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CHAPTER I 

General introduction 

 

Increasing global energy demand is the biggest problem consisting of environmental, 

economical, and political issues. Despite the impressive growth in alternative energy sources, 

most global energy demand is still covered by fossil fuels. Global energy demand is predicted to 

grow at an average rate of 1.2% from 2008 to 2035, and the total energy supply will be at least 

double around 2050 [International Energy Agency, World Energy outlook 2013. 

http://www.worldenergyoutlook.org/pressmedia/recentpresentations/LondonNovember12.pdf]. 

However, the reserve-production ratio of fossil fuels, such as oil, natural gas, and coal are 

predicted to be 52.5, 54.1 and 110 years, respectively [BP Statistical Review of World Energy 

June 2015. http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2015 

/bp-statistical-review-of-world-energy-2015-full-report.pdf]. In addition, fossil fuels produce 

carbon dioxide, one of the primary greenhouse gases (GHG) during combustion. Therefore, 

fossil fuels are not a viable option in solving the world’s energy problems.  

Renewable energy, such as hydro-, wind-, and solar-power, geothermal heat, and biofuels 

has been rapidly introduced across the world in the 21st century with a view to reducing GHG 

emissions and increasing energy security. Among these renewable energy sources, hydrogen (H2) 

energy appears to be a major primary energy source because of its unique advantages. H2 possess 

a high energy contents of 122 kJ/g, which is 2.75 times greater than hydrocarbon fuels [Kapdan 

and Kargi, 2006], and the only byproduct from its combustion is pure water. In addition, H2 can 

be directly used to produce electricity through fuel cells. Until now, H2 have been used in the 

industrial processes to hydrogenate heavy oil, foods, and ammonia for fertilizer [Energy 

Information Administration, The Impact of Increased Use of Hydrogen on Petroleum 

Consumption and Carbon Dioxide Emissions 2008. 

https://www.eia.gov/analysis/requests/2008/sroiaf(2008)04.pdf]. Furthermore, H2 is an ideal 

electron donor in the reduction of oxidized water pollutants such as nitrate, perchlorate, and 

selenite [Rittmann et al., 2007]. In contrast to the attractive advantages of H2 as energy carrier 

and industrial feedstock, 96% of H2 produced in the world comes from fossil fuels including 

48% from natural gas stream reforming, 30% from naphtha/oil reforming in the chemical 

industry, and 18% from coal gasification [Abánades et al., 2013]. Therefore, there is great 

possibility that renewable resources such as biomass can be used for H2 production.  

H2 produced via biological processes such as fermentation, photosynthesis, and microbial 

fuel cells, has been recognized as a renewable and carbon-neutral energy source in the future. 
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Among these methods, fermentative H2 production has predominantly attracted a lot of interest 

because of the magnitude order of H2 production rate compared to other methods, the 

applicability of wide range and complex forms of organic substrates, and its simple system 

construction [Sinha et al., 2011]. In our laboratory, brown macroalgae (seaweed) has been used 

as an ideal resource for biofuel production because of its high sugar content without lignin. The 

sugars in brown macroalgae mainly consist of alginate, mannitol, laminaran, and fucoidan 

[Obluchinskaya, 2008], and these sugars can be released easily by simple operations such as 

milling or crushing. Among these sugars, mannitol is the primary storage compound produced by 

photosynthesis and can account for 20-30% dry weight in some Laminaria species [Zubia et al., 

2008; Rousvoal et al., 2011]. In addition, it is proposed that seaweed has further advantages as a 

biomass resource; 1) higher mass productivity (13.1 kg dry weight/m2/7 months) than sugar cane 

(6.1–9.5 kg fresh weight/m2/year) [Kraan, 2013] and 2) lower requirements of nutrients and fresh 

water [Horn et al., 2000a]. Although utilization of alginate is a major challenge especially for 

ethanol production due to the issue of redox balance,  previous studies reported that this has 

been already achieved by alginate-metabolizing bacteria and metabolic engineering [Hashimoto 

et al., 2010; Wargacki et al., 2012]. 

To achieve successful energy production via fermentation, acquisition or development of 

suitable microbial biocatalysts is the primary issues. However, high sodium (Na+) concentration 

had negative effects on the H2 productivity of Enterobacter aerogenes and Clostridium species 

[Kim et al., 2009; Lee et al., 2012; Tanisho, 2011]. In screenings of effective biofuel producers 

from seaweed carbohydrates even under saline conditions, we succeeded in isolating 

H2-producing bacteria from the gut of sea hare (Aplysia kurodai) [Sawabe et al., 2013]. The 

bacterial strain was determined as novel species assigned to the genus Vibrio on the basis of 

polyphasic taxonomic approaches. The family Vibrionaceae currently comprises of a total of 

more than 170 species with valid nomenclature [Association of Vibrio Biologists website, 

http://www.vibriobiology.net/]. Although the H2 production phenotype has so far been 

experimentally confirmed in at least 11 species of vibrios with valid nomenclature, the H2 

productivity, the gene regulation and the ecophysiological role of H2 production in vibrios have 

not been fully described yet. In this study, the author attempts to reveal the H2 production ability 

and its mechanism in Vibrio tritonius AM2.  

In CHAPTER II, I examine the availability of marine vibrios for H2 production from 

seaweed biomass. To evaluate the H2 production ability of V. tritonius AM2, the culture condition 

was optimized regarding culture pH and temperature with glucose or mannitol as carbon sources. 

Furthermore, we tried to conduct 3 L scale-batch culture experiments using powdered brown 
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macroalgae under the pre-determined optimum conditions. Fortunately, the H2 producing ability 

of V. tritonius AM2 was high enough to conduct deeper studies in elucidating the H2-producing 

mechanism in marine vibrios. The genetic organization responsible for H2 production and the 

transcriptional pattern is described in CHAPTER III. We sequenced and analyzed the V. tritonius 

genome. Interestingly, the V. tritonius genome was found to encode unique genes cluster 

responsible for H2 production. In CHAPTER V, to understand the H2 production mechanism of V. 

tritonius from genomic and transcriptomic insight, we further investigate the H2 producing 

ability of vibrios. We newly obtained draft genome sequences of the other H2 producing Vibrio 

species. Comparative genomics was performed with the aim of finding the important genetic 

factors regulating H2 producing ability. Furthermore, the genome sequencing of marine vibrios 

provides an opportunity to understand the ecophysiological role of H2 production in vibrios.  
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CHAPTER II 

Enhanced hydrogen production in a newly described heterotrophic marine bacterium, 

Vibrio tritonius AM2, from seaweed as a feedstock 

 

ABSTRACT 

In order to achieve more stable H2 production from non-food feedstock, stable feedstock 

preparations of marine biomass and development of an efficient H2 system using marine bacteria 

under saline conditions are two important key technologies that need to be developed. V. tritonius 

AM2 isolated from a gut of a marine invertebrate was cultured under various conditions in 

marine broth (at initial 2.25% (w/v) NaCl) supplemented with mannitol, a seaweed carbohydrate, 

to evaluate its hydrogen productivity. The maximum molar yield of H2 was recorded as 1.7 mol 

H2/mol mannitol at pH 6 and 37°C. The mannitol-grown cells showed a higher yield of H2 than 

the glucose-grown cells in the pH range 5.5-7.5. Compared to glucose, mannitol was considered 

to be a more suitable substrate for H2 production of the strain AM2. Fermentation product 

profiling indicated that the strain AM2 use the formate hydrogen lyase for H2 production. 

Furthermore, the strain AM2 was able to produce H2 from powdered brown macroalgae 

containing 31.1% dry weight of mannitol. The molar yield of H2 reached 1.6 mol H2/mol 

mannitol contained in the seaweed feedstock. In conclusion, the strain AM2 was found to have 

the ability for high-yield H2 production from mannitol even under saline conditions. 

 

INTRODUCTION 

The World Energy Outlook 2013 [International Energy Agency, World Energy outlook 2013. 

http://www.worldenergyoutlook.org/pressmedia/recentpresentations/LondonNovember12.pdf] 

summarized that the orientation of global energy sectors is currently shifting drastically resulting 

in many major importers becoming exporters and the former exporter countries are now 

becoming leading centers of global demand growth. Apparently, there is an urgent need for a 

quest of alternative global energy sources to abrogate the dependence on finite fossil fuels which 

are also implicated in environment pollution and climatic change. H2 is cited as one potential 

candidate with several socio-economic, technological and environmental benefits [Das, 2009]. It 

is known to offer a major advantage over hydrocarbon fuels as its combustion yields a 

comparatively higher energy of 2.75 times (122 kJ/g) without the emission of CO2 and can be 

directly used to power fuel cells [Kapdan and Kargi, 2006; Lee et al., 2010]. This extremely 

clean valuable energy carrier also serves as an important feedstock in some industries, useful in 

detoxifying a wide range of water pollutants and is largely used in fertilizers and petroleum 
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industries [Kapdan and Kargi, 2006; Lee et al., 2010; Kotay and Das, 2008].  

Rising energy cost scenarios in many countries have accelerated research being done locally 

and/or internationally to find an energy boost to their economies. Lucrative H2 fuel alternative is 

predicted to be a notable contributor to the total energy market providing up to 10% by 2025 

[Armor, 1999] and a preferable choice of domestic energy resource to be used in all economic 

sectors and regions of the world [Kotay and Das, 2008]. H2 and oxygen are electrochemically 

recombined in fuel cells to deliver clean electricity and heat efficiently. Thus, it is unavoidable to 

notice that demand on hydrogen as energy source is closely linked to an encouraging trend of 

fuel cell technology. Considering the fuel cell industry alone, roughly 30,000 fuel cells systems 

were shipped from the United State with monetary revenues expected to reach USD785 million 

in 2012 [U.S. Department of Energy, 2012 Fuel cell technologies market report. 

file:///E:/PhD/2012_market_report.pdf]. Both the US Department of Energy and Fuel Cells 

Commercialization Conference Japan reported development in multidisciplinary researches has 

significantly reduced production costs which in turn lead to greater profitability. 

However, acquiring a sustainable alternative energy source is a daunting task. Currently, the 

establishment of a H2 energy economy cannot be fully realized in a sustainable way. Despite its 

attractive advantages, conventional technologies of H2 production are still heavily dependent on 

reformation of fossil fuels and most processes require intensive energy with high temperatures 

(>850°C) [Kapdan and Kargi, 2006]. This means in practice that the majority of H2 production is 

not conducted in a renewable and environmentally friendly way which contradicts the initial 

purpose of its application. Development of renewable technologies is becoming the bottleneck in 

many conventional methods of H2 production including the most sustainable approach of steam 

reforming and electrolysis [Kapdan and Kargi, 2006; Armor, 1999; Kim, 2003]. For instance, 

electrolysis approach suffers from two drawbacks i.e. only approximately 65% of the energy is 

efficiently captured using the latest technologies, and, high electrical capacity is needed for the 

process to occur [Hallenbeck, 2009]. 

Currently, biological processes seem to be the best alternative which utilizes both renewable 

feedstock and energy [Kim et al., 2009]. Biological H2 production via fermentation is attracting a 

lot of interest predominantly because the magnitude of H2 production rate is larger than those 

achieved by other methods, the applicability of a wide range and complex forms of organic 

substrates, and the simple system construction [Lee et al., 2010; Sinha and Pandey, 2011]. 

Simultaneously, rapid advances in biofuel industries are greatly advancing the demand for 

alternative feedstocks which is more likely to be sustainable economically and environmentally. 

In 2008, 87 gigaliters of liquid biofuels were produced from crops planted for food production 
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such as corn and sugarcane [Somerville et al., 2010]. The amount of liquid biofuels increased 

further in 2010 and has directly affected the choices of various feedstocks across different 

regions of the world [Gasparatos et al., 2013] to meet the demands and soothe public concerns 

over the “food vs fuel” issue. The choices were widened and include cellulosic biomass from 

agricultural residues or the food industry, carbohydrate rich industrial wastewater and 

wastewater sludge [Kapdan and Kargi, 2006]. With the same rationale in mind, macroalgae has 

been in the spotlight as an ideal biomass feedstock for bioH2 production [Takeda et al., 2011; 

Wargacki et al., 2012; Enquist-Newman et al., 2013].  

Brown macroalgae in particular, possess several advantageous features that can complement 

the global needs in both food and energy production [Takeda et al., 2011; Wargacki et al., 2012; 

Enquist-Newman et al., 2013]. Obviously, their marine based cultivation has an edge over any 

terrestrial biofuel crops in terms of not competing directly for arable land, high rate of 

productivity [Horn et al., 2000a] and it does not require freshwater or fertilizer. Additionally, 

their lack of lignin, low cellulose and lipid content has made the sugar extraction feasible by 

simple biorefinery processes such as milling, leaching and crushing [Wargacki et al., 2012; 

Enquist-Newman et al., 2013]. Also, high carbohydrate and sugar contents underpin their 

successful conversion to various gas and liquid fuels. Brown macroalgae have a complex 

composition and breakdown of all components points to efficient H2 production. However, the 

composition of brown macroalgae varies considerably between species, seasonal changes and 

habitat [Horn et al., 2000a]. Generally, alginate forms the major structural complex of brown 

macroalgae and its utilization, previously recognized as the greatest challenge on biological 

ethanol production, has already been achieved using the metabolically engineered Escherichia 

coli [Enquist-Newman et al., 2013] and alginate-metabolizing Sphingomonas sp. [Wargacki et 

al., 2012]. Alternatively, mannitol which is also the most abundant storage component can be 

extracted from milled macroalgae relatively easier than alginate [Horn et al., 2000]. This primary 

stored sugar can account for 20-30% of the dry weight in some Laminaria species [Zubia et al., 

2008; Rousvoal et al., 2011; Wang et al., 2013] and has been successfully used for bioethanol 

production [Horn et al., 2000a; Wang et al., 2013; Horn et al., 2000b].  

The backbone of a successful fermentative process is the acquisition of good host 

microorganisms [Das, 2009]. At present, high sodium (Na+) concentration that has been reported 

to adversely affected the H2 productivity of Enterobacter aerogenes and Clostridium species 

[Kim et al., 2009; Lee et al., 2012; Tanisho, 2011] and mannitol which is not readily fermented 

[Horn et al., 2000b] require a more dynamic strain for efficient H2 production. In a recent 

screening of effective H2 producers from seaweed carbohydrates under saline conditions, a 
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newly described facultative anaerobic marine bacterium, V. tritonius AM2, was isolated from the 

gut of sea hare (Aplysia kurodai) [Sawabe et al., 2013; Gomez-Gil et al., 2014]. Batch culture 

experiments without pH control showed that H2 production was observed on the glucose- and 

mannitol-grown cells, but unfortunately the strain AM2 does not use alginate as a substrate. 

Since vibrios are phylogenetically related to Enterobacteriaceae [Ruimy et al., 1994; Gomez-Gil 

et al., 2014], such as E. coli and En. aerogenes, it is interesting to compare their metabolic 

pathways, with particular interest in the H2-producing pathway. H2 production of the 

enterobacteria is commonly achieved by formate hydrogen lyase (FHL) producing H2 and carbon 

dioxide (CO2) through formate oxidation [Axley et al., 1990; Böck and Sawers, 1996; Sawers, 

1994; Sawers, 2004].  

