genetic Analyzer (ABI, Waltham, Massachusetts, USA).  

 

The purified plasmid was transformed into E. coli BL21 (DE3) cells by heat shock procedure 

according to the manufacturer’s instructions. The recombinant BL21 (DE3) E. coli cells were first 

cultured in SOC broth, shaken horizontally (200rpm) at 37°C for 1 hour, and spread on a 

pre-warmed LB agar plate. After incubation at 37°C overnight, 5 colonies were selected for insert 
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verification, and the positive transformant was also purified twice, and stored at -80°C as glycerol 

stock. These transformants were used for the remainder of the tests. 

 

Assay for alginate lyase activity (TBA method) 

Alginate lyase activity was assayed using the thiobarbituric acid (TBA) method. All the 

recombinant BL21 E. coli cells were cultured in 50 ml liquid medium with LB broth or LB broth 

containing 50% (v/v) ASW, 100 mM IPTG and 100 μg/ml ampicillin at 30°C. Incubation time was 

set as 12, 24, 36, 48, and 60h, respectively. After incubation, cell concentration was determined by 

a spectrophotometer at OD600 (Ultrospec2000, Pharmacia Biotech, Cambridge, UK). A total of 

30ml culture was centrifuged (9,605×g, 15min, 4°C). Supernatant was collected and stored at -30°C. 

This fraction was named as supernatant fraction (SF). Cells were washed by centrifugation 

(9,605×g, 5min, 4°C) with 30 ml of 0.1M Tris-HCl buffer (pH 7.5). Then, 100 μl chloroform was 

added to each cell pellet, and then vortexed for 30 seconds. A total of 750 μl of 0.1 M Tris-HCl 

buffer was added to the sample, and then centrifuged (19,283×g, 4°C, 5 min) to prepare cell free 

extracts (CFE). 

 

The reaction mixture for measuring the enzyme activity was composed of 0.1 M Tris-HCl buffer 

(pH 7.5) and 1% sodium alginate in 2.7 ml volume. A total of 10% (v/v) crude enzyme solution (SF 

or CFE) corresponding to 0.3 ml was added to the reaction mixture. A subsample of 0.25 ml 

reaction mixture was taken at each time point (0, 15, 30, 45 min), and then the production of 

4-keto-5-deoxy uronic acid was measured by TBA method in Abs549 (Preiss and Ashwell, 1962a). 

Alginate lyase activity unit (U) was defined as the activity producing 1 μmole β-formylpyruvate 
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equivalent of 4-deoxy-5-keto-uronic acid per 1 minute in the defined reaction conditions using the 

following formula; A549/0.290*0.01(μmole)/0.3(enzyme vol. ml)/time.  

 

 

RESULTS 

Family and domain information of alginate lyase gene candidates 

In addition to the BLAST search information, the protein family, domain and localization 

information were further retrieved using the InterProcan search tool in the Swiss-Prot and 

TrEMBLE protein database. A further in silico search revealed that 11 out of 15 candidates were 

highly likely to be alginate lyases (Table 3.1). On the chromosome 1 gene candidates, genes 

encoding S2G1 (1,059 bp, 532 AA, 38.7 kDa), S2G2 (2,001 bp, 666 AA, 76.3 kDa), S2G3 (1,044bp, 

347 AA, 38.2 kDa), and S2G4 (993 bp, 330 AA, 36.5 kDa) showed above 50% amino acid identity 

against known alginate lyase, and contained an alginate lyase domain. The gene S2G5 (1,566 bp, 

521 AA, 56.4 kDa) shared 39% amino acid identity with a vibrio putative alginate lyase but a pectin 

lyase like domain and was grouped into PL6. On the chromosome 2 genes, genes encoding S4G1 

(972 bp, 323 AA, 35.4 kDa), S4G2 (1,881 bp, 626 AA, 69.9 kDa), S4G3 (1,566 bp, 521 AA, 57.0 

kDa), S4G4 (2,172 bp, 723 AA, 81.2 kDa), S4G5 (2,139 bp, 712 AA, 80.0 kDa), S4G8 (1,017 bp, 

338 AA, 36.7 kDa), S4G9 (1,569 bp, 522 AA, 57.9 kDa) and S4G10 (2,079 bp, 692 AA, 79.0 kDa) 

showed similarity of above 59% amino acid identity, and contained alginate lyase domains. The 

genes, S4G6 (705 bp, 234 AA, 27.0 kDa) and S4G7 (666 bp, 221 AA, 25.7 kDa), were previously 

identified as polyG specific alginate lyases (alyVGIII), but in this analysis these genes shared 75% 

and 100% AA identity against oligogalacturonate specific porin (Table 3.1). The gene S4G9 shared 
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70% AA identity with a vibrio putative alginate lyase but pectin lyase like domain and grouped into 

PL6. 

 

In previous gene cloning experiments, three alginate lyase genes were successfully cloned from V. 

halioticoli IAM 14596
T
 and sequenced (Sugimura et al., 2000). These sequences have been 

deposited in GenBank under accession numbers AF114039 (alyVGI), AF114037 (alyVGII), and 

AF114040 (alyVGIII). These nucleotide sequences were almost identical to the flanking and gene 

coding region of S2G1, S4G8, and S4G7, respectively. In this search result, similar genes were also 

found. Gene S2G1 and S2G4 were similar to alyVGI sharing amino acid identities of 100% and 

57%, respectively. Gene S4G8 shared 97% amino acid identity against alyVGII. As previously 

mentioned, gene S4G6 and S4G7 showed high amino acid identity to alyVGIII, but the 

family/domain database search revealed these genes might be oligosaccharide specific porin, not 

alginate lyase. 

 

In addition, gene S2G2 shared 51% amino acid identity with I8PZ55_YERPE alginate lyase family 

protein from Yersinia pestis PY-96. Gene S2G3 shared 79% identity with A3UR44 _VIBSP 

putative alginate lyase from V. splendidus 12B01. Gene S2G5 shared 39% identity with A3XWI1 

_9VIBR putative alginate lyase from Vibrio sp. MED222. Gene S4G1 shared 99% identity with 

G3LI08 _9BACT alginate lyase (uncultured bacterium). Genes S4G2 and S4G4 shared 59% and 

73% identity with G4WFC4 _9VIBR alginate lyase from Vibrio ‘midae’, respectively. S4G5 shared 

83% identity against G4WFC5_9VIBR Alginate lyase of Vibrio ‘midae’. Gene S4G3 shared 86% 

identity with C4TJD4 _9VIBR alginate lyase from Vibrio sp. A9m. Gene S4G9 shared 70% identity 



47 

 

with A3XWI1_9VIBR putative alginate lyase from Vibrio sp. MED222, and gene S4G10 shared 

87% identity with A6CUW5_9VIBR oligo alginate lyase from V. splendidus 12B01. Most of the 

gene candidates showed sequence similarity with vibrio genes. 

 

Protein family and domain information was finally obtained from four kinds of database; Pfam, 

Superfamily, Gene3D, and CAZyme. Pfam is a widely used database of protein families and 

domains. A total of 16,712 families are included in the latest Pfam 31.0 version. The seed 

alignments are used to build profile hidden Markov models (HMMs) that can be used to search any 

sequence database for homologues in a sensitive and accurate fashion (Finn et al., 2016). 