The majority of studies on fermentative H2 production have been on Clostridium [Taguchi et 

al., 1996; Levin et al., 2006] as a representative of strict anaerobes, and E. coli [Yoshida et al., 

2006; Maeda et al., 2007] and En. aerogenes [Tanisho, 2011; Nakashimada et al., 2002] 

representing the facultative anaerobes. Research focusing on H2-producing marine vibrios has 

not yet been undertaken. Therefore, research on H2 producer marine vibrios living in 

environments rich in seaweed carbohydrates under saline conditions is noteworthy. Herein, the 

author reports unexpectedly higher H2 productivity of marine vibrio from glucose and mannitol 

even under saline conditions. Furthermore, 3 L scale-batch culture experiments with the aim of 

practical H2 production were conducted using powdered brown macroalgae (Saccharina 

sculpera) as feedstock under pre-determined optimum conditions. The ability of V. tritonius AM2 

utilizing marine biomass under their indigenous environment to produce H2 has opened up a 

novel and promising approach to meet increasing energy needs with a view to replacing the 

current use of fossil fuels. 

 

MATERIALS AND METHODS 

Bacterial strain and culture conditions 

V. tritonius AM2 was used in this study. The strain AM2 was cultured in marine broth (5% 

(w/v) polypeptone, 1% (w/v) yeast extract, 100 mM MOPS (Dojindo, Kumamoto, Japan), and 

75% (v/v) artificial seawater composed of 30 g/L NaCl, 0.7 g/L KCl, 5.3 g/L MgSO4・7H2O, 10.8 

g/L MgCl2・6H2O, and 1.3 g/L CaSO4・2H2O) and/or marine agar (marine broth containing 1.5% 

agar). Initially, the strain was precultured aerobically in marine broth to achieve a cell density of 

1.0±0.1 OD620 at 25°C with shaking at 130 rpm (NR-80, TAITEC, Saitama, Japan). The culture 

condition remained similar throughout the study unless otherwise stated. Later, 1 mL of the 

preculture strain was added to a 100 mL marine broth containing 5% (w/v) glucose or 5% (w/v) 
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mannitol which was prepared in a glass bottle reactor. Batch fermentation culture was then 

conducted using a magnetic stirrer (RO 10 power IKAMAG, IKA, Staufensee, Germany) with 

gentle mixing. The pH of the culture was maintained at pH 5.5, 6, 6.5 or 7.5 using pH controller 

(DT-1023P, ABLE, Tokyo, Japan) equipped with an autoclavable electrode (FermProbe pH 

electrodes, Broadley-James Corp., Branford, USA) by adding 5 N NaOH or HCl. The effects of 

pH on H2 production were determined in three replicated cultures. The temperatures of the 

culture were set at 25°C, 30°C, 37°C and 42°C, respectively, to determine the H2 production 

speed. The control culture was made without addition of any sugars in the marine broth.  

 

Assays 

The volume of H2 produced during fermentation was measured upon capture in an 

aluminum bag using water displacement and gas chromatography (GC8A or GC2014, Shimadzu, 

Kyoto, Japan) with a thermal conductivity detector and Shincarbon ST column (Shinwa 

Chemical Industries Ltd., Kyoto, Japan). Extracellular ethanol, formate, acetate and lactate were 

measured by enzymatic measurement using a F-kit (Roche Diagnostics, Mannheim, Germany). 

Ethanol produced from seaweed was also measured by enzymatic measurement [Cornell and 

Veech, 1983] using F-kit and gas chromatography with flame ionization detector and HP-B ALC 

capillary column (Agilent, California, USA) and He as a carrier gas. Glucose and mannitol 

concentrations in the medium were measured using phenol-sulfuric acid method [Dubois et al., 

1956] and HPLC with TSKgel Amide-80 (TOSOH, Tokyo, Japan), respectively. Cell density of 

the culture was measured as an optical density (OD) at 620 nm using spectrophotometer 

(Ultrospec 2000, Pharmacia, Sweden). Molar yields of fermentative products including H2 were 

analyzed using one-way analysis of variance (ANOVA) with Tukey-Kramer test for multiple 

comparisons. Probability of less than 5% (P<0.05) was considered statistically significant. 

 

H2 production from seaweed feedstock by Vibrio tritonius AM2 

A batch culture experiment using seaweed material as feedstock was also performed to 

evaluate H2 productivity of the strain AM2. The powdered brown macroalgae (Saccharina 

sculpera; 30.5% (w/w) alginate, 31.1% (w/w) mannitol, 8.4% (w/w) protein, 1.6% (w/w) lipid, 

5.0% (w/w) fiber, 18.9% (w/w) total ash and 4.5% (w/w) others) was kindly provided by Dr. 

Akihiko Fukushi (Hokkaido Research Organization, Fisheries Research Department, Kushiro 

Fisheries Research Institute, Kushiro, Japan). In this batch culture experiment, the strain AM2 

was cultured in 3 L marine broth adding 300 g of the powdered brown macroalgae using a 5 L jar 

fermenter (MBE 500ME, Eyela, Tokyo, Japan). The culture was conducted by adding 30 mL of 
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preculture of strain AM2 which gave 1.0±0.1 OD620 cell turbidity. 

 

RESULTS 

Effects of pH on cell growth and H2 production in Vibrio tritonius AM2 

The H2 production profiles of strain AM2 were determined using glucose and mannitol (Fig. 

1-1). The growth of mannitol-grown cells was always lower than that of glucose-grown cells. 

The growth of the strain AM2 was higher at pH 7.5 than under slightly acidic conditions (Fig. 

1-1A). V. tritonius AM2 produced H2 from glucose and mannitol in the pH range of 5.5-7.5 at 

30°C (Fig. 1-1B). The volume of H2 production at pH 6 from both the glucose- and the 

mannitol-grown cells peaked at levels of 319 and 285 mmol/L reactor volume (Fig. 1-1B), 

respectively, but these decreased to 40 to 50% of the maximum values at pH 5.5. At pH 7.5, faint 

H2 production was observed. The volumetric H2 production from mannitol was higher than that 

from glucose at pH 6.5 and pH 7.5, but showed the opposite results below pH 6 (Fig. 1B). 

Calculation of the molar yields of H2 on both substrates revealed different pictures, when 

compared to the volume of H2 production in the strain AM2 (Fig. 1-2). The molar yields of H2 on 

mannitol were greater than those on glucose with a statistical significance (P<0.05) at pH range 

5.5-6.5, and the culture at pH 5.5 and 6.0 gave the maximum molar yield on both substrates; 1.2 

mol H2/mol glucose and 1.4 mol H2/mol mannitol. On the other hand, pH dependency on the 

molar yields of formate, which is a precursor of H2 on the FHL pathway, showed that there was a 

countertrend to that of H2 on both glucose and mannitol (Fig. 1-2). 

 

Effects of temperature on H2 productivity of Vibrio tritonius AM2 

To determine the optimum temperature for H2 production, H2 production rates of the strain 

AM2 were measured at pH 6 and the temperature range of 25°C to 42°C (Fig. 1-1C). The results 

showed that H2 production rates strongly depended on the temperature of the culture; the 

maximum production rates of H2 were observed at 37°C in both the substrate-grown cells 

showing the production rate of 9.5 and 8.0 mmol/h/L from glucose and mannitol, respectively 

(Fig. 1-1C). The maximum production rates of H2 at 37°C on glucose and mannitol were 1.5 and 

1.2 times higher than those at 30°C, respectively, and the H2 production rates from glucose were 

higher than those from mannitol in the all temperature ranges examined. At 25°C, the difference 

between glucose and mannitol was the largest. In the culture on glucose at 42°C, the observed 

volume of H2 production was faint and lower than at 25°C, and H2 production stopped after 34.5 

hours (data not shown). Finally, at pH 6 and 37°C, the molar yields of H2 of the strain AM2 

reached 1.5 mol H2/mol glucose and 1.7 mol H2/mol mannitol in batch culture.  
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Effects of substrates and pH on fermentative products of Vibrio tritonius AM2 

Molar yields of fermentation products (sum of H2 and formate, ethanol, acetate and lactate) 

produced by the strain AM2 were compared in the pH range of 5.5-7.5 (Table 1-1). The sum 

molar yields of H2 and formate which were nearly equal to molar yield of total formate generated 

by PFL were rather stable at all pH levels examined, except for the glucose-grown cells at pH 5.5. 

The sum of H2 and formate yields on mannitol was higher than that on glucose (P<0.05) at pH 

5.5, whereas they were not significantly different at pH 6-7.5. 

Mannitol-grown cells showed that molar yields of ethanol were significantly higher than 

those of acetate at all pH levels examined, whereas the glucose-grown cells showed that the 

molar yields of ethanol were not much different to that of acetate. On the other hand, faint molar 

yields of lactate were shown on both substrates. 

 

H2 production from seaweed feedstock by Vibrio tritonius AM2 

Batch culture experiment for H2 production from seaweed feedstock was carried out in a 5 

L jar fermenter, with 3 L working volume (Fig. 1-3). The culture condition was maintained at pH 

6 and 37°C. Agitation was set at 600 rpm. Mannitol consumption was started after inoculation of 

the strain AM2 into the medium, and continued for 72 hours until all mannitol was completely 

consumed. The volume of H2 production reached 254 mmol/L reactor volume. The maximum 

production rate of H2 was maintained at the time range of 24-32 hours after inoculation, and 

reached 8.7 mmol/h/L reactor volume. The molar yield of H2 was 1.6 mole H2/mole mannitol, 

which corresponded to 94% yield under the same conditions with mannitol supplemented culture 

with 100 mL working volume. Ethanol production was also observed, and the final concentration 

reached 10.9 g/L and the molar yield of ethanol reached 1.4 mole ethanol/mole mannitol. 

 

DISCUSSION 

H2 is a potentially promising clean energy source for use in the future. To produce H2 

economically, we must develop not only the infrastructure for the use of H2 based energy, 

electricity, and transportation but also a stable H2 supply system including biocatalysts and a 

stable feedstock production. As marine biomass is one of the candidates to fulfill the criteria for 

creating a sustainable bioenergy production system, the authors have evaluated the potential of 

H2 production in a newly described marine vibrio which is capable of fermenting seaweed 

carbohydrates under saline conditions. 

The H2 productivity of the newly isolated marine bacterium V. tritonius AM2 was examined 

with a view to optimizing its ability. H2 production and the cell growth of the strain AM2 is 
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dependent on pH of the medium. The volume of H2 produced by the strain AM2 increased at pH 

6.0-7.5, whereas the cell density showed a countertrend to H2 production (Fig. 1-1AB). 

Therefore, the pH-dependent H2 production is thought not to be caused by the cell mass but 

rather the self-ability of strain AM2 to produce H2, such as gene expression or enzymatic 

activities responsible for H2 production. 

High salt concentration inhibits H2 production due to preventing cell activity [Kim et al., 

2009; Lee et al., 2012]. Molar yield and production rate of H2 by En. aerogenes (1.6 mol H2/mol 

mannitol in maximum) markedly decreased to 1.2 and 0.8 mol H2/mol mannitol under 2 and 3% 

(v/w) NaCl, respectively [Tanisho, 2011]. There have only been few reports about H2 production 

under marine conditions, such as Bacillus sp. B2 [Liu and Wang, 2012]. The maximum molar 

yield of H2 was obtained at pH 6 and 37°C, and under these conditions the strain AM2 achieved 

1.7 mol H2/mol mannitol (initial 2.25% (w/v) NaCl). To our knowledge, the maximum molar 

yield of H2 by strain AM2 was higher than that of any other wild-type strains of facultative 

anaerobes under saline conditions. 

The effects of NaCl concentration towards H2 production of the strain AM2 was not 

evaluated in detail in this study. Under aerobic conditions, the strain AM2 is capable of growing 

at 0.5-8% (w/v) NaCl, and the optimum is 3% (w/v) (data not shown). As the fermentation to 

produce H2 occurred under anaerobic or microaerobic conditions, electron flow in the cell may 

be changed under aerobic conditions. Therefore, further studies are needed on the effects of NaCl 

on H2 production of the strain AM2. 

To enhance molar yield of H2, carbon flux on the upstream pathway of formate and 

acetyl-CoA is an important factor. Based on the fermentation pathway, especially described in E. 

coli, disruption of lactate- and succinate-producing pathways enhance the molar yield of H2. 

Inactivation of both ldhA gene (lactate dehydrogenase gene) and frdBC gene (fumarate reductase 

genes) enhanced the molar yields of H2 from 1.08 to 1.82 mol H2/mol glucose in E. coli [Alam 

and Clark, 1989; Yoshida et al., 2006]. The molar yield of lactate produced from pyruvate 

displayed remarkably low values at all pH levels examined on the strain AM2 (Table 1-1), 

although the succinate production was not studied here. Therefore, one of the factors in 

achieving high-yield H2 production by the strain AM2 may be the faint lactate production. 

Formate is a precursor of H2 produced by FHL in most H2-producing facultative anaerobes. 

Formate is either excreted from the cell through the formate channel (FocA) or decomposes to 

CO2 and H2 by FHL in enterobacteria [Axley et al., 1990; Sawers, 1994; Sawers, 2004]. In the 

strain AM2, the molar yields of H2 and formate showed a countertrend toward pH of the medium 

(Fig. 2), and the sum molar yields of H2 and formate, which is nearly equal to that of total 
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formate produced by PFL, were also stable in the pH range of 6-7.5 (Table 1-1). These 

production dynamics of H2 and formate depending on pH levels showed that the strain AM2 used 

mainly FHL, and produced H2 by oxidation of formate under slightly acidic conditions (pH 5.5 

and 6). 

The H2-producing pathway from mannitol is elucidated by determining the balance of 

fermentative products at various pH levels of the medium. Mannitol, which is a more reduced 

form of hexose, can generate excess molecules of NADH during glycolysis compared to glucose 

[Böck and Sawers, 1996]. Generally, excess reducing equivalents, such as NADH, were used for 

the production of lactate, succinate, ethanol and 2.3-butanediol [Böck and Sawers, 1996; Alam 

and Clark, 1989]. In the strain AM2, the molar yield of ethanol on mannitol-grown cells showed 

higher values than those on glucose-grown cells, and that of acetate showed a countertrend (Fig. 

1-2 and Table 1-1). The shift of carbon flux from ethanol to acetate also suggested that the 

mannitol-grown AM2 cells might be in the physiologically reduced condition. The molar yields 

of H2 also showed similar trends to those of ethanol against pH of the medium (Fig. 1-2). In most 

facultative anaerobes which use only the FHL pathway, NADH is unlikely to be used for H2 

production [Nakashimada et al., 2002]. However, enhanced H2 yield of the mannitol-grown cells 

suggested that there might be some effects preventing H2 production, such as the reduce 

equivalents and the carbon flux on mannitol metabolism in the strain. 

To understand carbon flux during H2 production, the sum of H2 and formate yields was 

compared between glucose- and mannitol-grown cells at each pH of the medium. The sums yield 

of H2 and formate on glucose were significantly lower than that on mannitol (P<0.05) at pH 5.5, 

whereas there were no significant differences between the glucose- and mannitol-grown cells at 

pH 6.0-7.5. Such results suggested that the carbon flux of strain AM2 during glucose metabolism 

at pH 5.5 might be less efficient compared to other culture conditions examined. In other words, 

the mannitol-grown cells which stably showed high sum yields of H2 and formate might indicate 

an efficient mannitol metabolism by the strain AM2. However, the amounts of mannitol 

consumed were lower than glucose at pH 5.5 and 6. On the other hand, both substrates added 

(5% (w/v)) were consumed completely at pH 6.5 and 7.5, when the gas production stopped (data 

not shown). These results indicated that there was a difference between the efficiency between 

H2 production and sugar consumption of mannitol-grown cells. Therefore, more detailed analysis 

must focus on the metabolic and genetic control and/or feedback to understand the entire 

mannitol metabolism of strain AM2. 

Finally, we succeeded in achieving practical H2 production from powdered seaweed 

feedstock using a jar fermenter under pre-optimized culture conditions (Fig. 1-3). Our batch 
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culture experiments showed the advantage of strain AM2 as a high-yield H2 producer from 

mannitol which is the primary reserve compound of brown macroalgae under saline conditions. 

The batch culture experiment was carried out in a 5 L jar fermenter, and 3 L marine broth was 

added to 300 g powder of brown macroalgae (Saccharina sculpera) containing 31.1 % (w/w). 

After 72 hours of cultivation, all mannitol contained in the seaweed feedstock was completely 

consumed (Fig. 1-3). The results revealed that the use of seaweed feedstock for fermentation can 

be realized by simple pretreatment, such as powderization. When seaweed feedstock was used as 

a substrate, nevertheless the molar yields of H2 and ethanol cannot be compared directly to the 

values observed in the in vitro culture with pure mannitol as a substrate, the strain AM2 achieved 

80% of the theoretical molar yield of H2 in facultative anaerobes. The gap in yields might be 

caused by scale-up of the working volume (data not shown) or by fermentation inhibition due to 

various compounds contained in seaweed feedstock. 

Recently, we found an interesting report that high saline concentration not only inhibits 

fermentative H2 production but also can cause selective pressure on the structure of the bacterial 

community in the natural environment. The family of Vibrionaceae becomes the dominant 

species under moderate halophilic condition [Pierra et al., 2014]. Our findings also can support 

the data.  

These batch culture experiments also showed two further challenges in H2 production from 

seaweed feedstock using the strain AM2. One is the rather low H2 production rate of the strain 

AM2 compared to the H2 production of the enterobacteria, such as E. coli [Yoshida et al., 2006] 

and En. aerogenes [Rachman et al., 1997; Tanisho, 2011]. Improvement of culture methods is 

both effective and realistic for increasing the H2 productivity [Tanisho, 2011]. Designing of gene 

disrupted strains or overexpression of genes responsible for H2 production are also effective 

[Yoshida et al., 2006]. Therefore, the establishment of a continuous culture system is essential 

for technical advances in securing its establishment. The other is the fermentative residues 

mainly contained alginate which is not consumed by the strain AM2. We found that the strain 

AM2 was capable of converting formate directly to H2 (unpublished data). Therefore, we need to 

improve the H2 productivity from both the cultivation system and the metabolic engineering of 

strain AM2. 
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Fig. 1-1. Hydrogen production profiles of Vibrio tritonius AM2. Effects of pH on cell growth 

(A) and hydrogen production (B), and effects of temperature on hydrogen production (C) of 

Vibrio tritonius AM2 in batch culture. A and B: closed bar, on glucose; open bar, on mannitol. 

Symbols: ●, glucose at 37°C; ○, mannitol at 37°C; ▲, glucose at 30°C; △, mannitol at 30°C; ■, 

glucose at 25°C; □, mannitol at 25°C. Culture condition was set at 30°C (A and B), and pH 6 (C). 

n=3, error bars represent SD. 
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Fig. 1-2. Effects of pH on molar yields of hydrogen and formate produced by Vibrio 

tritonius AM2. Glucose (A) and mannitol (B) were used as substrates, respectively. Closed bar, 

molar yields of hydrogen; open bar: molar yields of formate. Culture condition: temperature of 

the medium maintained at 30°C. n=3, error bars represent SD. Statistically significance (P<0.05) 

is indicated by letters.  
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Table 1-1. Fermentation product profiles 

 
 

 

 
Fig. 1-3. Practical hydrogen and ethanol production from seaweed feedstock by Vibrio 

tritonius AM2 in 3 L batch culture. Culture conditions: pH and temperature of the medium 

maintained at pH 6 and 37°C, respectively. Symbols: ●, hydrogen production; ○, ethanol 

production; ■, mannitol concentration. 

 

 

pH

H2+Formate Ethanol Acetate Lactate H2+Formate Ethanol Acetate Lactate

5.5 1.22±0.04 0.66±0.12 0.64±0.1 0.06±0.01 1.53±0.11 0.85±0.13 0.31±0.03 0.04±0.00

6 1.42±0.1 0.57±0.03 0.67±0.03 0.06±0.00 1.58±0.07 0.92±0.07 0.39±0.02 0.06±0.01

6.5 1.37±0.06 0.82±0.09 0.75±0.07 0.06±0.00 1.41±0.00 1.12±0.05 0.37±0.02 0.05±0.00

7.5 1.54±0.07 0.77±0.04 0.71±0.07 0.01±0.00 1.56±0.05 1.11±0.04 0.28±0.08 0.02±0.01

Molar yields (mol/mol substrate)
Substrates

Glucose Mannitol
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CHAPTER III 

Molecular characterization and transcriptional analysis of a gene cluster responsible for 

hydrogen evolution in Vibrio tritonius AM2 

 

ABSTRUCT 

V. tritonius AM2 represents high-yield H2 production (1.7 mol H2/mol mannitol) even under 

saline conditions (initial 2.25% (w/v) NaCl). However, the molecular mechanism of the efficient 

H2 production has never been studied in the genus Vibrio. The aim of this study was to identify 

genes responsible for the hydrogen evolution of V. tritonius and the gene expression pattern. 

Complete genome analysis revealed an existence of a single 24 kb gene cluster consisting of 21 

genes, which are essential in forming energy-conserving FHL containing 11 Hyf-type proteins in 

the large chromosome of the strain AM2. In a gene (designated as hyfG gene) encoding a large 

subunit of hydrogenase, typical motifs coordinating [NiFe] center at the active site were 

conserved, which means that the V. tritonius hydrogenase is regarded as a [NiFe]-hydrogenase. 

Moreover, transcriptional expression analysis also revealed that the expression level of the hyfG 

gene increased upon pH decrease, this trend was correlated to the pH-dependent hydrogen 

production of the strain AM2. Accordingly, we can conclude that the V. tritonius Hyf-type 

protein is the key enzyme in H2 production under acidic conditions. Interestingly, the 24 kb gene 

cluster was likely to be transcribed in a single transcript during efficient H2 production state.  

 

INTRODUCTION 

H2 produced via biological processes such as fermentation and photosynthesis, has been 

recognized as a potential renewable and carbon-neutral energy source in the future. Biological 

production of H2 is commonly achieved using hydrogenase (or nitrogenase), which catalyzes 

both functions in evolution and oxidation of H2, representing the following in the simple 

chemical reaction: 2H+ + 2e- ⇄ H2 [Vignais et al., 2001; Vignais et al., 2004]. Currently, 

hydrogenases can be classified into [NiFe]-hydrogenases, [FeFe]-hydrogenases, and 

[Fe]-hydrogenases based on the distinctive functional core containing catalytic metal center 

[Vignais et al., 2004; Nicolet and Lemon, 2000]. The [NiFe]-hydrogenases are widely distributed 

in microorganisms belonging to the domains of Bacteria and Archaea, and have been the most 

extensively studied. The [NiFe]-hydrogenases which contribute to H2 metabolism in bacteria are 

further classified into four groups based on the full sequence alignments of the large and small 

subunits [Vignais et al., 2004; Vignais and Billoud, 2007]. Among the four groups of the 

[NiFe]-hydrogenases, group 4, which is defined as H2-evolving, energy-conserving, and 
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membrane-associated hydrogenase, plays an important role in the disposal of excess reducing 

equivalents [Nakashimada et al., 2002], acidic resistance [Noguchi et al., 2008], and 

energy-conservation [Andrews et al., 1997; Sapra et al., 2003; Kulkarni et al., 2009].  

E. coli possesses two types of FHL which consists of the [NiFe]-hydrogenase and Fdh-H as 

a major H2-evolving structural protein complex; one is FHL-1 consisting of a Hyc complex of 

hydrogenase-3 (hyc operon) and the other is proposed as FHL-2 consisting of a Hyf complex of 

hydrogenase-4 (hyf operon) [Andrews et al., 1997; Axley et al., 1990; Sawers, 1994]. These 

catalytic subunits of the [NiFe]-hydrogenases are classified in the above mentioned group 4, on 

the basis of amino acid sequences of the large and small subunits [Vignais et al., 2001; Vignais et 

al., 2004]. E. coli FHL-1 (including Hyc complex) plays an important role in circumventing the 

critical acidification of the cytoplasm due to the accumulation of formate (pKa=3.75) which is 

produced by pyruvate formate lyase (PFL), when pH of the medium drops below 6.8 [Sawers, 

2005]. The major structural differences are found in the possible integral proteins between the 

Hyc and Hyf complex; the Hyf complex is composed of three additional integral membrane 

components which might perform the function of proton translocation [Andrews et al., 1997]. 

Up to now, however, no Hyf-derived hydrogenase or formate dehydrogenase activity has been 

detected, and no Ni-containing protein corresponding to HyfG containing the large subunit of 

Hyf complex have been observed [Skibinski et al., 2002], nevertheless structural similarity to 

complex I has been discussed [Marreiros et al., 2013]. 

V. tritonius AM2, isolated from a gut of a sea hare (Aplysia kurodai), is a facultative 

anaerobe which produces H2 via formate oxidation [Sawabe et al., 2013]. V. tritonius represents 

high-yield H2 production (1.7 mol H2/mol mannitol) even under saline conditions [Matsumura et 

al., 2014]. Vibrios are phylogenetically related to Enterobacteriaceae [Ruimy et al., 1994] and 

genes related to form FHL are found in the complete genome data of Vibrio furnissii NCTC 

11218 [Lux et al., 2011]. Therefore, it is expected that V. tritonius genome data also indicate the 

presence of the genes responsible for the formation of FHL. 

The property of H2 production in the genus Vibrio is believed to be atypical; this means that 

details on biochemistry, genetics, genomics, and molecular biology involving transcriptional 

regulation of the H2 production mechanism have not been identified yet. Fortunately, as 

mentioned above, H2 productivity of V. tritonius is high enough to conduct deeper studies in 

elucidating the H2-producing mechanism in marine vibrios [Matsumura et al., 2014]. In this 

study, the authors focused on the genetic characteristics and the transcriptional patterns of the 

genes responsible for the H2 evolution in V. tritonius. The results will also contribute not only to 

improvements in H2 productivity in V. tritonius but also in the understanding of the H2 
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metabolism and the evolutionary framework of the maintenance in genus Vibrio. 

 

MATERIALS AND METHODS 

Bacterial strain and culture condition 

In preculture and batch culture experiments, V. tritonius AM2 was grown in a synthetic 

medium containing 200 mM NaCl, 50 mM MgSO4・7H2O, 10 mM KCl, 10 mM CaCl2・2H2O, 20 

mM glucose, 19 mM NH4Cl, 0.33 mM K2HPO4, 50 mM MES and 0.2% (v/v) trace metal 

solution; 5 mM NiCl2, 1.6 mM ferric citrate, 1 mM Na2Mo4・2H2O and 1 mM Na2SeO3. The 

preculture was performed aerobically to achieve 0.6±0.05 OD620 cell density with shaking at 130 

rpm at pH 7 and 37°C. The batch culture was conducted by adding 1 mL of the preculture, and 

was stirred with a magnetic stirrer (RO 10 power IKAMAG, IKA, Staufensee, Germany). pH 

and temperature of the medium were maintained at pH 5.5, 6, 6.5 or 7 using pH controller 

(DT-1023P, ABLE, Tokyo, Japan) with an electrode (FermProbe pH electrodes, Broadley-James 

Corp., Irvine, USA) by adding 5 N NaOH or HCl, and 37°C respectively. 

 

Assays 

The volume of H2 production was measured by analyzing the H2 composition of head space 

of the bottles using gas chromatography (GC2014, Shimadzu, Kyoto, Japan) with a thermal 

conductivity detector and Shincarbon ST (Shinwa Chemical Industries Ltd., Kyoto, Japan). Dry 

cell weight (DCW) was calculated by measuring optical density (OD) at 620 nm; 1 OD620 was 

estimated as 0.41 g DCW/L. Data of H2 production were analyzed using one-way analysis of 

variance (ANOVA) with Tukey-Kramer test for multiple comparisons. Probability of less than 

5% (P<0.05) was considered statistically significant. 

 

Genome analysis 

The whole genome sequence of the strain AM2 was obtained using 454 GS FLX Titanium 

sequencer (Roche Diagnostics, Branford, USA) and the sequence reads were assembled using 

the Newbler software version 2.3 or later. Gaps were filled manually by Sanger sequencing. 

Illumina reads obtained by MiSeq sequencer (Illumina, San Diego, USA) were used only for 

sequence error correction. Identification of protein-coding sequences (CDSs) was carried out 

using the Microbial Genome Annotation Pipeline (MiGAP; http://www.migap.org/) [Sugawara et 

al., 2009] and Glimmer [Delcher et al., 1999]. Gene analysis was performed using In Silico 

Molecular Cloning software (In silico biology, Inc., Yokohama, Japan). Amino acid sequence 

alignments of hydrogenase subunits were conducted using CLUSTAL X2 program [Larkin et al., 

http://www.migap.org/
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2007; Thompson et al., 1994]. Molecular characterization of genes responsible for H2 production 

was conducted using InterPro database [Hunter et al., 2011]. Nucleotide sequence of the 

terminator region was predicted using ARNold finding terminators [Naville et al., 2011]. 

Transmembrane helices were predicted using SOSUI program [Hirokawa et al., 1998]. Protein 

localization was predicted using PSORTb 3.0 [Yu et al., 2010]. 

 

Total RNA extraction and real-time quantitative PCR 

Total RNA was extracted from cells grown in a synthetic medium described above to 

mid-logarithmic phase at pH 6 using TRIzol LS Reagent (Life Technologies, Carlsbad, USA). 

The total RNA was treated using RNase-free DNase (Promega, Madison, USA) to remove any 

residual DNA, and was further purified using the RNeasy Mini kit (Qiagen, Hilden, Germany). 

The purified total RNA was reverse transcribed to first-strand cDNA using SuperScriptTM III 

Reverse Transcriptase (RT) and random 6-mer (Life Technologies, Carlsbad, USA) at 46°C for 3 

hours. The cDNA was used for transcriptional unit analysis and real-time quantitative PCR 

(qPCR). 