Superfamily is a database of structural and functional annotation for all proteins and genomes. The 

annotation is based on a collection of hidden Markov models, which represent structural protein 

domains at the SCOP superfamily level. A superfamily groups together domains which have an 

evolutionary relationship. The annotation is produced by scanning protein sequences from over 

2,478 completely sequenced genomes against the hidden Markov models 

(http://supfam.org/SUPERFAMILY/index.html). Gene3D is a data resource based on the CATH 

classification of protein structures on the basis of four major levels in this hierarchy: Class 

(secondary structure composition), Architecture (overall shape), Topology (fold family), and 

Homologous superfamily (http://www.cathdb.info/). Carbohydrate-Active enZymes (CAZymes) 

build and breakdown complex carbohydrates and glycoconjugates for a large body of biological 

roles. The Carbohydrate-Active Enzyme (CAZy) database is a knowledge-based resource 

specializing in these enzymes (Cantrarel et al., 2009); currently, the database contains up to date 

knowledge on 148 GH, 105 GT, 27 PL, 16 CE, 13 AA and 83 CBM 
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(http://www.cazy.org/Home.html at 20th Dec. 2017). Known PLs require an acidic group at subsite 

+1 sugar. Based on the nature of the +1 sugar, the substrates of PLs can be divided into three 

groups: (1) galacturonic acid, (2) glucuronic/iduronic acid, and (3) mannuronate/guluronate. 

Polysaccharides in the first group and includes pectate and pectin, the second group includes 

hyaluronan, chondroitin, chondroitinsulfate (CS), dermatan sulfate (DS), heparin, HS, heparosan, 

glucuronan, and xanthan, and the third group contains alginates. Currently known alginate lyases 

are further grouped into PL5 ((α/α)4incomplete toroid, EC 4.2.2.3), PL6 (β-helix, EC4.2.2.3), PL7 

(β-jelly roll, EC4.2.2.3 & 4.2.2.11), PL14 (EC4.2.2.3 & EC4.2.2.- (exo-oligo), β-jelly roll), PL15 

(EC4.2.2.- (oligo-specific), (α/α)5,6 incomplete troid+antiparallel β-sandwich), PL17 (EC4.2.2.3, α/α 

barrel+β-sandwich), and PL18 (EC4.2.2.3, β-jelly roll) (Garron and Cygler, 2010; Park et al., 2014). 

 

S2G1, S2G3, S2G4, S4G1, S4G2, S4G3, and S4G8 gene products contain the domain classified as 

“Alginate lyase 2” according to the Pfam database (Table 3.1). The domain is frequently found in 

poly(beta-D-mannuronate) lyases. All gene products were classified in the polysaccharide lyase 

family 7 (PL7). PL7 contains both poly(beta-mannuronate) lyase and poly(alpha-glucronate) lyase 

-jelly roll structure, and 1042 bacterial and 8 eukaryotes lyases are found in the database 

(http://www.cazy.org/PL7.html). Interestingly, S4G2 includes dual Alginate lyase 2 domains; there 

are four cases possessing such domain architecture. The S4G3 gene product also includes one of the 

other domains classified as “F5_F8_type_C” domain. The F5/F8 type C domain is known to have a 

role in binding anionic phospholipid forming an amphipathic alpha-helix 

(http://pfam.sanger.ac.uk/family/PF00754). There are 8 sequences with F5_F8_type_C & Alginate 

lyase 2 domains (http://pfam.sanger.ac.uk/family/PF08787#tabview=tab1); Stigmatella aurantiaca 
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(Q094P5 STIAD), Saccahrophagus degradans (Q21HU1 SACD2), Vibrio splendidus 12B01 

(A3UR41 VIBSP), Vibrio sp. A9m (C4TJD4_9VIBR), Pseudoalteromonas sp. CY24 

(D0QMJ7_9GAMM), Vibrio alginolyticus 40B (D0X275_VIBAL), Kribbella flavida 

(D2PLH3_KRIFD), and Geobacillus sp. strain Y412MC10 (D3EHA3_GEOS4). Various vibrios 

possess this type of alginate lyase. 

 

S2G2, S4G4, and S4G5 gene products include the domain classified as “Alginate lyase”. These 

gene products were grouped into PL17. S4G4 and S4G5 were also dual domain proteins containing 

“Hepar_II_III” domain. This family features sequences that are similar to a region of the 

Flavobacterium heparinum proteins heparinase II and heparinase III; the former is known to 

degrade heparin and heparan sulphate, whereas the latter predominantly degrades heparan sulphate 

(Su et al., 1996). There are 114 sequences containing Alginate lyase & Hepar_II_III domain 

architecture in the current Pfam database. I could find the type of genes in bacteria from both 

marine and terrestrial origins. S4G10 included only a domain “Hepar_II_III”. From the Gene3D 

information, gene S2G1, S2G3, S2G4, S4G1, S4G2, S4G3 and S4G8 were classified as Glucanases 

subgroup. Genes, S2G2, S4G4 and S4G5, were classified as Alginate lyase. S2G5 and S4G9 were 

classified as Pectin lyase fold. At here, alginate lyase and alginate lyase2 family pointed to the poly 

(beta-D-mannuronate) lyase, “F5_F8_type_C” domain known as discoidin domain which is 

identified in blood coagulation factors, and “Hepar_II_III” domain was the degradation enzyme for 

heparin and heparan sulphate. 

 

Localization prediction of the alginate lyases in Vibrio halioticoli IAM 14569
T
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As mentioned in the Introduction, the V. halioticoli might possess efficient alginate assimilating 

machinery (Sawabe et al., 2006). So, it is important to know the cellular localization and secretion 

of alginate lyases. I conducted a PsortB protein localization prediction. Five gene products were 

exported extracellularly, and three were expressed in cytoplasm. Three genes could not be identified 

by the localization (Table 3.1, Fig. 2.7).  

 

11 genes were more likely to function as alginate lyase (Table 3.1). At least six types of alginate 

lyases were present in the genome of V. halioticoli; 1) extracellular secreting (or periplasmic) 35-40 

kDa PL7 types (S2G1, S2G3, S2G4, S4G1 and S4G8), 2) a cytoplasmic 80 kDa PL17 type (S2G2), 

3) a cytoplasmic 70 kDa dual domain PL7 (S4G2), 4) an extracellular 57 kDa dual domain alginate 

lyase (S4G3), 5) localization unknown 81 kDa dual domain PL17 type (S4G4 and S4G5), and 6) 

cytoplasmic 79 kDa PL15 type alginate lyases (S4G10) (Fig. 2.6 and 2.7). More interestingly, some 

genes were likely to be arranged in an operonic structure (Fig. 2.7). In particular, genes responsible 

for alginate lyase showing different protein family and localization were likely to be arranged in 

tandem; ex. S2G2 cytoplasmic PL17 and S2G3 extracellular PL7, S4G2 cytoplasmic PL7 and S4G3 

extracellualdual domain enzyme. In a different case, S4G4 and S4G5 sharing 67% nucleotide 

sequence identity were likely to be duplicated. Furthermore, S4G8 extracellular PL7 gene was 

arranged on the same orientation as S4G6 and S4G7 oligosaccharide porin genes. 

 

The decomposition and metabolism of alginate is a very complicated process. First, the 

macromolecular alginate cannot be transported into the cell. This leads to the alginate degradation 

pathway being divided into two parts, the intracellular reaction and extracellular reaction. 
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Undoubtedly, there require two types of alginate lyase. One type was transferred into the outside of 

the cell, the macromolecular alginate was broken down into oligoalginate. Next, the oligoalginate 

was transported into the cell and reacted with the intracellular alginate lyase. Therefore, the 

localization of these two types of alginate lyase was very important in the gene expression analysis, 

especially the extracellular alginate lyase. To date, many kinds of extracellular alginate lyases have 

been reported. This protein always consists of two parts, leader peptide responsible for transport and 

mature protein responsible for catalytic reaction. All this information is recorded in the database 

curated in the PSORT bioinformatics tool. Gene analysis according by PSORT was necessary, but it 

still needs to be validated by activity test. 

 

In chapter two, I showed the genome of V. halioticoli IAM 14596
T
 consists of two chromosomes. 

Genome size are 2.786 Mb for the large chromosome and 1.098 Mb for the small chromosome. In 

contrast with gene function, the number of the alginate lyase genes in large chromosome was 

doubled in the small chromosome. In total 4 and 7 alginate lyase genes were found in chromosome 

1 and 2, respectively. Therefore, it is interesting to investigate further gene expression, protein 

translational control and interaction of these enzymes.  

 

Bioinformatical in silico analysis to estimate gene function is always necessary with experimental 

proof. The real alginate lyase gene must be obtained according to experimental analysis, e.g. protein 

expression test is substantive work. This suggests the idea that the bacterium possesses efficient 

alginate assimilating machinery (Sawabe et al., 2006). 
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Activity screening 

A total of 15 candidate genes previously describe in Table 3.1 were successfully cloned into the 

expression vector pET160 and/or pET161 (Table 3.3). Inserted genes were checked by colony PCR 

in the first step (Fig. 3.1), and subsequently by sequencing (Table 3.3). In colony PCR screening, 

fragment length of amplicon produced by T7 promoter primer set was 346 bp and 371 bp larger 

than those of the original sequence in pET160 and pET161, respectively (Table 3.3). All amplicon 

size was similar to that estimated by sequences (Fig. 3.1). 11 more probable alginate lyase gene 

candidates were cloned; 8 genes, S2G1, S2G4, S2G5, S4G1, S4G2, S4G4, S4G5, and S4G8, were 

cloned into pET160, which means these gene products were N-terminal tag by 6xHis and Lumio tag, 

and 6 genes, S2G2, S2G3, S4G3, S4G8, S4G9, and S4G10, were cloned into pET161, which also 

means these gene products were C-terminal 6xHis and Lumio tags (Table 3.3). It is confirmed that 

both 5’ and 3’ ends of the insert were identical to the original V. halioticoli genome sequence, and 

especially in S2G1, S2G3, S2G4, S4G1, S4G2, S4G3, and S4G8 genes, full length sequence was 

confirmed to be identical (Table 3.3). S2G5 and S4G9 genes, putative pectin lyase gene, were also 

cloned into pET160 and pET161, respectively, and both ends of the inserted sequences were 

identical. The S4G6 and S4G7 genes, putative KdgM gene encoding oligosaccharide porin, were 

cloned into pET161 and pET160, respectively, and the sequences were confirmed to be identical to 

original V. halioticoli sequences (Table 3.3).  

 

The alginate lyase activity of each clone was tested by plate assay (Fig. 3.2). Apparent activity was 

observed in S2G1/pET160, S2G3/pET161, S2G5/pET160, S4G1/pET160, S4G2/pET160, 

S4G3/pET161, S4G8/pET160, and S4G8/pET161 (Fig. 3.3), of which gene product might be 
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extracellular secreting alginate lyases. No activity on the plate was observed in S2G2/pET161, 

S2G4/pET160, S4G4/pET160, S4G5/pET160, S4G6/pET161, S4G7/pET160, S4G9/pET161 and 

S4G10/pET161. 

 

Moreover, a substrate specificity of each gene product was determined on the plate containing not 

only sodium alginate but also polyG (FG=0.769, FM=0.237, FGG=0.858, FMM=0.32) and polyM 

(FG=0.128, FM=0.872, FGG=0.170, FMM=0.914) substrates (Fig. 3.3). S2G1/pET160, S4G1/pET160, 

S4G3/pET161, and S4G8/pET160 showed polyG specific activities (Fig. 3.3B). S2G3/pET161 and 

S4G2/pET160 might be polyG specific, but there were no polyM activities. S2G5/pET160 

specificity has not been determined yet.  

 

Measurement of alginate lyase activity in cell free extract and culture supernatant of the 

clones 

A total of 7 alginate lyase gene products showed alginate lyase activity on the plate, meaning these 

gene products might be secreted proteins. As cytoplasmic and periplasmic alginate lyases were also 

predicted by bioinformatic tools described in Table 3.1, I tried to measure intracellular alginate 

lyase activity from the cell free extract of clones of interest.  

 

Before the detecting the alginate lyase activity, the time to get maximum alginate lyase activity was 

determined using S2G1/pET160 and S4G10/pET161 as representative clones of extracellular and 

intracellular enzymes, respectively (Table 3.1, Fig. 3.4). These 2 clones were cultured in LB+50% 

ASW, and then prepared using SF and CFE at 12-hour intervals. In S2G1/pET160, alginate lyase 
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activity was detected in SF from 12 hour-culture cells, and the activity increased up to 0.00035 

U/mg protein at 48 hour-cultured cells. But faint activity was detected from CFE. On the other hand, 

while the activity of S4G10/pET161 was detected from CFE culture after 12 hours, and the activity 

peaked at 36 hours; the activity of SF was faint. 

 

Results of activity measurements are summarized in Table 3.4. Alginate lyase activity in CFE was 

also detected from S2G2/pET161 (0.000101559 U/mg). Unfortunately, no activity was detected 

from S4G4/pET160 and S4G5/pET160, which are encoding multidomain enzymes. In a total of 9 

genes alginate lyase were detected; 7 were extracellular, and 2 were intracellular. These activity 

localizations matched the PsortB prediction results (Table 3.4). Interestingly, S2G5/pET160 showed 

alginate degrading activity (Fig. 3.2); although this gene was grouped into pectin lyase like family 

and PL6, and possessed a pectin lyase fold.  

 

Among the extracellular enzymes, the zone diameter of clones S2G1, S2G3, S2G5, S4G1, S4G2, 

S4G3, and S4G8 were different. They ranged from 1.26 cm (S2G1) to 2.27 cm (S2G3) (Table 3.4). 

 

 

DISCUSSION 

Even in the periods when computation science and bioinformatics are rapidly expanding, nearly 

50% of the prokaryotic gene functions cannot be identified by in silico analysis alone. Alginate 

lyases are core enzymes in the alginate metabolism of V. halioticoli, and have important links to the 

metabolic design of “Alginate to Biofuel” in the bacterial cells. In this study, I determined the more 
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probable alginate lyase genes using tools which predict protein families and domains of the gene 

products, and protein localization. A total of 11 genes are found to be more likely to be alginate 

lyase genes (Table 3.1). Two other genes (S4G6 and S4G7) are oligosaccharide specific porin genes, 

and the other 2 genes are protein containing PL6 type pectin lyase folds. The actual function of the 

gene products, however, must be determined to help us understand the whole picture of alginate 

metabolism in the bacterium. 

 

Not only the 11 more probable alginate lyase genes but also the other 4 genes were successfully 

cloned in E. coli using Lumio expression vectors. Among the 11 genes, 9 gene products showed 

alginate degrading properties (Table 3.5); 7 identified as extracellular proteins, and 2 were as 

intercellular. It is interesting to note that the S2G4 gene product, which showed 57% amino acid 

identity with alyVGI (and the gene S2G1), did not show any alginate degradation activity.  

 

Tentative molecular phylogenetic analysis among bacterial PL7 genes may show 1) possible 

common ancestry among S2G1, S2G3 and S2G4, and 2) convergence between S2G1 related genes 

and S4G8 (Fig. 3.5). To analyze whether the S2G4 gene might be a pseudogene or to have evolved 

into a new gene, three dimensional models of S2G1 and S2G4 gene products were also predicted by 

the Phyre 2 program (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (Kelley and 

Sternberg, 2009). Fortunately, 72% of S2G1 residues were modelled showing >90% confidence 

using three PL7 alginate lyases (d1uaia, c2z42A, and d1vava) as templates and 68% of S2G4 

residues were also modelled with 100% confidence using the same structural data as templates. 

Both models indicated both gene products contained β-sandwich with a deep cleft, which is 
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common structure observed in PL7 alginate lyases (Ogura et al., 2008) (Fig. 3.6). Surprisingly, 

superimposed modelling among S2G1, S2G4 and Sphingomonas A1-II’ enzymes also showed 

similar three dimensional structures (Fig. 3.6). According to the secondary and three dimensional 

structure comparisons by Yamasaki et al. (2004) and Ogura et al. (2008), two mutations in S2G4, 

R150H and Y278H (A1-II’ numbering), were found in near regions of the possible catalytic 

residues predicted in the Sphingomonas A1-II’. Further characterization of the gene products and 

structure-function analysis will give new insights into how much alginate lyase genes have diverged. 