V. tritonius hyfG gene was selected as a target gene of interest and proS and pyrH genes as 

reference genes for the qPCR. Primer for the qPCR was designed using Primer Express Software 

(Life Technologies, Carlsbad, USA). SYBR Green PCR platform and ΔΔCt method using 

One-Step real time PCR machine (Life Technologies, Carlsbad, USA) were used. The PCR cycle 

conditions consisted of 95°C for 10 min., followed by 40 cycles of 95°C for 15 sec. and 60°C for 

1 min. All expression levels are presented here relative to those at pH 7. 

 

Transcriptional unit analysis 

The first strand cDNA, which corresponds to a 24 kb region of FHL-Hyp gene cluster of the 

strain AM2, was synthesized using the same protocol as described in the above section, but using 

gene specific primers. The conditions for the RT consisted of 55°C for 90 min. and 70°C for 15 

min. Using the first strand cDNA as a template, PCR was performed with primer pairs that are 

able to amplify intergenic regions of the FHL-Hyp gene cluster of the strain AM2 using GoTaq 

Green Master Mix (Promega, Madison, USA). The PCR cycle consisted of 95°C for 2 min. for 

an initial denaturation, and 30 cycles of 95°C for 1 min (denaturation), 55°C for 1 min. 

(annealing) and 72°C for 1 min. (extension). Genomic DNA of the strain AM2 extracted using 

Wizard Genomic DNA Purification Kit (Promega, Madison, USA) was used for a positive 

control reaction. A negative control reaction was performed without RT as total RNA template. 
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All primers used in this study are listed in Table S1. The PCR product was analyzed by 1.0% 

agarose gel electrophoresis in 0.5x TBE buffer. 

 

RESULTS 

Identification of Vibrio tritonius FHL-Hyp gene cluster in the large chromosome 

    The gap-closed whole genome information on V. tritonius AM2 consisted of two circular 

forms with 3,434,724 bp for the large chromosome (Chr. 1) and 1,787,202 bp for the smaller 

second one (Chr. 2). G+C% of the Chr. 1 and Chr. 2 were 43.96 and 43.78, respectively. A total 

of 34 rRNA genes were found on the Chr. 1 but not on the Chr. 2. Total CDSs of the Chr. 1 and 

Chr. 2 might be around 3,000 and 1,600, respectively. Possible chromosome replication regions 

(oriC region) were estimated by OriC finder [Gao and Zhang, 2008]. The region of Chr. 1 was 

also identified by co-localizing gidA, mioC-like FMN-binding protein gene, dnaA, dnaN, recF 

and gyrB [Heidelberg et al., 2000; Egan and Waldor, 2003]. The genes encoding plasmid 

partitioning proteins (ParAB) were also located at the oriC region of the Chr. 1. The region of 

Chr. 2 was identified by the structural similarities, of which parAB and rctB genes were 

co-localizing, but less similarities in the rctA gene sequence of Vibrio cholerae [Heidelberg et al., 

2000; Egan and Waldor, 2003]. A 5’ inter-genetic region of rctB of the strain AM2 possessed an 

AT rich region showing high similarity against those of V. cholera and Vibrio parahaemolyticus 

Chr. 2. 

From the genome data of V. tritonius, only two possible genes corresponding to large and 

small subunit of hydrogenase were found. By further observation of the flanking region around 

the possible hydrogenase genes, a single gene cluster with the total length of 24 kb which could 

be responsible for the H2 production appeared on 481,700-505,700 bp region on the Chr. 1 of V. 

tritonius (Fig. 2-1A). Using both BLAST and InterPro Scan search, which aims to find proteins 

possessing well known conserved domains and/or structures, the genome region of V. tritonius 

was identified as a gene cluster including 21 genes required for the formation of FHL (Fig. 2-1A 

and Table 2-1). We found a similarity in the gene products of V. tritonius and those of E. coli 

K-12 W3110, but not only in the amino acid identity ranged from 32-68% but also the gene 

arrangement was unlikely to match those of hyc and hyf operon of E. coli (Fig. 2-1A). We also 

found more similarity against the putative gene cluster responsible for forming FHL of V. 

furnissii than that of E. coli, but at least three genes corresponding to hyfDEF genes of V. 

tritonius and E. coli absent in the putative gene cluster responsible for the H2 production in V. 

furnissii (Table 2-1). Finally, we identified the gene cluster retained by V. tritonius as FHL-Hyp 

gene cluster. The gene arrangement consisted of a hydrogenase complex in the FHL-Hyp gene 
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cluster was likely to be similar to hyf operon of E. coli, so these genes were named as 

Vt-hyfABCDEFGHIJ and hycI, respectively, but E. coli hyf (Ec-hyf) operon does not have hycI, 

fdhF, and hyp homologue genes in the franking region. 

 

Properties of the predicted gene products of hyf-like operon in Vibrio tritonius 

Vt-HyfA (21.6 kDa) was predicted to contain four conserved motifs, each containing four 

cysteine residues corresponding to four [4Fe4S] clusters (Fig. 2-2). The 16Fe ferredoxins 

generally function as electron-accepting/donating components in oxido-reduction pathways 

[Andrews et al., 1997]. The motifs are also found in Ec-HycE, which plays a role in electron 

transport between Fdh-H and Hyc complex [Sauter et al., 1992]. 

Vt-HyfB (72.6 kDa), Vt-HyfD (51.2 kDa) and Vt-HyfF (56.6 kDa) were predicted as 

transmembrane proteins belonging to the protein family, Oxidored_q1 (PF00361), in which 

NADH-ubiquinone/plastoquinone (complex I) are classified. The molecular function of the 

proteins belonging to this family was predicted to be proton translocation across cytoplasmic 

membrane coupled to ATP synthesis. Vt-HyfBDF showed high amino acid sequence homology 

(>56% in average) to Ec-HyfBDF. 

Vt-HyfC (34.4 kDa) and Vt-HyfE (23.7 kDa) were predicted as membrane proteins which 

belong to the protein families NADHdh (PF00146) including NADH dehydrogenase, and 

Oxidored_q2 (PF00420) including NADH-ubiquinone/plastoquinone oxidoreductase chain 4L, 

respectively. The proposed function of the two proteins was oxidoreductase activity. 

Vt-HyfG (66.0 kDa) corresponding to the large subunit of the [NiFe]-hydrogenase was 

identified. The amino acid sequence alignment of the large subunits of the [NiFe]-hydrogenases 

belonging to group 4 revealed that two CxxC motifs coordinating [NiFe] center at the active site 

were included at the N- and C-terminal regions of Vt-HyfG (Fig. 2-3A). The CxxC motif at the 

C-terminal region is a part of the DPCxxCxxR motif (Fig. 2-3A) followed by the C-terminal 

extension, which is usually cut down by a protease [Rossmann et al., 1994; Rossmann et al., 

1995]. As a feature of the gene, the translation start of Vt-hyfG gene was ATG codon, 

nevertheless Ec-hyfG gene uses GTG as the start codon [Andrews et al., 1997].  

Vt-HyfH (21.6 kDa) contained two CxxCxxCxxxCP motifs which are also found in 

Ec-HycF, Ec-HyfH, and Vf-HyfH (Fig. 2-4). Therefore, Vt-HyfH possesses the two [4Fe4S] 

clusters and the proposed function of this is to play a role in electron transport. In addition, 

CxxCxnCPxC (n=29-36) motif was also found in Vt-HyfH and CooX of Carboxydothermus 

hydrogenoformans and Rhodospirillum rubrum, suggesting the presence of a third iron site. 

Vt-HyfI (29.6 kDa) had a CxxCxnGxCxxxGxmGCPP (n=61-106, m=24-61) motif typically 
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found in the small subunits of the [NiFe] hydrogenase (Fig. S2). In addition, CHGC sequence, 

which might relate to the active site, was observed at the C-terminal region of HyfI of V. tritonius 

and V. furnissii but not at those of HycE and HyfG of E. coli, and CooH of C. hydrogenoformans 

and R. rubrum (Fig. 2-3B). 

Vt-HyfJ (16.5 kDa) shared 48% amino acid identity with Ec-HycH, which might be 

responsible for the maturation of the large subunit of hydrogenase-3 [Casalot et al., 2001]. 

Ec-HyfJ is also known as the only homologue of Ec-HycH, sharing 47% identity [Andrews et al., 

1997]. The function of HycH and HyfJ remains unknown but might be involvement in the 

maturation of hydrogenase. 

Vt-HycI (16.8 kDa) shared 53% homology against Ec-HycI (Table 2-1), which might play 

an important role of the maturation of HycE corresponding to the large subunit of hydrogenase-3 

[Casalot et al., 2001]. Vt-hycI gene is located in the downstream of the Vt-hyfJ gene, and the 

CDSs of the two genes overlapped (Fig. 2-1A). 

 

Effects of pH of the medium on H2 production and hyfG expression in Vibrio tritonius 

    The pH dependency of H2 production and expression level of Vt-hyfG gene which encodes 

the large subunit of the [NiFe]-hydrogenase of V. tritonius, were examined in the pH range of 

5.5-7 in the batch culture (Fig. 2-5). In the batch culture after 12 hours, the H2 production per 

DSW increased along with acidification of pH of the medium, and the H2 production at pH 5.5, 6 

and 6.5 were 35, 23 and 8-fold higher than that at pH 7.0 (Fig. 2-5A). In the 12 hour-batch 

culture at pH 7, H2 production was not detected. Vt-hyfG gene expression showed similar 

tendency to the pH dependency of the H2 production, the expression fold at pH 5.5, 6.0, and 6.5 

were 1.7, 1.5 and 1.2 folds than that at pH 7 (Fig. 2-5B). 

 

Transcriptional unit analysis of FHL-Hyp gene cluster during glucose fermentation 

   The FHL-Hyp gene cluster of V. tritonius consists of 21 genes in total, of which orientations 

were the same on the positive strand, on the 24 kb region of the Chr. 1 (Fig. 2-1A). In order to 

determine the largest transcription unit of the FHL-Hyp gene cluster, RT-PCR experiments were 

performed with primer pairs capable of amplifying various regions of the FHL-Hyp gene cluster 

as the first strand cDNA synthesized by a primer targeting on 3’ end of the FHL-Hyp gene 

cluster (corresponding to the 3’ end of Vt-hypB gene) template. In the preliminary in silico 

analysis to predict possible transcriptional unit base on the GC skew change it was found that the 

24 kb cluster could be transcribed as a single unit (data not shown). The electrophoretic profile 

showed that at least the 24 kb of transcript covering all 21 genes consisted of Vt-FHL-Hyp gene 
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cluster (Fig. 2-1B). However, two terminator regions were predicted at the back of 3’ end of 

Vt-fdhF and Vt-hypB genes as a hairpin-loop forming palindrom by ARNold finding terminators 

[Naville et al., 2011]. 

 

DISCUSSION 

Since Andrews et al. discovered the hyf operon in the E. coli genome sequence in 1997, 

many hydrogenases assigned to group 4 share similarities with the Hyf-type proteins in E. coli 

[Vignais et al., 2007; Andrews et al., 1997; Marreiros et al., 2013]. Several proteins, however, 

could not be identified as the [NiFe]-hydrogenases due to the lack of the two conserved CxxC 

motifs located at the N- and C-terminal regions of the large subunits, which are residues acting 

as ligands for the [NiFe] center at the active site. The four gene products of hyf-like operon in 

Mycobacterium tuberculosis (Orf2, 3, 4 and 5) share amino acid sequence similarities with HyfC 

(34%), HyfE (24%), HyfBDF (24, 21 and 36%, respectively) and HyfG (31%) of E. coli, 

respectively, but these proteins do not correspond to the [NiFe]-hydrogenase components due to 

the absence of the CxxC motifs in Orf5 [Andrews et al., 1997]. Likewise, Coppi (2005) indicated 

that the Ech homologue cluster of Geobacter sulfurreducens does not encode the 

[NiFe]-hydrogenase, and thus designated it to Ehr (Ech-hydrogenase-related) [Coppi, 2005]. 

Presence of hyf-operons with co-occurrence of fdhH gene in the genome of vent species of 

chemolithoautotrophic epsilonproteobacteria [Marreiros et al., 2013, Zhang and Sievert, 2014] 

suggests an unexpected link of formate-spilitting pathway to CO2 and H2 in deep-sea 

chemolithotrophs and shallow water atypical vibrio species. However, simple genome sequence 

comparison against annotated data could not cover the presence of active bacterial enzymes 

belonging to hyf related group 4 hydrogenases. 

Using a marine vibrio, V. tritonius AM2, we first identified an effective Hyf complex-driven 

H2 production among bacteria using a H2 production assay, complete genome analysis and a gene 

transcriptional experiment (Figs. 2-1 and 2-5). The Vt-FHL-Hyp gene cluster found here 

consisted of three parts: FHL, Fdh and activator, and Hyp regions with the length of total gene 

cluster up to 24 kb. The first 10 genes (Vt-hyfABCDEFGHIJ) formed the hyf-like operon. The 

middle four genes encode formatted dehydrogenase and an activator, fhlA, which controls in a 

formate regulon of E. coli. The last 6 genes may be involved in hydrogenase maturation and 

processing. As functions and regulations of Ec-hyf operon (Ec-hyfABCDEFGHIJ) have not 

elucidated yet due to the insignificant activities and expressions in the wild-type E. coli strain 

[Andrews et al., 1997; Skibinski et al., 2002; Self et al., 2004], the findings hyf gene cluster 

expressed in the marine vibrio could contribute to the understanding of hyf regulation and 
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evolution. The complete genome analysis of the strain AM2 revealed that 1) the hyf gene cluster 

is the only gene responsible for fermentative hydrogen evolution, 2) the hydrogenase is classified 

as [NiFe]-hydrogenase possesses two CxxC motifs on the Vt-hyfG gene. The genetic features are 

likely to be common among V. tritonius strains (unpublished data). On the basis of the gene 

structure of the Vt-FHL-Hyp gene cluster, we could also conduct gene expression studies, and 

these suggest that 1) the Vt-hyfG is up-regulated under slightly acidic conditions of the medium, 

and 2) the longest transcriptional unit may cover all genes consisting of Vt-FHL-Hyp. The V. 

tritonius Hyf also plays a key role in the H2 production.  

For biosynthesis of active [NiFe]-hydrogenases, several proteins related to maturation are 

required [Casalot and Rousset, 2001]. In the maturation process proposed in E. coli, a precursor 

of the large subunit (pre-HycE) containing the C-terminal extension is formed by six Hyp 

proteins (HypABCDEF). The extension site coordinated by the DPCxxCxxR motif is usually 

removed at the final stage of the maturation process [Sawers et al., 2004]. The last 6 genes of the 

Vt-FHL-Hyp gene cluster are identified as hyp genes (Vt-hypFCDEAB) (Fig. 2-1A and Table 2-1). 

Vt-HyfG also possesses the DPCxxCxxR motif followed by the C-terminal extension (Fig. 2-3A), 

which is usually cut down by an endopeptidase, such as HycI and HupD in E. coli and 

Rhodobacter capsulatus, respectively [Rossmann et al., 1995; Casalot and Rousset, 2001]. The 

presence of Vt-hycI gene and the DPCxxCxxR motif in Vt-HyfG suggests that it is reasonable to 

consider that Vt-HycI may also be involved in the maturation process of Vt-HyfG.  

Compared to the Hyf proteins in E. coli, Vt-HyfBDF are predicted to be the transmembrane 

proteins related to NADH-ubiquinone oxidoreductase (complex I), and Vt-HyfCD might show 

oxidoreductase activity related to proton translocation [Treberg and Brand, 2011] according to 

the results of InterPro Scan search [Hunter et al., 2011]. Therefore, the FHL consisting of the 

Hyf-type proteins and FdhF in V. tritonius was thought to form the homologous complex of 

FHL-2, which was proposed as an energy-conserving FHL coupled to proton translocation in E. 

coli [Andrews et al., 1997]. On the contrary, V. furnissii type strain shows very low hydrogen 

emission activity, and the gene structure of the FHL obtained from the complete genome 

sequence of V. furnissii differs from those of V. tritonius; only 7 genes (hyfABCGHIJ) 

homologues to Hyc subunits of hydrogenase-3 which is part of the non-energy-conserving FHL 

(FHL-1). Hydrogenases driving H2 production and energy-conservation has been well described 

in the [NiFe]-hydrogenases belonging to group 4 found in Mbh of Pyrococcus furiosus [Ma et al., 

1993; Sapra et al., 2000], and Ech of Methanosarcina barkeri [Künkel et al., 1998; Meuer et al., 

1999]. Coo of R. rubrum and C. hydrogenoformans is also energy-conserving [Fox et al., 1996; 

Soboh et al., 2002]. The study using the membrane vesicles of P. furiosus shows that Mbh played 
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a role of proton reduction (H2 production) coupled to proton translocation [Sapra et al., 2003]. 

Until now, however, there has been no direct proof of how energy-conservation by the 

[NiFe]-hydrogenases contribute to the growth or maintenance of cells. Moreover, the vibrio Hyf 

consists of 12 proteins including formate dehydrogenase, which has been long discussed 

regarding the structural similarity of complex I, of which 14 proteins are present [Marreiros et al., 

2013]. As vibrios are fast growing microbes, these V. tritonius strains could be promising 

materials for providing much information on physicochemical features of the V. tritonius FHL 

machinery, bioenergetics of the group of marine microbes, and evolutional linkage to complex I. 

At least two genes, one from Chr. 1 and the other from Chr. 2, may encode the proteins with 

Fdh activities in the V. tritonius genome sequences. The gene on the Chr. 2 contains 

molydopterin dinucleotide binding domain like the catalytic subunits of Fdh-N and Fdh-O of E. 

coli. However, the gene product is predicted to be located in the cytoplasm (localization scores is 

9.97) by PSORTb 3.0 [Yu et al., 2010], whereas the catalytic subunits of the E. coli Fdh-N and 

Fdh-O are located on the periplasm (localization scores are 10) in E. coli. On the other hand, the 

protein on the Chr. 1 might be a homologue of the NAD(P)-dependent formate dehydrogenase 

because of the domain of pyridine nucleotide-disulphide oxidoreductase responsible for NADH 

binding [Popov et al., 1994]. The gene product is also predicted to be located on the periplasmic 

side (localization scores is 9.97). Formate metabolism in the marine vibrio might differ from 

those of enterobacteria. In enterobacteria, formate contributes to their energy metabolism by the 

workings of various enzymes rather than being simply excreted. The knowledge of physiological 

functions and mechanisms of FocA has rapidly increased due to the successful crystal structure 

analysis of FocA of E. coli [Wang et al., 2009] and V. cholerae [Waight et al., 2010]. The volume 

of H2 production and the expression of the hyfG gene of V. tritonius were higher under slightly 

acidic conditions than at pH 7 (Fig. 2-5B), whereas the cell growth of V. tritonius showed a 

countertrend [Matsumura et al., 2014]. These results suggest that the FHL of V. tritonius might 

contribute to the disposal of the cytoplasmic formate in order to avoid not only the critical 

acidification of the cytoplasm but also energy-conservation in unfavorable environments, such as 

acidic conditions where cell growth is repressed compared to a neutral pH of the medium. 

Compared to formate regulon in E. coli, the FHL-Hyp gene cluster is likely to form a 

simpler structure (Fig. 2-1A). RT-PCR experiments revealed that the total length of 24 kb of the 

FHL-Hyp gene cluster forms a single transcript during the mid-logarithmic phase of V. tritonius 

(Fig. 2-1A), whereas the terminator region was predicted to be 43 bp upstream of the 5’ end of 

Vt-fhlA gene, which was predicted to be a transcriptional activator of formate regulon (Fig. 2-1). 

Simple sequence similarity search using E. coli sequence failed to identify the UAS (universal 



27 
 

activating sequence) [Sawers et al., 2004] (data not shown). Absence of homologue gene to hycA 

gene which is a negative regulator of the formate regulon is also indicated so far [Skibinski et al., 

2002]. Currently we conducted global transcriptome analyses for the bacterium, which help us to 

elucidate the genome-wide transcriptional control of the FHL-Hyp gene cluster. Along with 

details of the genome feature of V. tritonius and the other H2 producing marine vibrios, these 

omics-analysis are in progress. 
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Fig. 2-1. Genomic architecture and the transcription of Vibrio tritonius FHL-Hyp gene 

cluster. The gene arrangement of Escherichia coli hyf operon, Vibrio furnissii and Vibrio 

tritonius FHL-Hyp gene cluster (A): Symbols: ○, predicted terminator region. The PCR products 

derived from V. tritonius FHL-Hyp gene cluster and its transcript (B): The cDNA synthesized by 

fhlART was amprified by hyf5F and hyfCR (lane 1, 2, and 3), hyfAF and hyfDR (lane 4, 5, and 

6), hyfDF and hyfHR (lane 7, 8, and 9), hyfGF and fdhFR (lane 10, 11, and 12), respectively. 

The cDNA synthesized by hypBRT was amprified by fhlAF and fdhDR (lane 13, 14, and 15), 

hypFF and hypDR (lane 16, 17, and 18), hypEF and hypBR (lane 19, 20, and 21), hypDF and 

hyf3R (lane 22, 23, and 24), respectively. Genome DNA template: lane 1, 4, 7, 10, 13, 16, 19 and 

22, RT (+) experiments: lane 2, 5, 8, 11, 14, 17, 20 and 23, and RT (-) experiments: lane 3, 6, 9, 

12, 15, 18, 21 and 24. PCR cycle was defined as 40 cycles at lane 13-21. Before apply samples, 

each samples was diluted in the following ratios: lane 1, 4, 7, 10 and 22, 1/15; lane 5, 8 and 11, 

1/3; lane 13, 16, 17, 19 and 20, 1/20; lane 14, 1/25.



29 
 

 
Fig. 2-2. Multiple amino acid sequence alignment of Vt-HyfA encoding four [4Fe4S] 

clusters subunits of the [NiFe]-hydrogenases with representative related sequences. 

Numbers 1, 2, 3 and 4 indicates [4Fe4S] ligands. The amino acid sequences used in the 

alignment are as follows: Vibrio furnissii HyfA (ADT87211), iron-sulfur subunit of hydrogenase 

complex; Escherichia coli HycB (BAE76801), iron-sulfur subunit of Hyc complex; E. coli HyfA 

(BAA16359), iron-sulfur subunit of Hyf complex; Carboxydothermus hydrogenoformans CooF 

(ABB15805), iron-sulfur cluster-binding protein of CO-induced hydrogenase; Rhodospirillum 

rubrum CooF (AAC45122), iron-sulfur cluster-binding protein of CO-induced hydrogenase. 
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Fig. 2-3. Multiple amino acid sequence alignment of the large and small subunit of the 

[NiFe]-hydrogenases with representative related sequences. Vt-HyfG (A) Number 1 and 2 

indicate [NiFe(CO)(CN)2] cluster; and 3 indicates C-terminal cleavage site. The amino acid 

sequences used in the alignment are as follows: Vibrio furnissii HyfG (ADT87208, large subunits 

of hydrogenase complex; Escherichia coli HycE (P16431), large subunit of Hyc complex; E. coli 

HyfG (P77329), large subunit of Hyf complex; Carboxydothermus hydrogenoformans CooH 

(ABB14885), CO-induced hydrogenase large subunits; Rhodospirillum rubrum CooH 



31 
 

(AAC45121), CO-induced hydrogenase large subunits; E. coli NuoD (BAA16115), NuoD 

subunit of Nuo complex. Vt-HyfI (B) Number 1 and 2 indicate [4Fe4S] ligands possible 

additional iron site, respectively. The amino acid sequences used in the alignment are as follows: 

V. furnissii HyfI (ADT87206), small subunits of hydrogenase complex; E. coli HycG (P16433), 

small subunit of Hyc complex; E. coli HyfI (P77668), small subunit of Hyf complex; C. 

hydrogenoformans CooL (Q3AB34), CO-induced hydrogenase small subunits; R. rubrum CooL 

(AAC45118), CO-induced hydrogenase small subunits; E. coli NuoB (BAA16121), Nuo subunit 

of Nuo complex. 
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Fig. 2-4. Multiple amino acid sequence alignment of Vt-HyfH encoding two [4Fe4S] clusters 

subunits of the [NiFe]-hydrogenases with representative related sequences. Numbers 1 and 2 

indicate [4Fe4S] ligands, and 3 indicates possible third iron site. The amino acid sequences used 

in the alignment are as follows: Vibrio furnissii HyfH (ADT87207), iron-sulfur subunit of 

hydrogenase complex; Escherichia coli HycF (BAE76797), iron-sulfur subunit of Hyc complex; 

E. coli HyfH (BAA16376), iron-sulfur subunit of Hyf complex; Carboxydothermus 

hydrogenoformans CooX (ABB14138), iron-sulfur cluster-binding protein of CO-induced 

hydrogenase; Rhodospirillum rubrum CooX (AAC45119), iron-sulfur cluster-binding protein of 

CO-induced hydrogenase. 
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Fig. 2-5. Effects of pH of the medium on hydrogen production and expression of hyfG gene 

of Vibrio tritonius AM2. Culture condition: Vbrio tritonius AM2 was batch cultured at 37°C for 

12 hour. (A) hydrogen production was measured after 12 hour culture, error bars represent SD, 

n=3. Statistically significance (P<0.05) is indicated by letters; (B) Expression levels were 

normalized to the pH 7. n=1. 
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Table 2-1. Predicted function and characteristics of gene products encoded by FHL-Hyp 

gene cluster of Vibrio tritonius 

 
Vt: Vibrio tritonius, Ec: Escherichia coli, Vf: Vibrio furnissii. Methods for predictions of protein 

function and characteristics are described in Materials and Methods.  

Gene product Molecular Mass Predicted 
membrane helices

Predicted
localization

Vt Vt / Ec  (kDa) Vt / Ec Vt / Ec Vt /Vf (%) Vt /Ec

HyfA 21.6 / 22.2 Electron carrier activity nd 50 78 Ct / Ct

HyfB 72.6 / 72.6 ATP synthesis coupled electron transport 17 / 16 53 50 CM / CM

HyfC 34.4 / 34.4 Oxidoreductase activity 8 / 8 57 69 CM / CM

HyfD 51.2 / 51.8 ATP synthesis coupled electron transport 12 / 13 62 nd CM / CM

HyfE 23.7 / 23.4 Oxidoreductase activity 5 / 6 52 nd CM / CM

HyfF 56.6 / 56.8 ATP synthesis coupled electron transport 13 / 12 53 nd CM / CM

HyfG 66.0 / 63.4 Hydrogenase activity (Large subunit) nd 68 84 Ct / Ct

HyfH 21.6 / 20.1 Electron carrier  activity nd 55 80 Ct / CM

HyfI 29.6 / 28.1 Hydrogenase activity (Small subunit) nd 64 82 - / -

HyfJ 16.5 / 15.6 Formate hydrogenlyase maturation protein nd 45 74 - / CM

HycI 16.8 /  17.1 Processing of C-terminal end of HycE (and HyfG?*) nd 53 70 - / -

HydN 19.3 / 19.0 Electron transport protein*** nd 54 78 CM / Ct

FdhH 79.6 / 79.4 Foemate dehydrogenase nd 66 78 Ct /

FhlA 76.0 / 78.5 Transcriptional activator nd 41 58 Ct / Ct

FdhD 30.5 /  30.6 Required for formate dehydrogenase activity nd 52 59 Ct / Ct

HypF 92.0 / 82.1 CN/CO delivery** nd 38 55 CM / Ct

HypC 9.3 /  9.7 Chaperone/maturation** nd 35 64 - / -

HypD 41.4 / 41.4 Ni incorporation/maturation** nd 46 74 Ct / Ct

HypE 35.5 / 33.7 Purine derivative binding ? ** nd 46 67 Ct / Ct

HypA 12.2 /  13.2 Ni incorporation/maturation** nd 32 60 Ct / Ct

HypB 43.3 /  31.6 Nickelin/Ni insertion** nd 67 79 Ct / Ct

Predicted function
Amino acid

sequence identity
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Table 2-2. Nucleotide sequence of the primers used for the reverse transcriptional studies 

 
 

 Primers   Sequence
 hypBRT  GTGAGCGAGTTGATGCTGCT
 fhlART  TTAGTGAGCGAGTTGATGCTGC
 hyf5F TAGGCAAGTTCTTGTCCTGC
 hyfCR AGACCTAACTTGACCATCGC
 hyfAF  ATGAAGAGCTTTGTGATTGCAG
 hyfDR  CGCCAGTTGAGTAATGGTTGAG
 hyfDF  GGTCAGTGCTTATTTGCACG
 hyfHR  TTGAGCTCAGGTTTACCACG
 hyfGF  CGATTGAGCAATACAGCGTG
 fdhFR  TTATGCCTGTTCAACGTGTGATC
 fhlAF  ATGAGTGTTGAGTTGTCACCC
 fdhDR  ATCAACCGGTTCAAACCCTG
 hypFF  ATCGATTAACGATACCGCTGAC
 hypDR  AAGATAACGCATGCGAGGTGC
 hypEF  AACACATCACTGGTGTACGTGG
 hypBR  TTGTTCTGCCATCTCCACC
 hypDF TGTTTAGTTCGACATGCCG
 hyf3R AGATGGGATCGATAGCCTC
 hyfG1F CGTGCGGCGACTTATGC
 hyfG1R CATCGGCCACTGTGTTACCA
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CHAPTER IV 

Comparative physiology and genomics of hydrogen-producing vibrios 

 

ABSTRACT 

Occurrence of Hyf-type FHL complex was first proposed in E. coli in 1994 based on 

sequence comparisons. The FHL is estimated to be a proton-translocating energy-conserving 

[NiFe]-hydrogenase. Although the structure of FHL is similar to that of complex I, silent gene 

expression in E. coli have caused delays in unveiling genetic and biochemical features of FHL 

complex. Recently, the full set of genes required for Hyf-type FHL synthesis has been found in V. 

tritonius, which is a higher H2 producer than E. coli. Here we investigated the physiological 

characteristics, genome comparisons, and gene expressions to elucidate the genetic backgrounds 

and how Hyf-type FHL correlates with the high H2 production of V. tritonius. Physiological 

comparisons among seven H2-producing vibrios revealed that V. porteresiae and V. tritonius, 

grouped as the Porteresiae clade, showed greater abilities in H2 production than the other species. 