A very high activity was detected from the S2G1 clone, but not in the S2G4, which showed the V. 

halioticoli cell is the naturally evolving gene pool of alginate lyases.  

 

From the clear zone diameter and protein specific activity, the activity localization of each alginate 

lyase appeared to be similar compared with the PSORT gene analysis (Table 3.4). The accuracy of 

forecasting is higher than 90%. Four possible extracellular proteins and two possible intracellular 

proteins displayed the same results as the prediction. This improves the feasibility of further 

experiments according to gene analysis. Furthermore, many reference materials could be obtained 

and could contribute to a deeper understanding of the protein-protein interaction and the mode of 

action. In fact, interesting alginate secretion machinery interacting with alginate synthetic Alg 

proteins and alginate lyase, AlgL, was recently proposed in a mucoid strain of P. aeruginosa (Jain 

and Ohman, 2005) 

 

Finally, I concluded that V. halioticoli possesses at least five types of functional alginate lyases; 1) 

extracellular secreting (or periplasmic) 35-40 kDa PL7 types (S2G1, S2G3, S4G1 and S4G8), 2) a 
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cytoplasmic 80 kDa PL17 type (S2G2), 3) a cytoplasmic 70 kDa dual domain PL7 (S4G2), 4) an 

extracellular 57 kDa dual domain (PL7 and CBM32) alginate lyase (S4G3), and 5) cytoplasmic 79 

kDa PL15 type alginate lyases (S4G10) (Table. 3.1). The extracellular functional alginate lyases 

were polyG specific. Unfortunately, the activities of localization unknown 81 kDa dual domain 

PL17 type (S4G4 and S4G5) failed. Further biochemical studies for each enzyme are necessary. 

 

Gene S2G5 is a special case; low gene similarity and unidentified hypothetical localization cannot 

resolve the contribution in the alginate degradation in silico, but now I understood the gene product 

is alginate lyase extracellular secreted by the expression studies. Genes S2G3 and S4G2 may be 

new alginate lyases as yet unidentified in the V. halioticoli cells. Actual functions of S4G6 and 

S4G7 will also be studied further due to the successful cloning and the expression in this study. In 

the future, they all will become the subject of more research. 

 

 

CONCLUSION 

Here, I further describe the alginate metabolic pathway in V. halioticoli IAM 14596
T
 strain using 

whole genome analysis (chapter 2) and gene cloning, expression (in this chapter) results (Fig. 2.7). 

As a unique alginolytic marine bacterium, at least 11 activity genes were worded in the first step of 

alginate degradation (until unsaturated uronic acid) in this bacterium. When the strain growth on 

medium with alginate, the cell will produce a type of extracellular enzyme (S2G1, S2G5, S4G1, 

S4G2, S4G3 and S4G8). This enzyme is first transported to outside of cell, and functions in cutting 

the large molecule alginate to oligoalginate. Small molecule oligoalginate could be carried and 
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transported into periplasmic through the porin protein (S4G6 and S4G7). In periplasmic, the 

oligoalginate was degraded once more using periplasmic alginate lyase (S2G3). Associated 

consumption of one unit ATP, the smaller molecule oligoalginate could be transported into the cell 

using symporter (predict as S4G9), and all alginate lyase could be directly responsible for this 

oligoalginate. Under the activity of oligoalginate lyase (S2G2 and S4G10), oligoalginate was 

degraded twice to unsaturated uronic acid, then 4-deoxy-L-erythro-5-hexoseulose uronic acid 

(DEH), After that, DEH was converted into 2-keto-3-deoxy-D-gluconate (KDG) using 

dehydrogenases, which is further phosphorylated by a carbohydrate kinase into 

2-keto-3-deoxy-phosohogluconate (KDGP). Then, KDGP was converted into pyruvate using 

aldolase. More recently, Inohara (2014) solved the problem of key gene absence (ADH and PDC). 

The V. halioticoli cell is used to create a new biocatalyst implemented with Production of Ethanol 

(PET) operon and the engineered vibrio actually produces ethanol from alginate. In the next stage, 

efficiency is the key word. The gene expression controls are necessary. In the most direct, feature 

comparison was performed for Halioticoli clade species.  
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Chapter 4. Vibrio ishigakensis sp. nov., in Halioticoli clade isolated from seawater in Okinawa 

coral reef area, Japan 

 

ABSTRACT 

Five novel strains showing non-motile, alginolytic, halophilic and fermentative features were 

isolated from seawater samples off Okinawa in coral reef areas. These strains were characterized by 

an advanced polyphasic taxonomy including genome based taxonomy using multilocus sequence 

analysis (MLSA) and in silico DNA-DNA similarity (in silico DDH). Phylogenetic analyses on the 

basis of 16S rRNA gene sequences revealed that the isolates could be assigned to the genus Vibrio, 

however they were not allocated into any distinct cluster with known Vibrionaceae species. MLSA 

based on eight protein-coding genes (gapA, gyrB, ftsZ, mreB, pyrH, recA, rpoA, and topA) showed 

the vibrios formed an outskirt branch of Halioticoli clade. The experimental DNA-DNA 

hybridization data revealed that the five strains were in the range of being defined as conspecific but 

separate from nine Halioticoli clade species. The G+C contents of the V. ishigakensis strains were 

47.3-49.1 mol%. Both Amino Acid Identity and Average Nucleotide Identity of the strain C1
T
 

against V. ezurae HDS1-1
T
, V. gallicus HT2-1

T
, V. halioticoli IAM 14596

T
, V. neonatus 

HDD3-1
T
and V. superstes G3-29

T
showed less than 95% similarity. The genome-based taxonomic 

approach by means of in silico DDH values also supports the V. ishigakensis strains being distinct 

from the other known Halioticoli clade species. Sixteen traits (growth temperature range, DNase 

and lipase production, indole production, and assimilation of 10 carbon compounds) distinguished 

these strains from Halioticoli clade species. The name V. ishigakensis sp. nov. is proposed for the 

species of Halioticoli clade, with C1
T
 as the type strain (JCM 19231

T
=LMG 28703

T
).  
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INTRODUCTION 

The genus Vibrio is a large group of bacteria isolated from marine, brackish and human origins 

showing Gram-negative and sodium ion requirement for growth (Gomez-Gil, 2003). These bacteria 

are associated with host-microbe interactions in the marine ecosystem including fish/shellfish 

pathogenicity (Austin and Zhang, 2006), symbiosis with marine organisms (Ruby, 1996; Ruby et al., 

2005), and make a significant contribution to nutrient cycles by mediating organic matter 

decomposition. Strains of the genus Vibrio also show versatile metabolism ability. They are capable 

of degrading and assimilating complex organic matters such as polysaccharides both under aerobic 

and anaerobic conditions (Thompson and Polz., 2006). In addition to that, Vibrionaceae have 

attracted a lot of attention due to its physiological and genomic plasticity. The number of known 

species showing gas production, nitrogen fixation, phototrophy, and non-motility is also increasing 

(Thompson et al., 2006). So far, more than 100 Vibrio species have been described. Their 

phenotypic and molecular data show that they are highly heterogeneous (Thompson et al., 2001).  

 

The multilocus sequence analysis (MLSA) technique has greatly improved the taxonomy of vibrios. 