The structures of FHL-Hyp gene clusters were closely related in both Porteresiae species, but 

differentiated from those of the others with the presence of hupE, a possible nickel permease 

gene. Interestingly, deeper genome comparisons revealed co-presence of nickel ABC transporter 

genes (nik) with the Hyf-type FHL gene only on the genome of the Porteresieae clade species. 

Active primary Ni transport might be one of the key factors characterizing higher H2 production 

in V. tritonius. The first global transcriptome of V. tritonius cells after being stimulated with 

formate showed significant up-regulation of the FHL gene cluster. Formate is likely to be a gene 

expression control factor in the gene clusters of V. tritonius with some similarity to the formate 

regulon of the E. coli Hyc-type FHL gene cluster.   

 

INTRODUCTION 

Vibrios are Gammaproteobacterium living in a wide range of aquatic environments, and 

often associated with plant and animal hosts [Thompson et al., 2005; Sawabe et al., 2007; 

Sawabe et al., 2013]. The family Vibrionaceae is recognized as one of the most diverse bacterial 

groups both genotypically and phenotypically. Currently, more than 170 species with valid 

nomenclature are assigned to the family Vibrionaceae [Association of Vibrio Biologists website, 

http://www.vibriobiology.net/] showing various unique physiological findings in nitrogen (N2) 

fixation, phototrophy, and H2 production machinery [Gomez-Gil et al., 2014].  

The family Vibrionaceae consisting of at least eight polyphyletic lineages, and 

metabolically versatile species/strains [Thompson et al., 2005]. Until now, the H2 production 
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phenotype has been experimentally confirmed in at least 10 species of vibrios belonging to five 

clades; Vibrio fluvialis [Lee et al., 1981] and Vibrio furnissii [Brenner et al., 1983] (Cholerae 

clade), Vibrio gazogenes [Harwood, 1978; Baumann et al., 1984], Vibrio aerogenes [Shieh et al., 

2000], Vibrio ruber [Shieh et al., 2003], and Vibrio rhizosphaerae [Kumar et al., 2007] 

(Gazogenes clade), Vibrio mytili [Pujalte et al., 1993] (Harveyi clade), Vibrio aphrogenes 

[Tanaka et al., 2017] (Rumoiensis clade), and Vibrio porteresiae [Rameshkumar et al., 2008] and 

Vibrio tritonius [Sawabe et al., 2013] (Porteresieae clade). V. tritonius was described as an AM2 

as a type strain isolated from gut of a sea hare Aplysiomorpha [Sawabe et al., 2013; Gomez-Gil 

et al., 2014]. The Multilocus sequence analysis (MLSA) with 8-housekeeping genes phylogeny 

revealed that V. tritonius shares a common ancestry with V. porteresiae, which was isolated from 

wild rice collected from the Pichavaram mangroves in India [Rameshkumar et al., 2008]. 

Interestingly, V. tritonius exhibited high H2-producing ability during mixed acid fermentation 

where the maximum H2 molar yield corresponded to approximately 85% of the theoretical yield 

even under saline conditions [Matsumura et al., 2014]. The discovery of V. tritonius provided 

better clues to direct the genetical, ecophysiological and evolutionary studies of H2 producing 

Vibrio species.  

H2 production was achieved by H2-evolving enzymes, hydrogenase and nitrogenase. 

Hydrogenases catalyze the simple reaction; 2H+ + 2e− ⇄ H2. On the other hand, nitrogenases 

catalyze the reduction of N2 to NH3 followed by the chemical reaction; N2 + 8H+ + 8e- → 2NH3 

+ H2. Hydrogenases can be classified into [NiFe]-hydrogenases, [FeFe]-hydrogenases, and 

[Fe]-hydrogenases based on the distinctive functional core containing catalytic metal centers 

[Vignais et al., 2004; Nicolet and Lemon, 2000]. [NiFe]-hydrogenases, which are widespread in 

the domain of Bacteria and Archaea, can ecologically contribute to the H2 metabolism either 

aerobically or anaerobically [Vignais et al., 2007] and also in adaptation to critical acidic 

environments [Mnatsakanyan et al., 2004; Noguchi et al., 2010]. Facultative anaerobes produce 

H2 via the [NiFe]-hydrogenase assigning group 4 [Vignais et al., 2001, Vignais and Billoud, 

2007; Schmidt et al., 2011]. E. coli possesses two kinds of group 4 [NiFe]-hydrogenase; 

hydrogenase-3 (Hyc) complex encoded by the hycABCDEFGHI operon and hydrogenasea-4 

(Hyf) complex encoded by hyfABCDEFGHIJ-hyfR-focB operon [Vignais et al., 2001, Vignais 

and Billoud, 2007]. Hyc complex and formate dehydrogenase (Fdh-H) form FHL which is 

capable of catalyzing the cleavage of formate to H2 and carbon dioxide during the mixed acid 

fermentation. On the other hand, Hyf complex has the integral-membrane subunits (HyfDEF), 

which have no direct counterparts in the Hyc complex, and was proposed to constitute a 

proton-translocating FHL with Fdh-H [Andrew et al., 1997]. The biosynthesis, regulation, and 
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ecophysiological of Hyc-type FHL have been well described [Sawers, 1994; Sawers, 2005; 

Casalot and Rousset, 2001; Vignais et al., 2001, Vignais and Billoud, 2007], but we have been 

less able to understand those of Hyf complex. In E. coli, Hyc complex mainly achieved H2 

production at acidic pH levels or in the presence of extracellular formate, whereas Hyf complex 

is believed to be silent [Self et al., 2004]. The other studies proposed that Hyf complex catalyzes 

the H2 production and ion transport across the membrane at a slightly alkaline pH, and Fdh-H 

activity was partially dependent on Hyf complex and FoF1-ATPase [Bagramyan et al., 2002]. 

As in E. coli, Vibrio species can perform mixed acid fermentation. The major reducing 

equivalents for H2 production is also pyruvate, which is cleaved to acetyl coenzyme A and 

formate, and FHL converts formate to H2 and CO2 [Böck and Sawers, 1996; Matsumura et al., 

2014; Gomez-Gil et al., 2014]. Our previous gene mining and quantitative RT-PCR analysis 

revealed that V. tritonius [NiFe]-hydrogenase is assigned to the Hyf complex, and this enzyme 

complex mainly contributes to the H2 production under acidic conditions [Matsumura et al., 

2015]. However, the lack of their genome sequences has resulted in limited understanding of the 

regulation and ecophysiological roles of their H2 production abilities. To better understand the 

regulation and ecophysiological role of H2 production in vibrios, we need further investigation 

into the H2-producing ability from genomic and transcriptomic insights.  

In this study, we performed the comparative genomics between the gap-closed V. tritonius 

genome and the draft genomes of the other H2-producing species belonging to the Porteresieae, 

Gazogenes, and Cholerae clade, and transcriptomic profiling of V. tritonius to elucidate the key 

genetic factor related to effective H2 production achieved by Hyf-type FHL of V. tritonius. 

Furthermore, genome analysis provided us with the evolutional and physiological understanding 

of Hyf-type FHL in vibrios. We expected that vibrios, which are one of the largest and most 

diverse bacterial groups distributed in a wide range of aquatic environments, would provide us 

with a better understanding of the ecophysiological role of H2 metabolism and gene evolution. 

 

MATERIALS AND METHODS 

Bacterial strains and culture condition 

Bacterial strains used in this study were V. tritonius AM2 (=JCM 16456T), V. porteresiae 

MSSRF30T, V. gazogenes ATCC 29988, V. rhizosphaerae MSSRF3T, V. ruber LMG 23124T and 

V. aerogenes LMG 19650T. These strains were precultured aerobically in marine broth (0.5% 

(w/v) polypeptone, 0.1% (w/v) yeast extract and 75% (w/v) artificial seawater composed of 3% 

(w/v) NaCl, 0.07% (w/v) KCl, 0.53% (w/v) MgSO4・7H2O, 1.08% (w/v) MgCl2・6H2O, and 

0.13% (w/v) CaSO4・2H2O) with shacking of 130 rpm at 30°C overnight. Batch culture 
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experiments were conducted using an addition of 1 mL of the preculture solution to 100 mL of 

marine broth containing 5% (w/v) mannitol and 100 mM 3-morpholinopropanesulfonic acid 

(MOPS) (Dojindo, Kumamoto, Japan) in silicon rubber-capped glass bottles, which were stirred 

with a magnetic stirrer (RO 10 power IKAMAG, IKA, Staufensee, Germany). The temperature 

was maintained at 30°C and the pH of the medium was adjusted to 6.0 using pH controller 

system (DT-1023P, ABLE, Tokyo, Japan) with an electrode (FermProbe pH electrodes, 

Broadly-James Corp., Branford, USA) by adding 5 M NaOH. 

 

Hydrogen and formate producing ability measurements 

The fermentative gas was collected in an aluminum bag (GL Sciences Inc., Tokyo, Japan) 

connected by a silicon cap via the PharMed tube, and was then measured by displacement of 

water. The volume of H2 production was determined by analyzing the H2 composition of the 

head space of the bottles using gas chromatography (GC2014, Shimadzu, Kyoto, Japan) with a 

thermal conductivity detector and Shincarbon ST (Shinwa Chemical Industries Ltd., Kyoto, 

Japan). The operational temperatures of the injection port, oven and detector were 200, 40 and 

200ºC, respectively. Formate concentration was measured using a F-kit (Roche Diagnostics, 

Mannheim, Germany). Mannitol concentration was measured by HPLC with reflective index 

detector and TSKgel Amide-80 column (TOSOH, Tokyo, Japan) using 75% acetonitrile as a 

mobile phase. Cell density in the medium was measured with optical density at 620 nm.  

 

Genome analysis 

The sequences of chromosome 1 (Chr. 1) and 2 (Chr. 2) of V. tritonius AM2 were reported 

in CHAPTER III (accession numbers are AP014635 and AP014637, respectively). Functions of 

all predicted CDSs were manually annotated on the basis of the top 30 results of BLASTx search. 

Functions of all predicted CDSs were manually annotated on the basis of the top 30 results of 

BLASTx search. Draft genome sequences of V. porteresiae MSSRF30 T, V. gazogenes ATCC 

29988T, V. rhizosphaerae MSSRF3 T, V. ruber LMG 23124 T and V. aerogenes LMG 19650 T 

were newly obtained using a 454 GS FLX Titanium sequencer (Roche Diagnostics, Branford, 

USA), and Newbler software version 2.3 (454 Life Sciences, Branford, USA) was used for 

sequence reads assembling. Operation of genome analysis was mainly performed using In Silico 

Molecular Cloning software (In silico biology, Inc., Yokohama, Japan). Comparative genomics 

of the seven Vibrio species was performed on the basis of re-annotated CDSs using RAST 

version 2.0 (http://rast.nmpdr.org/rast.cgi) [Overbeek et al., 2014] with classic RAST annotation 

scheme. Sequence based comparison was performed using the SEED Viewer version 2.0.  
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RNA-Sequencing 

The expression profiles of V. tritonius cells metabolizing mannitol and formate were 

obtained by RNA-Seq. The fermentation was carried out at 37°C in marine broth; 1) 

supplemented with 5% (w/v) mannitol, 2) supplemented with 50 mM formate for 1 hour before 

sampling for RNA extraction, and 3) without supplementation. The pH of medium was 

maintained at 6.0 using a pH controlling system as described above. Total RNA was extracted 

using TRIzol LS regent (Life Technologies, Carlsbad, USA) according to the manufacturer's 

instructions. The extracted total RNA was treated using RNase-free DNase (Promega, Madison, 

USA) and was then purified using RNeasy Mini kit (Qiagen Hilden, Germany). Depletion of 

rRNA was conducted using Ribo-Zero™ rRNA Removal Kits (Bacteria) (Epicentre, WI, USA). 

The cDNA libraries were constructed using TruSeq RNA library preparation kit (Illumina, San 

Diego, CA). The sequencing was conducted using Illumina HiSeq 2500 (Illumina, Inc., San 

Diego, CA. USA). The high quality reads, which pathed Q30 filter, were mapped to the reference 

genomes of V. tritonius AM2 using Bowtie2 [Langmead and Salzberg, 2012] and SAMtools [Li 

et al., 2009]. Read counts were calculated using Artemis Entry Edit Release 16.0.0 [Berriman 

and Rutherford, 2003], and differentially expressed genes (DEGs) were detected on the basis of 

the read counts by exact tests (P<0.05) and were evaluated using package edgeR [Robinson et al., 

2010]. FDR <0.05 and log fold change >= 2.0 were used as the thresholds to determine the 

significance of gene expression difference. Mapping feature was visualized using IGV software 

[Thorvaldsdóttir et al., 2013]. 

 

Nitrogenase activity measurements 

Nitrogenase activity of V. tritonius and V. porteresieae was determined by the acetylene 

reduction assay in vivo. The bacterial strains were cultivated by stab culture on a modified 

N2-free medium consisting of (l-1): 5 g sucrose; 3 g mannitol; 0.8 g K2HPO4; 0.2 g KH2PO4; 0.2 

g MgSO4・7H2O; 20 g NaCl; 0.02 g CaCl2; 28 mg Na2FeEDTA; 25 mg Na2MoO4・2H2O; 2 g 

agar and 0.02g yeast extract [Gyaneshwar et al., 2001]. The pH of the medium was adjusted to 

7.0 by adding NaOH. The acetylene concentration in the head space of the vial was adjusted to 

5% (v/v), and the amount of ethylene produced was measured by gas chromatography (GC2014, 

Shimadzu, Kyoto, Japan) with a flame ionization detector and Shincarbon ST (Shinwa Chemical 

Industries Ltd., Kyoto, Japan). 
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RESULTS 

Comparison of hydrogen-producing abilities 

We compared the H2-producing abilities of the seven species of vibrios; four (V. gazogenes, 

V. rhizosphaerae, V. ruber and V. aerogenes) in the Gazogenes clade, and one (V. furnissii) in the 

Cholerae clade, and two (V. porteresiae and V. tritonius) in the Porteresiae clade. The batch 

culture experiments at pH 6.0 at 30°C confirmed the molar yields of H2 and formate that are 

precursors of H2, when mannitol was supplied as a carbon source (Fig. 3-1). V. porteresieae and 

V. tritonius showed higher molar yields of H2 compared with the other species, which 

corresponds to 1.59±0.13 and 1.38±0.07 mol/mol mannitol, respectively. The H2 molar yields of 

V. gazogenes, V. rhizosphaerae, and V. ruber were lower than those of the Porteresieae clade 

species (0.72±0.08, 0.48±0.06, and 0.50±0.04 mol/mol mannitol, respectively), but the formate 

molar yields showed almost similar levels to the Porteresieae clade species. V. aerogenes and V. 

furnissii showed significantly lower molar yields of H2 than the other species, but the formate 

yields of V. aerogenes and V. furnissii were higher than other Vibrio species, which corresponds 

to 0.95±0.06 and 0.88±0.05 mol/mol mannitol, respectively.  