It has high levels of discriminatory capability and assigns many existing species to specific groups 

(Sawabe et al., 2013). Currently 25 vibrio clades including the Salinivibiro-Grimontia-Enterovibrio 

super-clade are proposed (Al-saari et al., 2015; Sawabe et al., 2013). The clade Halioticoli consists 

at present of seven species namely V. ezurae, V. gallicus, V. halioticoli, V. neonatus, V. inusitatus, 

V. breoganii and V. superstes. Also, V. comitans and V. rarus were named as possible Halioticoli 

clade members (Sawabe et al., 2007b). All species except V. breoganii were isolated from gut of 

abalone, and V. breoganii was isolated from the cultured clams Ruditapes philippinarum and R. 
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decussatus (Sawabe et al., 2013). They are alginolytic, non-motile due to lack of flagellation and 

fermentative examples of marine bacteria. Abalone isolates of Halioticoli clade are regarded as 

possible symbionts that have relationship with the host herbivorous animals in the digestion and 

conversion of alginate to short chain fatty acids (Sawabe et al., 2003). 

 

In this study, five alginolytic vibrio strains phylogenetically related to Halioticoli clade were 

isolated from seawater samples collected from a coral reef are a near Ishigaki Island, Okinawa, 

Japan. These bacteria were distinguished from other known vibrio species on the basis of advanced 

polyphasic taxonomy which integrate the analysis of genomic, phenotypic, genotypic, and 

phylogenetic, and belong to Halioticoli clade. Interestingly, this report described a new species in 

Halioticoli clade isolated from seawaters without association of host marine life, and these bacteria 

might hold important clues to elucidate the evolutionary history of Halioticoli clade strains. 

Genomic, phenotypic, and systematic features are provided here to propose these strains as V. 

ishigakensis sp. nov.  

 

 

MATERIALS AND METHODS 

Bacterial strains 

Five strains, C1
T
, C5, C64, C212, and C216, were isolated from seawater samples in the Ishigaki 

Island coral reef area, Okinawa, Japan. Strains C1
T
 and C5 were collected from Taketomi Island 

(24°20.5260' N, 124°05.6443' E), C64 from Miyara outer reef (24°20.5489' N, 124°13.0408' E), and 

C212 and C216 were collected from the Sekisei outer reef (24°21.7557' N, 124°02.7190' E). The 
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seawater samples were taken at a depth of 4 m while SCUBA diving. No specific permissions were 

required for the seawater sampling activities in these locations. All isolates were first cultured on 

thiosulphate-citrate-bile-sucrose (TCBS) medium (Nissui Pharmacy, Tokyo, Japan) and later 

purified on ZoBell 2216E agar medium at 25°C. The strains were stored at -80°Cwith 10% 

glycerol-supplemented broth.  

 

Phylogenetic analysis based on a 16S rRNA gene 

The amplification primers used corresponded to positions 25 to 1521 in the Escherichia coli 

sequence to produce a 1.5 kb PCR product. The sequences were aligned with an aligned data set 

obtained from the Association of Vibrio Biologists (AViB) website 

(http://www2.ioc.fiocruz.br/vibrio/AVib/AVib.html) using the Clustal X program (Larkin et al., 

2007). Finally, 1400 bp 16S rRNA gene segment of 141 Vibrionaceae species was used to 

reconstruct the phylogenetic tree using MEGA programs ver. 6.06 (Tamura et al., 2013). For Fig. 

4.1, the phylogenetic tree was reconstructed using three methods: neighbor-joining (NJ) (Saitou and 

Nei, 1987), maximum parsimony (MP) and maximum likelihood (ML) (Swofford, 1992) methods 

with E. coli K-12 as the outgroup. Evolutionary distances of NJ were corrected using the 

Jukes-Cantor method.  

 

Multilocus sequence analysis (MLSA)   

MLSA was conducted in the same manner as in Sawabe et al. (2007b, 2013). Finally, eight 

protein-coding genes (gapA, gyrB, ftsZ, mreB, pyrH, recA, rpoA, and topA) of the candidate strains 

were analyzed. Bacterial DNA of all the strains used for PCR was extracted using the Promega 
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Wizard Genomic DNA extraction system according to the protocol provided by the manufacturer 

(Promega, Madison, WI). Eight protein-coding genes of V. ishigakensis strains were amplified 

using primer sets reported previously using the following PCR steps (Table 4.1); the initial 

denaturation step consisted of heating the reaction mixture at 96°C for 120 s, and thermal profiles 

consisted of 30 cycles of denaturation at 96°C for 60 s, annealing at 50°C (or 55°C for mreB 

amplification using a mreB-985R primer) for 60 s and extension at 72°C for 120 s. The PCR 

products were analyzed on a 1.5% agarose gel with a molecular weight standard. The PCR products 

which produced a single band on agarose gels were purified for sequencing using a Wizard SV Gel 

and PCR clean-up system (Promega). Then 50 ng of DNA template was directly sequenced using 

the BigDye terminator sequencing kit (v.3.1) with an Applied Biosystems model 3130x automated 

sequencer. 

 

Determination of moles percent G+C content and DNA-DNA hybridizations 

DNAs of all strains were prepared as described by Marmur (1961), with minor modification. Mole 

percent G+C contents of DNA were determined using high-performance liquid chromatography 

(HPLC) (Tamaoka and Komagata, 1984). DNA-DNA hybridization experiments were performed as 

described by Sawabe et al. (1998) using a fluorometric direct binding method in microdilution wells 

(Ezaki et al., 1988). Briefly, DNAs of V. ishigakensis strain C1
T
 V. agarivorans CETC 5085

T
 and V. 

hangzhouensis JCM 15146
T
 were labeled with photobiotin (Vector Laboratories, Inc., Burlingame, 

CA). Unlabeled single-stranded DNA from target strains were immobilized in microdilution wells 

(Immuron 200, FIA/LIA plate, black type, Greiner labotechnik, Germany), then 20 ng of labeled 

DNA was added to each microdilution well and the hybridization was performed under optimal 
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conditions following pre-hybridization. Formamide concentration in the hybridization mixture was 

determined according to Meinkoth-Wahl (Meinkoth and Wahl, 1984). The hybridization of the 

biotinylated DNA to immobilized DNAs was performed under optimal conditions following 

pre-hybridization and detected using fluorometry after binding streptavid in-β-galactosidase to the 

labeled DNA. 4-Methylumbelliferyl-β-D-galactopyranoside (6 x 10
-4

 M; Wako, Osaka, Japan) was 

added to each well as fluorogenic substrate for β-galactosidase and incubated at 30°C. Then, 

fluorescence intensity of each well was measured using a microplate reader (Infinite 200, Tecan, 

city, country) at wavelength of 360 nm for excitation and 450 nm for emission. DNA-DNA 

homology was calculated according to Ezaki et al. (1988 and 1989). 

 

Genome sequencing and in silico DNA-DNA similarity calculation 

Draft genome sequences of strain C1
T
, C5 and C216 was obtained using the Ion Torrent PGM 

platform. The genome sequences were assembled using Newbler ver. 2.8 producing 260, 56 and 33 

contigs, respectively. The sequence was deposited in the DDBJ/GenBank/EMBL public database 

under accession numbers described below. 

 

General genome features were determined using the Rapid Annotations Using Subsystems 

Technology (The RAST server version 4.0) (Aziz et al., 2008). In silico DDH values were 

estimated to V. ezurae HDS1-1
T
, V. gallicus HT2-1

T
, V. halioticoli IAM14596

T
, V. neonates 

HDD3-1
T
 and V. superstes G3-29

T 
(deposited under the Bioproject number PRJDB2474) using the 

Genome-to-Genome Distance Calculator with strain C1
T
, C5, and C216 as reference (GGDC 2.0) 

(Meier-Kolthoff et al., 2013). This online tool infers genome-to-genome distances between pairs of 
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entirely or partially sequenced genomes. Intergenomic distances are employed for wet-lab DDH 

prediction. Briefly, genome pairs are aligned with BLAST+ (Camacho et al., 2009) to generate a set 

of high-scoring segment pairs (HSPs). The information they contained (e.g., the total number of 

identical base pairs) was transformed into a distance value by the best-fit formula, according to 

(Meier-Kolthoff et al., 2013). DDH prediction from intergenomic distance, including confidence 

intervals, was provided by a tested generalized linear model (GLM) (Nelder and Wedderburn, 

1972), with log transformation (Meier-Kolthoff et al., 2013). Amino Acid Identity (AAI) and 

Average Nucleotide Identity (ANI) were calculated according to Konstantinidis and Tiedje (2005) 

and Thompson et al. (2013) respectively, on the same strains used for in silico DDH. 

 

Phenotypic characterization and genome based phenotypes 

All strains were cultured on ZoBell 2216E agar medium (Oppenheimer and Zobell, 1952) and the 

phenotypic characteristics were determined as described previously under the same conditions 

(Baumann and Schubert, 1984; Gomez-Gil, 2003 and Gomez-Gil et al., 2014; Leifson, 1963; Ostle 

and Holt, 1982; Thompson et al., 2015). Alginate lyase activity was determined using ZoBell 

2216E agar medium with 0.5% alginate (Sugimura et al., 2000). Phenotypic features were also 

obtained directly from the whole genome sequences by automatically searching the database 

comparisons of the genes that define the metabolic pathways of each diagnostic feature and their 

regulatory genes. The method was described by Amaral et al. (2014).  

 

Nucleotide sequence accession number 

The genome sequences were deposited at DDBJ/EMBL/GenBank under the accession numbers 
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BBRZ01000001-260, BBSA01000001-56, and BBSC01000001-33 for V. ishigakensis C1
T
 (JCM 

19231), C5 (JCM 19232), and C216 (JCM 19241), respectively. 

 

The five protein-coding gene (topA, mreB, ftsZ, gapA and gyrB) sequences of Vibrio breoganii 

LMG 23858
T
 obtained by Sanger sequencing were deposited to GenBank under KU990865, 

KU990866, KU990867, KU990868, and KU990869, respectively. 

 

The 16S rRNA gene sequences of C1
T
, C5, C64, C212 and C216 obtained by Sanger sequencing 

were deposited to GenBank under KP790249, KP790250, KP790251, KP790253, and KP790254, 

respectively.  

 

 

RESULTS AND DISCUSSION 

The broad phylogenetic analyses based on 16S rRNA gene sequences of 141 Vibrionaceae species 

clearly showed that these new strains belong to the genus Vibrio. Among the strains of V. 

ishigakensis C1
T
, C5, C64, C212, and C216, they showed high levels of 16S rRNA gene sequence 

similarities ranging from 99.6 to 99.9%. These V. ishigakensis strains formed a robust cluster. V. 

hangzhouensis JCM 15146
T
 and V. agarivorans CECT 5085

T
 were related neighbors (Fig. 4.1). 

However, similarities to V. hangzhouensis JCM 15146
T
 and V. agarivorans CECT 5085

T
 were 97.7% 

and 97.4%, respectively. These similarities are below the most recent threshold for the species 

boundary (Kita-Tsukamoto et al., 1993). MLSA was further performed to infer which clades strains 

of V. ishigakensis C1
T
, C5, C64, C212, and C216 belong using eight protein-coding genes (Sawabe 
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et al., 2007b). V. ishigakensis strains formed a robust subclade sharing a common ancestry with the 

previously known Halioticoli clade species (Sawabe et al., 2013). The similarity of concatenated 

sequences of the eight MLSA genes between V. ishigakensis and the other Halioticoli clade species 

were 82.0±1.6%. 

 

We further determined the level of genomic cohesion among the Halioticoli clade species in vitro 

and in silico. The DNA G+C content of these novel strains are 47.3, 49.0, 49.1, 48.8 and 47.4 for V. 

ishigakensis C1
T
, C5, C64, C212, and C216, respectively. These moles percentages fall within the 

acceptable range for inclusion in genus Vibrio (Gomez-Gil et al., 2014), i.e. 38 to 54% and 

supported by initial phenotypic and phylogenetic analyses. Experimental DNA-DNA hybridization 

(DDH) results showed that five strains of V. ishigakensis C1
T
, C5, C64, C212, and C216 were 

conspecific with >70% DDH values (Table 4.2). Using C1
T
 strain as a labeled strain, the DDH 

values against V. agarivorans CECT 5085
T
, V. breoganii LMG 23858

T
, V. comitans LMG 23416

T
, 

V. ezurae HDS1-1
T
, V. gallicus HT2-1

T
, V. halioticoli IAM 14596

T
, V. hangzhouensis JCM 15146

T
, 

V. inusitatus RW14
T
, V. neonatus HDD3-1

T
, V. rarus RW22

T
, and V. superstes G3-29

T
, were 18%, 

18%, 16%, 14%, 15%, 21%, 13%, 14%, 15%,12%, and 16%, respectively. DDH with V. 

agarivorans CECT 5085
T
 and V. hangzhouensis JCM 15146

T
 as labeled strains revealed 13% and 

10% DDH values against to V. ishigakensis C1
T
 strain.  

 

Genome comparison supported the conspecificity of V. ishigakensis strains and the allospecificity 

against Halioticoli clade species. Available draft genome sequences of V. ishigakensis C1
T
, C5, and 

C216, V. ezurae HDS1-1
T
, V. gallicus HT2-1

T
, V. halioticoli IAM 14596

T
, V. neonates HDD3-1

T
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and V. superstes G3-29
T
 were used to provide a more robust argument over their novelty using in 

silico DDH, AAI, and ANI (Table 4.3). In silico DDH (%) values (Formula 2, recommended) of 

C1
T
 against V. ezurae HDS1-1

T
, V. gallicus HT2-1

T
, V. halioticoli IAM 14596

T
, V. neonatus 

HDD3-1
T
and V. superstes G3-29

T
 were 28.1 ± 2.4%, 28.6 ± 2.4%, 27.8 ± 2.4%, 28.1 ± 2.4% and 

28.8 ± 2.4%, respectively. The in silico DDH estimator performed three kinds of calculations 

(Formula 1 to 3). These interspecific in silico DDH values were unlikely to vary. However, 

interspecific in silico DDH values among V. ishigakensis strains calculated by the Formula 2 

seemed to be lower (60-65%) than those calculated using the other formulae (ca. 85%) (data not 

shown). We still do not know the reason why the estimates showed such variation, however, 

experimental DDH provided strong evidence that five V. ishigakensis strains were conspecific. 

Similarly, separate analysis on the AAI and ANI revealed the distant relatedness of C1
T
 against V. 

ezurae HDS1-1
T
, V. gallicus HT2-1

T
, V. halioticoli IAM 14596

T
, V. neonates HDD3-1

T
 and V. 

superstes G3-29
T
 with less than 95% similarity (Table 4.3). These values are below the threshold 

for species designation and do not fall into the range of conspecific species defined by having >5% 

mol G+C difference of the genomic DNA, <70% DDH similarity, <95% AAI and ANI against 

closely related species (Barton, 2005; Thompson et al., 2009 and 2013). The experiments with 

combination of phylogenetic analyses (Fig. 4.1 and 4.2) showed that strains C1
T
, C5, C64, C212, 

and C216 should be recognized as a new species.  