 

Comparison of FHL-Hyp gene clusters encoded in Vibrio genomes 

To investigate the genes responsible for affecting H2 productivity, genome sequences of the 

six Vibrio species were compared on the basis of V. tritonius gap-closed genomes. Through our 

manual annotation, total 3094 and 1691 CDSs were annotated on the Chr. 1 and the Chr. 2, 

respectively, and 39% of the total CDSs were determined as hypothetical proteins. Subsequently, 

we newly obtained the draft genome sequences of the other six H2-producing species by 454 

pyrosequencing (Table 3-1). We identified the gene set related to FHL biosynthesis in the 

genomes of the seven H2-producing vibrios (Fig. 3-2). The other H2-evolving hydrogenase genes 

were not encoded in the drat genome sequences of the six Vibrio species in common with V. 

tritonius. The total length of the gene sets encoded in genomes of Porteresieae and Gazogenes 

clade species were approximately 24 kb, but the V. furnissii FHL-Hyp gene cluster corresponded 

to approximately 20 kb length. The gene order was also closely similar in the Porteresieae clade 

and Gazogenes clade species, except for V. aerogenes and V. furnissii, which exhibited lower 

activity of H2 production. The FHL-Hyp gene cluster of V. aerogenes and V. furnissii exhibited 

significant differences to those of other vibrios. V. aerogenes FHL-Hyp gene cluster was 

separately located on two contigs; contig 1 (hyfABCDEFGHIJ and hycI) and the contig 4 (hydN, 

fdhF, fhlA, fdhD and hypFCDEAB). We confirmed that V. furnissi FHL-Hyp gene cluster did not 

possess the three genes homologous to the hyfDEF encoding integral membrane subunits, 
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indicating that the hydrogenase complex does not have proton-translocation properties, as in the 

E. coli Hyc complex [Matsumura et al., 2015]. Furthermore, no apparent mobile elements were 

present in the flanking region of the FHL-Hyp gene cluster of V. tritonius. In addition, the codon 

usage patterns of the FHL-Hyp gene cluster and the whole genomes were closely similar (Fig. 

3-3).  

Furthermore, we found that the hydrogenase/urease accessory protein gene (hupE/ureJ) was 

located between the fdhD gene and hypF gene in the genome of the Gazogenes and Cholerae 

clade species (Fig. 3-2 and Table 3-1). The hupE/ureJ gene encodes transmembrane nickel 

permease, and is often encoded within [NiFe]-hydrogenase gene cluster [Rowe et al., 2005; 

Rodionov et al., 2006]. Any homologues of hupE/ureJ genes were not identified in the two 

Porteresieae clade species (Table 3-1). On the other hand, CDSs comparison using the SEED 

Viewer indicated that intact nikR-nikABCDE (V. tritonius, vtAM2_cI_1277-1282; V. porteresieae, 

gene_738-743 at contig 3) encoding nickel-responsive regulator and nickel ABC-transporter, and 

nickel/cobalt transporter (NiCoT permease) genes (V. tritonius, vtAM2_c1_1622; V. porteresieae, 

gene_1130 at contig 5) were annotated in the genomes of the two Porteresieae clade species. The 

gene order in the nik operon of Porteresieae clade species was also the same as E. coli’s (Fig. 

3-4). V. gazogenes, V. ruber, V. rhizosphaerae, and V. furnissii draft genomes did not encode the 

Nik and NiCoT genes. On the genome of V. aerogenes, nikABCD genes were annotated, but the 

adjacent gene was annotated as oppF gene encoding oligopeptide transport ATP-binding protein. 

Both nickel and oligopeptide ABC transporter belongs to the Opp/Dpp/Nik family of proteins, all 

components of ABC transporter show amino acid sequence similarity [Remy et al., 2013]. In 

addition, the nikR gene encoding repressor of nik operon was not encoded in the genome of the 

Gazogenes and Cholerae clade species (Table 3-1). Therefore, V. aerogenes do not have the 

complete set of genes responsible for the nickel ABC transporter system as with other Gazogenes 

clade species.  

 

Transcriptional profiling of mannitol and formate-supplemented Vibrio tritonius 

To understand the genome-wide transcriptional profile of V. tritonius AM2 during H2 

production, RNA-Seq was performed using the cells metabolizing mannitol and formate as 

substrates, respectively. The cDNA libraries were also derived using RNA prepared form 

logarithmic growth cells, which consumed 50% of the mannitol. To select the formate 

concentration for transcriptomic analysis, formate effect against V. tritonius was tested. The 

efficient consumption of formate was observed in the medium containing 25 mM and 50 mM 

formate (Fig. 3-5A). The 50 mM formate-supplemented cultivation demonstrated the more 
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effective H2 production of V. tritonius AM2 than the 25 mM formate-supplemented cultivation 

through the 96-hour cultivation (Fig. 3-5B). Using these results, 50 mM formate-supplemented 

condition was chosen for RNA-Seq analysis. To investigate the formate effects on transcriptional 

profiles, the cDNA library was prepared from the exponentially grown-cells supplemented in 50 

mM formate for 1 hour before sampling for RNA extraction, and also without supplementation 

(Fig. 3-6). Through HiSeq sequencing, approximately 23.3 to 24.1 million high quality reads per 

sample were obtained, and 77.6-81.8% and 16.3-20.8% were mapped to Chr. 1 and Chr. 2, 

respectively. The variance analysis of package edgeR was used to systematically search DEGs in 

formate- and mannitol-supplemented conditions on the basis of the criteria of FDR <0.05 and 

fold change >= 2.0. A total of 147 and 71 genes were detected as  

DEGs in mannitol- and formate-supplemented test conditions, respectively, and 26 genes 

were common in both conditions (Table 3-2 and 3-3). Among the identified DEGs, 62 and 21 

genes were upregulated by mannitol and formate supplementation, respectively.  

First, the genes which showed differential expression by addition of mannitol were 

described. As expected, three genes composed of mlt operon (vtAM2_cII_1648-1650), and sugar 

transporter protein gene (vtAM2_cI_1391) were significantly overexpressed by >7.4-fold, 

indicating the activation of mannitol transporting. On the other hand, the genes encoding several 

substrate uptake systems were significantly down-regulated in mannitol metabolism; TRAP-type 

C4-dicarboxylate transport system (vtAM2_cI_2103-2105), L-arabinose ABC transporter 

(vtAM2_cI_3030-3033), amino acid transporter and metabolism-related genes 

(vtAM2_cI_1964-1966, vtAM2_cII_0365, 1321, 1324, 1325, 1679), glycerol uptake-related 

genes (vtAM2_cII_1239 and 1240), and putative sodium/sulfate symporter (vtAM2_cI_2764), 

suggesting that carbon catabolite repression regulates the transcription of the genes.  

By mannitol supplementation, the genes consisted of the FHL-Hyp gene cluster except for 

fdhD and hypB were upregulated by >2.8-fold, and the 11 genes (vtAM2_c1_0416-0425, and 

vtAM2_c1_0431) encoding hydrogenase structural and maturation protein were determined to be 

DEGs. In addition, the nikBCDE genes (vtAM2_cI_1279-1282) and NiCoT genes 

(vtAM2_cI_1622) were more than 2.0-3.4-fold upregulated in mannitol metabolism relative to 

the control, although these genes were not predicted as DEGs.  

Respiratory chain-related genes, such as three succinate dehydrogenase genes 

(vtAM2_cI_0802-0804), and cytochrome o ubiquinol oxidase genes (vtAM2_cII_0009-0012) 

were significantly downregulated due to anaerobic fermentative conditions, but FoF1 ATP 

synthase genes (vtAM2_cII_0680-0685) and Na+/H+ antiporter (NhaD type) (vtAM2_cII_1637) 

were significantly upregulated in mannitol metabolism. The genes (vtAM2_cII_1668-1669) 
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encoding the components of the Fe3+-siderophores transport system were upregulated >7.8-fold 

in mannitol metabolism. Iron is an essential element for bacterial growth. Actually, the genes 

(vtAM2_cI_0873) encoding bifunctional acetaldehyde-CoA/alcohol dehydrogenase, which were 

iron containing enzyme were expressed significantly higher in mannitol metabolism.  

Subsequently, the transcriptional profile when formate was added is described here (Table 

3-3). In the FHL-Hyp gene cluster, the hyfABCD (vtAM2_cI_0416-0419) and hydN genes 

(vtAM2_cI_0427) in the FHL-Hyp gene cluster were also upregulated by 28.5, 15.3, 8.2, 2.9, 

and 5.3-fold, respectively, compared to the control conditions. Especially, the hyfAB genes 

located at the 5’ side of FHL-Hyp gene cluster and the hydN genes which might share 

transcriptional units with the fdhF gene were significantly overexpressed by adding extracellular 

formate. These results indicate that the expression of the FHL-Hyp gene cluster is regulated by 

formate. The transcriptional expression change of nickel transporter (Nik and NiCoT) genes 

were not observed in these test conditions. 

Furthermore, the mapping feature provided the transcriptional units images, that might be 

composed of at least four transcriptional units; hyfABCDEFGHIJ-hycI, hydN-fdhF, fhlA-fdhD, 

and hypFCDEAB (Fig. 3-7). Formate supplementation induced significant upregulation of the 

mntH gene (vtAM2_cI_1059), which encodes manganese transporters.  

 

Nitrogenase genes and its activity in hydrogen-producing vibrios 

V. tritonius, V. porteresieae, and V. aerogenes genomes encode nif genes for biosynthesis of 

nitrogenase. In V. aerogenes draft genome sequences, nifHDKTX genes were encoded on the 

contig 1 and nifENXUSVZMQFBAL genes and rnfABCDGE genes were encoded on the contig 4. 

In addition, rnfABCDGE genes encoding Rnf proteins are located near to the nif regulon 

(nifQFBAL) in the Chr. 2. To confirm the in vivo N2 fixation potential of V. tritonius, the 

acetylene reduction activity was tested. V. tritonius was able to reduce acetylene to ethylene, 

indicating the nitrogenases were active under the N2-limited conditions. The ethylene production 

rates of V. porteresieae and V. tritonius were 8.5 and 4.2 nmol/mL/h, respectively.  

 

DISCUSSION 

Many accessory genes related to synthesis and maturation of the [NiFe]-hydrogenases. 

Nickel uptake genes play an important role in the anaerobic biosynthesis of nickel-dependent 

enzymes such as [NiFe]-hydrogenases [Eitinger and Mandrand-Berthelot, 2000; Rowe et al., 

2005]. Uptake of Nickel across the cytoplasmic membrane is mainly mediated by high-affinity 

nickel transporters which are classified into two broad groups, single-component nickel 
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permeases assigned to the NiCoT families and HupE/UreJ families, and nickel ABC-transporter 

(Nik system) [Rodionov et al., 2005; Brito et al., 2010]. The nickel permeases, HoxN and HupE, 

contribute to biosynthesis of the [NiFe]-hydrogenases in Ralstonia eutropha [Eitinger and 

Mandrand-Berthelot, 2000] and Rhizobium leguminosarum [Brito et al., 2010], respectively. 

Nickel ABC-transporter is required for the biosynthesis of [NiFe]-hydrogenases in E. coli 

[Rossmann et al., 1994]. Compared to the Gazogenes and Cholerae clade species, the Gazogenes 

clade species exhibited higher H2 production. Interestingly, the Porteresieae clade species 

possess the Nik system and NiCoT which were not present in the Gazogenes and Cholerae clade 

species. Recently, genome sequencing of Vibrio aphrogenes which is a H2-producer belonging to 

Rumoiensis clade revealed that the FHL-Hyp gene cluster also involved the hupE/ureJ gene 

[Tanaka et al., 2017]. The H2 producing ability of V. aphrogenes is lower than those of 

Porteresieae clade species (unpublished data). Our study suggested that three types of nickel 

transporter contributed to the hydrogenase activities of vibrios, and the difference might relate to 

their H2 production ability. The two Porteresieae clade species possessed a more efficient 

extracellular nickel transporting system for hydrogenase biosynthesis than the Gazogenes and the 

Cholerae clade species. The transcriptional profiling of V. tritonius did not detect the significant 

upregulation of the Nik and NiCoT genes with both mannitol and formate addition. Because V. 

tritonius cultured in marine broth with mannitol exhibited high H2 producing ability, the medium 

contained enough amounts of nickel for biosynthesis of the [NiFi]-hydrogenases. In order to gain 

a deeper understanding of the link between H2-producing ability and nickel transporter systems, 

gene engineering approaches were needed for V. tritonius.  

Andrews et al. proposed the schematic model of the respiratory-linked proton translocating 

formate oxidation pathway by Hyf-type FHL, which differs from the non-energy conserving 

FHL (Hyc-type FHL) in E. coli [Andrews et al., 1997]. Later, Bagramyan et al. reported a 

possibility of the physiological link between Hyf complex and FoF1-ATP synthase in H2 

production of E. coli at slightly alkaline pH [Bagramyan et al., 2002]. The transcriptomic 

profiling of V. tritonius revealed that the expression of the genes encoding each subunit of the 

FoF1 ATP synthase, Na+/H+ antiporter and Hyf complex were significantly upregulated during 

fermentation of mannitol, although the genes responsible for respiratory chain complexs were 

significantly downregulated (Table 3-2). The transcriptional profile of V. tritonius also supported 

the energy-conserving model of Hyf-type FHL that the proton motive force generated by 

proton-translocating activities of Hyf complex might achieve energy conservation during 

mannitol fermentation. V. tritonius converted H2 from mannitol more efficiently than E. coli 

[Matsumura et al., 2014]. Theoretically, high conversion ratio of H2 corresponding to 1.4-1.7 
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mol/mol hexose observed in V. tritonius [Matsumura et al., 2014] (Fig. 3-1) indicates that 

translocation ratio of proton is also high because the proton translocation is thought to couple 

with H2 production via Hyf-type FHL. Considering the theoretical yields of ATP generated by 

substrate-level phosphorylation (2.0 mol ATP/mol hexose), the significant activity of Hyf-type 

FHL might contribute to the energy metabolism of V. tritonius under anaerobic conditions.  

The previous our study revealed that V. tritonius genomes encoded an intact gene set 

responsible for the biosynthesis of energy conserving hydrogenase complex sharing homology 

with the E. coli Hyf complex [Matsumura et al., 2015]. We confirmed that hydrogenase assigned 

to H2-evolving, proton-translocating and energy-coupling [NiFe]-hydrogenase (group 4) is only 

spread in the H2-producing Vibrio species assigned to the Porteresieae and Gazogenes Clade. 