 

Interestingly, the V. ishigakensis strains are likely to share a common ancestry with Halioticoli 

clade species on the basis of the concatenated sequences of eight MLSA genes. In fact, all strains of 

V. ishigakensis possessed alginate lyase activity, and were non-motile (Sawabe et al., 2013). Table 



80 

 

 

  



81 

 

 

  



82 

 

4.4 shows a comparative analysis of phenotypic and biochemical features of novel strains against 

the type strains. A total of 16 traits distinguished these V. ishigakensis strains from other Halioticoli 

clade species (Sawabe et al., 1998). They grow at temperatures between 20 to 40°C and the 

optimum growth temperature was 30°C, which is one of the key features in differentiating them 

from other species in Halioticoli clade. This growth temperature shift (up to 40°C) observed in V. 

ishigakensis sp. nov. might reflect their adaptation to subtropical coral reef ecosystems. The V. 

ishigakensis strains tested positive for production of lipase and DNase, and were able to assimilate 

D-mannose, D-galactose, sucrose, trehalose, and cellobiose, and tested negative for indole 

production and assimilation of D-gluconate, D-sorbitol, melibiose, lactose and pyruvate, which are 

also the key differentiating features in carbon assimilations among Halioticoli clade species (Table 

4.4). It is noted that the phenotypic profiles of each V. ishigakensis strain were almost identical 

except for some variables in amylase production, nitrate reduction, and assimilation of 

D-glucuronate, γ-aminobutyrate, meso-erythritol, D-xylose and DL-malate. In addition, the gene 

coding for the major diagnostic phenotypes of the novel species such as fermentation of D-mannitol, 

maltose and sucrose were detected in the genome sequences of V. ishigakensis strain C1
T
 (Amaral 

et al., 2014). A genome-based taxonomy allows the determination of species-specific phenotypes in 

silico (Thompson et al., 2015). Positive results in amylase production and negative results in nitrate 

reduction were observed in V. ishigakensis C1
T
 and are also unique clues in differentiating it from 

the other Halioticoli clade species (Table 4.4). 
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CONCLUSION 

In conclusion, to justify V. ishigakensis sp. nov. as a new species of vibrio, 16S rRNA gene and 

MLSA on the basis of 8 protein-coding gene sequence phylogenies as strong selective measure had 

grouped the strains into the genus Vibrio and distinguished them as different from any known 

Vibrio spp. Despite showing similar alginolytic activity, the strains differed from V. halioticoli IAM 

14596
T
 and their other closest relatives. Further genomic analyses including DNA G+C content, 

DDH, MLSA, genomic sequencing, in silico DDH, AAI and ANI of the strain C1
T
 provided 

definitive results that V. ishigakensis is the newest member of Vibrionaceae. Comparative data on 

the basis of phenotypic characters also placed them in the genus Vibrio and simultaneously supports 

their novelty (Table 4.5). The phenotypic features of V. ishigakensis C1
T
 can be retrieved directly 

from its genome sequence. V. ishigakensis sp. nov. is the first Halioticoli clade species not 

associated with marine invertebrate hosts isolated from coral reef seawater. It is also interesting to 

compare the genome construction between V. ishigakensis and the other Halioticoli clade species in 

the aspects of the unique ecophysiology of V. ishigakensis, e.g. adaptation to subtropical marine 

environments and ecological transition between free-ling and fecal-enteric habitat (Macián et al., 

2004). 
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Chapter 5. General Discussion 

 

The development of key technologies for renewable energy sources has become an important 

challenge in the era in establishing “Sustainable Society”. Renewable energies such as bioethanol, 

bio-higher alcohol and biohydrogen, are produced from various carbohydrates present in terrestrial 

plants using well controlled microbial energy conversion metabolism. However, biofuel production, 

involves a paradox in the energy-food conflict. o we need to find alternative fermentation substrates 

and unique microbes for the development of food-uncompetitive biofuel production for use in the 

future (Ingram et al., 1987; Ohta et al., 1991; Dien et al., 2003; Stephanopoulos, 2007; Atsumi et al., 

2008; Atsumi et al., 2010; Lee et al., 2010; Dürre and Richard, 2011; Geddes et al., 2011). The 

challenges also could support to achieve some of goals, “Zero Hunger”, “Affordable and Clean 

Energy”, and “Climate Action”, setting as the Sustainable Development Goals (SDGs) 

(http://www.undp.org/content/undp/en/home/sustainable-development-goals.html). 

 

As the next-generation feedstock, marine macroalgae have emerged as a viable option (Stokstad, 

2012). It can be used to produce biofuel or precursors, but there are still many difficulties. Seaweed 

contains a variety of unique carbohydrates. The carbohydrates are used for human consumptions 

(McHugh, 2003). Among them, alginate is a major component of brown macroalgae, and we now 

know the oxidized carbohydrate is resistant to biofuel conversion, but it is succeeded in some 

bacteria form terrestrial sources such as E. coli and Sphingomonas sp. (Takeda et al., 2011; 

Wargacki et al. 2012). However, we still do not have many successes using marine microbes. 
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V. halioticoli IAM14596
T 

was isolated from the gut of the abalone Haliotis discus hannai (Sawabe 

et al., 1995; Sawabe et al., 1998; Sawabe et al., 2006). The bacterium has a high native ability to 

ferment mannitol and alginate. The wild type cannot convert alginate to ethanol directly, but the 

metabolically engineered cells with installed PET operon were able to produce ethanol (Inohara, 

2016). The V. halioticoli-like strains are widespread in the gut of abalone, and currently 10 species 

in the Halioticoli clade have been described, including the newly described Vibrio ishigakensis and 

symbiotic association to the host abalone has been considered (Sawabe et al., 2006). Therefore the 

V. halioticoli is a biotechnologically and ecologically important marine bacterium but the complete 

genome sequence has not yet been achieved. To improve the biocatalysts in producing bioethanol 

more efficiently and to know how symbiotic association has been established between host abalone 

and the bacteria, the detailed metabolic pathway of alginate and the gene expression controls of 

such genes in the bacterium should be elucidated. 

 

To understand the detail alginate metabolic pathway in V. halioticoli, the technical improvements in 

genome sequence technologies and developments of genome wide gene mining tools in silico 

(Fraser et al., 1995; Land et al., 2015) give us many effective means. In this study, I undertook 

complete genome sequencing of V. halioticoli IAM 14596
T
 using Next Generation Sequencer 

(NGS) including the 3
rd 

generation PacBio (Miyamoto et al., 2014). And then, genome wide mining 

of genes responsible for alginate degradation was conducted, and the expression of the candidate 

genes was attempted. 
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Using a sequencer combination of Sanger, 454 FLX, Illumina, and PacBio, the genome sequence of 

V. halioticoli IAM 14596
T
 was completed. On the basis of this work, two chromosomes and one 

plasmid were obtained. It consisted of 2,785,698 bp of larger chromosome (Chr. 1), 1,098,310 bp of 

smaller chromosomes (Chr. 2) and 244,363 bp of plasmid with G+C contents of 43.23%, 42.39%, 

and 41.18%, respectively. This GC content estimated by the complete genome sequence also 

showed closer value with the experimentally determination by HPLC. However, this is the first time 

in obtaining the complete genome sequence of V. halioticoli, and the second complete genome in 

Halioticoli clade species followed by V. breoganii FF50. 

 

In total 3,602 CDSs, 33 rRNAs and 30 tRNAs were predicted and covered more than 85% of the 

genome. The annotation rate is approximately 75%. I also identified, the replication origins of each 

chromosome by confirming presences of typical genes and unique sequences required for 

replication origins such as “parB, parA, gidB, gidA, dnaA, recF genes and DnaA box” and “parB, 

parA, rctB genes and DnaA box” on the Chr. 1 and Chr. 2, respectively. Fortunately, as a 

rep-3replication initiation protein gene with Dna box is found in the 3
rd

 reconstructed genome, I 

decided that it could be functioned to be a plasmid. On the plasmid, as set of genes for conjugation 

and possible Type I-E CRISPR/Cas system set consisted of cas3-cse12345-cas1-cas2 with CRISPR 

loci is found, which means the plasmid also could function to be a conjugative plasmid. A 21,277 

bp identical region is also found in both Chr. 2 (position 516756-538033) and the plasmid (position 

5028-26305), which may show the plasmid could be integrated in the V. halioticoli genome.  
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Among 3,602 CDSs on the V. halioticoli genome, 2100 CDSs were annotated in BlastKOALA 

corresponding to 58.3% (Fig. 2.4 and Table 2.2). Most of the CDSs encode products involved in 

Metabolism, Genetic Information, Environmental Information, Cellular Processes, Human Diseases, 

and Organismal Systems. In metabolic pathways, V. halioticoli possessed genes responsible for EM, 

PP and ED pathway in carbohydrate metabolism. Also, TCA cycle, glyoxylate cycle, and mixed 

acid fermentation pathways were also reconstructed. From CAZyme annotation, V. halioticoli 

possessed CDS classified into 32 GH, 26 GT, 23 PL, 7 CE and 2 AA in total (Fig. 2.1, and Table 

2.3). Some of them possessed CBMs. The variety of transporters, secretion systems, and protein 

export systems were predicted. 140 types of transporter genes being capable of transport 35 

substrates. Six two-component systems were found to respond to environmental stimuli (Fig. 2.6). 

In addition to this, the genomic sequence of V. halioticoli also clearly show the metabolic pathway 

of this prokaryotic organism, and provide important clues to understanding the metabolic and 

regulatory networks that link genes on the two chromosomes and plasmid. Finally, V. halioticoli 

clearly represents each gene they worked in utilization of mannitol, alginate, and the other 

components of marine biomass. Cloning and expression of these genes may help us verify the 

estimated pathways, and more clearly understand the alginate metabolism in the bacterium. 

 

The gene mining revealed a total of 15 alginate lyase gene candidates in the whole genome data of 

V. halioticoli. Further motif/domain and localization analysis of these gene shows that at least 11 

genes were more likely to function as alginate lyase (Table 3.1). At least six types of alginate lyases 

were contained in the genome of V. halioticoli; 1) extracellular secreting (or periplasmic) 35-40 

kDa PL7 types (S2G1, S2G3, S2G4, S4G1 and S4G8), 2) a cytoplasmic 80 kDa PL17 type (S2G2), 
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3) a cytoplasmic 70 kDa dual domain PL7 (S4G2), 4) an extracellular 57 kDa dual domain alginate 

lyase (S4G3), 5) localization unknown 81 kDa dual domain PL17 type (S4G4 and S4G5), and 6) 

cytoplasmic 79 kDa PL15 type alginate lyases (S4G10) (Fig. 3.1).  

 

More interestingly, some genes were likely to be arranged in an operatic structure (Fig. 2.2). The 

operatic structure involving alginate lyases have been reported in Pseudomonas aeruginosa (Gacesa, 

1998), Sphingomonas sp. A1 (Hashimoto et al., 2004), Zobellia galactanivorans Dsij
T
 (Thomas et 

al., 2012), and Vibrio splendidus 12B1 (Wargacki et al., 2012). AlgL of P. aeruginosa is in the 

alginate biosynthetic cluster, and Aly of the Sphingomonas is in the super-channel gene cluster for 

alginate. Only marine flavobacteria (such as Zobellia) and proteobacteria (such as Vibrio) maintain 

a variety of alginate utilization system (AUS) gene clusters. The Zobellia case study found; 1) 

unveiled gene duplications in the common ancestor of the AUS-containing flavobacteria (see also 

Fig. 3.5), 2) several gene duplications are still visible but some are now cryptic, 3) independent 

LGT even shaping different AUS composition, and 4) different modular structure of alginate 

utilization system (AUS) operon between marine (Bacteroidetes and Proteobacteria) and terrestrial 

(P. aeruginosa, Azotobacter vinelandii, and Sphingomonas), are found (Thomas et al., 2012). 

Compared to Zobellia and V. splendidus AUS gene architecture, vibrio does not possess a 

TonB-dependent receptor (TBDR) and Zg2616-like sugar permease, but maintains outer membrane 

porins KdgMN and the sodium/solute symporter responsible for the uptake of oligoalginates 

(Wargacki et al., 2012), which means alginolytic Vibrio species may develop different system for 

the uptake of alginate oligosaccharides from marine bacteroidetes. So it is interesting to undertake 
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deeper research to elucidate not only AUS gene features but also the evolutionary aspects of these 

operons, ex. gene duplication, evolutionary history of genes on chromosome 1 and 2 and so on.  

 

In chapter 3, I also attempted to express these genes using the E. coli expression system to 

understand whether each gene product is active or not. Using the V. halioticoli IAM 14596
T
 

genomic DNA as a template, all 15 target genes were amplified using pfu DNA polymerase, and 

cloned into directional TOPO expression vector with the lumio technology (pET160/161). The 

recombinant plasmid was first transformed and amplified using TOP10 E. coli. The plasmid was 

purified, and then using the recombinant plasmid, BL21 (DE3) E. coli was transformed and used for 

the protein expression studies. Alginate lyase activity expressed by the transformant was assayed in 

two-steps; plate assay focuses on extracellular protein and cell fractionation followed by the 

thiobarbituric acid (TBA) method, which is used for the determination of intercellular expressed 

enzyme activities. In the result, 7 clones (S2G1, S2G3, S2G5, S4G1, S4G2, S4G3, and S4G8), were 

positive by the plate assay. Five of these clones (S2G1, S2G2, S4G1, S4G8, and S4G10) were 

positive for the alginate lyase activity using TBA medium in culture supernatant and/or cell free 

extract, and 2 (S2G2 and S4G10) of them were positive for intracellular expressed alginate lyases 

(Table 3.4). The optimum culture condition was obtained in a 36 hours-LB cultured medium in 

S2G1, S4G1 and S4G8. In the latest summary, gene S2G1, S2G3, S2G5, S4G1, S4G2, S4G3 and 

S4G8 are extracellular alginate lyase genes; S2G2 and S4G10 are intercellular alginate lyase genes. 

According to the comparison between the computer prediction results with experimental results, the 

accuracy of forecasting was very high.  
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Undoubtedly, the discovery of alginate lyase will promote the development of the clarifying 

alginate metabolic pathway of V. halioticoli IAM14596
T
. In practical terms, the revealing to the 

public of the alginate metabolic pathway will be a great breakthrough in bioconversion from 

alginate to ethanol using this bacterium. Recombinant V. halioticoli may produce the high activity 

alginate lyase to increase production and reduce costs at the same time. Further clone analysis is 

being conducted to help us understand how multiple alginate lyase system works in V. halioticoli.  

 

Substrate specificity was further studied. As far as I know, three types of block structure are present 

in alginate. And alginate lyases preferentially degrade particular block structures and the enzymes 

are typically described as either polyguluronate-specific or polymannuronate-specific. Substrate 

specificity of each gene product was determined on the plate containing not only sodium alginate 

but also polyG rich and polyM rich substrates (Fig. 3.4). S2G1/pET160, S4G1/pET160, 

S4G3/pET161, and S4G8/pET160/pET161 showed polyG specific activities (Fig. 3.3B). 

S2G3/pET161 and S4G2/pET160 might be polyG specific, but there was no polyM plate result 

currently. This experiment should be carried out repeatedly.  

 

Further clone analysis could start from the analysis of gene specific sites. In chapter 3, genes S2G1 

and S2G4 were similar to alyVGI gene sharing amino acid identities of 100% and 57%, respectively. 

However, results of activity test displayed a marked difference. A very high activity was detected 

from the S2G1 clone, but activity in the S2G4 has not been detected yet. The same and different 

nucleotide sequence between these two genes will give us one breach for analysis of the specific 

sites in gene sequences. This analysis could be combined with a 3D model to obtain a highly 
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possible specific gene site. Also, this gene site could be confirmed according to the activity test of 

the mutation. 

 

In conclusion, the genome sequence of V. halioticoli was completely sequenced. Two chromosomes 

and one plasmid were obtained. According to this genome, 7 extracellular secreting alginate lyases 

S2G1, S2G3, S2G5, S4G1, S4G2, S4G3 and S4G8, and 2 oligoalginate lyases S2G2 and S4G10 

were discovered from the bacterium V. halioticoli IAM 14596
T
. And S2G1, S4G1, S4G3, and S4G8 

showed polyG specific activities in this experiment. Analysis of complete genome detailedly 

described alginate metabolic pathway in V. halioticoli. Also the completely genome sequence 

provides a new starting point to help us more clearly understand the organism's phenotype and 

genotype characteristics in the bacterium, and push forward the biofuel production in biology 

research. 
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