[NiFe]-hydrogenases (group 4) are thought to share common ancestor with the NADH:quinone 

oxidoreductase (respiratory complex I) [Moparthi and Hägerhäll, 2011; Marreiros et al., 2013; 

McDowall et al., 2014]. In many halophilic and pathogenic bacteria, Na+-NQR which is 

associated with aerobic respiratory metabolism exhibits no homology with the subunits of Nuo 

and complex I [Baradaran et al., 2013; Barquera, 2014]. Vibrio cholerae use Na+-NQR as the 

sole energy-conserving NADH dehydrogenase [Barquera et al., 2002; Barquera, 2014]. 

Therefore, H2-producing vibrios belonging to the Porteresieae and Gazogenes clade have two 

phylogenetically distinct respiratory chain complex systems; Na+-NQR for aerobic respiration 

and proton-translocating hydrogenase which might contribute to energy conservation during 

fermentation.  

One of the important aspects of this study is the evolutionally position of Hyf-type FHL 

genes in vibrios. Recent study reported that the V. aphrogene 66-kb genome region containing 

the FHL-Hyp gene cluster was replaced by RIO1 family protein gene in non H2-producing 

species in Rumoiensis clade species [Tanaka et al., 2017]. This replacement might have occurred 

as a comparatively recent event. Codon usage pattern, however, showed that the Hyf-type FHL 

genes of V. tritonius might not be acquired as a recent horizontal transfer event. We consider that 

the Hyf-type FHL and its formation machinery might be common in ancient H2-producing 

vibrios. 

RNA-Seq provided the transcriptional profiling of the FHL-Hyp gene cluster of V. tritonius, 

which metabolize mannitol and formate. The FHL-Hyp gene cluster corresponding to 24-kb is 

formate regulon, which is composed of at least four transcriptional units. This is the first study 

on the expression profiling of the energy-conserving FHL genes. We previously predicted two 

possible terminators on the downstream of the 3’ end of fdhF and hypB in the FHL-Hyp gene 

cluster [Matsumura et al., 2015]. These terminator positions were likely to be supported by the 
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expression profiles. In addition, the transcriptional prolife predicted that the terminator site might 

be located at 3’ end of the hycI and fdhF genes. In E. coli FHL-1, formate regulon include three 

transcriptional units; hyc operon, hyp-fhlA operon, and fdhF gene [Sawers, 1994; Skibinski et al., 

2002]. Therefore, the predicted formate regulon of V. tritonius were regulated in a different 

manner from the E. coli formate regulon.  

V. porteresiae is able to fix N2 [Rameshkumar et al., 2008]. In this study, we succeeded in 

detecting nitrogenase activity of V. tritonius by acetylene reduction assay, indicating the 

nitrogenase genes were actively regulated under N2 limited conditions. In N2 fixer, uptake 

[NiFe]-hydrogenases (Group I) are induced when nitrogenase is synthesized and produces H2. 

Because N2 fixation by nitrogenase is a reaction to consuming a large amount of ATP, the uptake 

[NiFe]-hydrogenases oxidize H2 produced by nitrogenases is used for for energy recycling. 

However, the genomes of Porteresieae clade species do not encode any H2 uptake hydrogenase 

genes. Therefore, other energy supporting system may contribute to the N2 fixation of the 

Porteresieae clade species. 

V. tritonius was isolated from the gut of marine invertebrate (Aplysia kurodai) [Sawabe et 

al., 2013]. Our previous study showed that V. tritonius directly consumed mannitol contained in 

brown algae and produced H2 with a 70% conversion ratio [Matsumura et al., 2014]. Presumably, 

the powerful H2 production activity coupling with energy conservation might contribute to the 

niche of V. tritonius in the gastrointestinal environment of A. kurodai. In addition, the genome of 

Porteresieae clade species encodes nitrogenase genes. Associations of host organisms with 

N2-fixing bacteria occur in many environments [Kneip et al., 2007]. Zehr et al. reported that 

copepod gut microflora contain microorganisms with potential for N2 fixation [Zehr et al., 1998]. 

They suggested that the invertebrate gut may provide an unexpected refuge with suitable 

conditions for anaerobic nitrogen fixation [Zehr et al., 1998]. Considering the presence of FHL 

(pH homeostasis) and nitrogenase encoded in V. tritonius and their ecological background, we 

currently predict the symbiotic-like relationship between A. kurodai and V. tritonius. To 

determine the ecophysiological roles of Vibrio FHL and nitrogenase in their niche, further 

metagenomics and metatranscriptomic survey are needed.  
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Fig. 3-1. Comparison of molar yields of hydrogen and formate. Hydrogen and formate molar 

yields in batch culture at pH 6.0 and 30ºC. n=3, error bars represent S.D. 

 

 

Table 3-1. Summary of the genome sequences of seven hydrogen-producing vibrios 

 
 

NikABCED and NikR HupE NiCoT

Vibrio tritonius AM2T (= LMG25401T)
3.43 (Chr. 1)
1.78 (Chr. 2)

2 3094 (Chr. 1)
1691 (Chr. 2)

intact - +

Vibrio porteresiae MSSRF30T 5.45 8 4863 intact - +

Vibrio gazogenes  ATCC29988 4.65 9 4074 - + -

Vibrio rhizosphaerae  MSSRF3T 4.53 5 3867 - + -

Vibrio ruber  LMG23124T 4.66 11 3926 - + -

Vibrio aerogenes  LMG19650T 5.34 5 4620 - + -

Vibrio furnissii  LMG 7910T 4.96 8 4535 - + -

Strains Total contig size
(Mbp)

Number of
contigs

Number of
predicted CDSs

Nickel uptake systems
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Fig. 3-2. Genomic architecture of FHL-Hyp gene cluster from vibrios.  

 

 

 
Fig. 3-3. Comparison of codon usage of CDSs on FHL-Hyp gene cluster and chromosome 1 

of Vibrio tritonius AM2.  
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Fig. 3-4. Identification of nikABCDE and nikR genes in vibrios. Relationship of genes 

responsible for nickel ABC transporter identified in genome sequences of hydrogen-producing 

vibrios. 
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Fig. 3-5. Effect of extracellular formate on hydrogen production of Vibrio tritonius AM2. 

(A) hydrogen production carves in the marine broth containing differential concentration of 

formate. (B) hydrogen molar yield estimated from the values of hydrogen production and 

formate consumption during 96 hour. Culture conditions were set at pH 6.0 and 37ºC. n=3, error 

bars represent S.D. 

 

 

 
Fig. 3-6. RNA-Seq data of Vibrio tritonius AM2. (A) Growth carves and the sampling 

condition of V. tritonius AM2 for RNA-Seq. Arrows: the sampling points of bacterial cells for 

total RNA extraction at each test condition. Arrow head: the addition point of formate; (B) 

Relative expression profiling of all genes. White plots indicate DEGs predicted at the basis of 

FDR<0.05 and log fold change >= 2.0. 
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Fig. 3-7. Coverage of RNA-Seq reads mapping to FHL-Hyp gene cluster in Vibrio tritonius 

AM2. Arrows indicate the predicted discontinuity sites of transcripts of FHL-Hyp gene cluster. 

 

 

 

 
Fig. 3-8. Genomic architecture of nif gene cluster from Vibrio tritonius, Vibrio porteresieae, 

and Vibrio aerogenes.  

 



53 
 

Table 3-2. The genes showing differential expression by mannitol supplementation 
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vtAM2_cI_1729 ABC-type multidrug transport system permease com
ponen -3.539859029 0.005108491

vtAM2_cI_1749 hypothetical protein -2.76628467 0.042179717

vtAM2_cI_1872 hypothetical protein 3.400213496 0.00747921

vtAM2_cI_1958 methyl-accepting chemotaxis protein 3.413225437 0.007273431

vtAM2_cI_1959 glutamate decarboxylase 2.840185813 0.034664867

vtAM2_cI_2103 TRAP-type C4-dicarboxylate transport system larg
e permease -4.838293272 0.000100149

vtAM2_cI_2104 TRAP-type C4-dicarboxylate transport system, sma
ll permease compone -8.271730666 2.92237E-10

vtAM2_cI_2105 TRAP-type C4-dicarboxylate transport system comp
onent -7.711148702 1.15895E-09

vtAM2_cI_2149 hypothetical protein 2.95166846 0.026082408

vtAM2_cI_2298 NADP-dependent formate dehydrogenase alpha subunit 3.213715768 0.011748856

vtAM2_cI_2342 hypothetical protein -2.760097182 0.044054837

vtAM2_cI_2393 polar amino acid ABC transporter, inner membrane
 subunit -3.150030765 0.015261039

vtAM2_cI_2395 xylose isomerase -4.52341854 0.000310142

vtAM2_cI_2396 hypothetical protein -3.173899641 0.015135848

vtAM2_cI_2717 ornithine carbamoyltransferase -3.942511719 0.001439198

vtAM2_cI_2763 adenylylsulfate kinase -3.930010085 0.001510916

vtAM2_cI_2764 putative sodium/sulfate symporter -3.539760656 0.004952829

vtAM2_cI_2765 sulfate adenylyltransferase subunit 1 -4.516179134 0.000310142

vtAM2_cI_2766 sulfate adenylyltransferase subunit 2 -3.961200491 0.001408357

vtAM2_cI_2767 uroporphyrin-III C-methyltransferase -3.48911053 0.005425406

vtAM2_cI_2847 argininosuccinate synthase -3.805745866 0.002127499

vtAM2_cI_2848 acetylglutamate kinase -4.092245488 0.001007292

vtAM2_cI_2849 N-acetyl-gamma-glutamyl-phosphate reductase -4.642899038 0.000201294

vtAM2_cI_2941 phosphoenolpyruvate carboxykinase -2.70441293 0.049725194

vtAM2_cI_3030 L-arabinose-binding periplasmic protein -5.067339667 5.44803E-05

vtAM2_cI_3031 L-arabinose transporter ATP-binding protein -2.815910074 0.037552658

vtAM2_cI_3032 L-arabinose transporter permease -3.017622481 0.022706137

vtAM2_cI_3033 ABC-type sugar transporter, periplasmic binding 
protein -3.840228289 0.002209656

vtAM2_cII_0009 cytochrome o ubiquinol oxidase subunit II -2.96783934 0.024601652

vtAM2_cII_0010 cytochrome o ubiquinol oxidase, subunit I -3.003046918 0.022329431

vtAM2_cII_0011 cytochrome o ubiquinol oxidase subunit III -2.808804613 0.037468563

vtAM2_cII_0012 CytOchrome o ubiquinol oxidase subunit IV -2.775744288 0.041448612

vtAM2_cII_0030 transporter, NadC family -2.907653955 0.028972009

vtAM2_cII_0037 phosphatidylglycerophosphatase B -2.714492724 0.049625485

vtAM2_cII_0044 membrane protein, GtrA family protein -3.034694325 0.020301003

vtAM2_cII_0045 Glycosyltransferase -3.594545414 0.004116389

vtAM2_cII_0109 methionine synthase putative 3.335285516 0.008911187

vtAM2_cII_0167 peptidase T 2.981132749 0.023785484

vtAM2_cII_0284 hypothetical protein -2.931644529 0.028299015

vtAM2_cII_0365 cationic amino acid ABC transporter, periplasmic
 binding protein -4.509458502 0.000310142

vtAM2_cII_0405 outer membrane lipoprotein -3.99372524 0.001344935

vtAM2_cII_0460 hypothetical protein 3.127293836 0.016419035

vtAM2_cII_0481 chaperonin GroEL 3.361934212 0.00791204

vtAM2_cII_0482 heat shock protein 60 family co-chaperone GroES 4.124186349 0.000903954

vtAM2_cII_0483 hypothetical protein 7.100399992 1.72389E-08

vtAM2_cII_0565 hypothetical protein 4.171254956 0.0012872

vtAM2_cII_0581 hypothetical protein 3.232931113 0.011542539

vtAM2_cII_0582 hypothetical protein 3.707757948 0.015547912

vtAM2_cII_0627 putative resistance protein, yhjX 10.00795936 6.93756E-14

vtAM2_cII_0666 ABC transporter, quaternary amine uptaketranspor
ter (QAT) family, subs  3.306090632 0.009134672

vtAM2_cII_0680 F0F1 ATP synthase subunit A 3.231241197 0.011740926

vtAM2_cII_0681 ATP synthase F0, C subunit 3.47742563 0.006214474

vtAM2_cII_0682 ATP synthase B chain 3.804115135 0.002132914
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vtAM2_cII_0683 ATP synthase delta chain 3.611027887 0.004116389

vtAM2_cII_0684 F0F1 ATP synthase subunit alpha 3.497504034 0.005425406

vtAM2_cII_0685 F0F1 ATP synthase subunit gamma 3.616436364 0.003977417

vtAM2_cII_0699 acetate kinase 5.114234364 5.25581E-05

vtAM2_cII_0882 hypothetical protein 3.444617297 0.009375641

vtAM2_cII_1047 hypothetical protein -3.437711921 0.015647496

vtAM2_cII_1107 hypothetical protein 3.408888456 0.009496709

vtAM2_cII_1128 hypothetical protein 2.73990737 0.048589793

vtAM2_cII_1222 hypothetical protein -3.31474105 0.009134672

vtAM2_cII_1239 glycerol kinase -4.441119045 0.000322148

vtAM2_cII_1240 glycerol uptake facilitator protein -4.031266431 0.001174326

vtAM2_cII_1268 outer membrane protein OmpA -2.783747503 0.041648174

vtAM2_cII_1270 sodium:citrate symporter -2.893992181 0.03021605

vtAM2_cII_1280 hypothetical protein -3.572245497 0.004952829

vtAM2_cII_1281 aldehyde dehydrogenase -3.325828871 0.008988444

vtAM2_cII_1309 hypothetical protein 2.753789572 0.043494713

vtAM2_cII_1321 glycine cleavage system T protein -2.918974054 0.02833355

vtAM2_cII_1323 hypothetical protein -3.290541131 0.009496709

vtAM2_cII_1324 glycine cleavage system protein H -2.990435399 0.023080812

vtAM2_cII_1325 glycine dehydrogenase -3.150379595 0.014618433

vtAM2_cII_1383 outer membrane protein W 3.070602857 0.017963569

vtAM2_cII_1399 aldehyde dehydrogenase (NAD) family protein -5.065809496 5.44803E-05

vtAM2_cII_1400 sigma-54 dependent transcriptional regulator -3.9512892 0.001423742

vtAM2_cII_1416 Methyl-accepting chemotaxis protein 4.427704254 0.000322148

vtAM2_cII_1511 hypothetical protein -4.106589575 0.001007292

vtAM2_cII_1529 hypothetical protein 2.938249912 0.027988089

vtAM2_cII_1530 cyclopropane-fatty-acyl-phospholipid synthase 3.306194903 0.009134672

vtAM2_cII_1537 acyl-CoA synthetase -3.043439088 0.01993294

vtAM2_cII_1599 hypothetical protein -3.403258014 0.007273431

vtAM2_cII_1600 hypothetical protein -3.668158404 0.003380354

vtAM2_cII_1601 hypothetical protein -4.063279423 0.001111057

vtAM2_cII_1625 hypothetical protein 2.995194902 0.030301076

vtAM2_cII_1634 pyruvate dehydrogenase 4.423830611 0.000322148

vtAM2_cII_1637 Na+/H+ antiporter NhaD type 2.892579735 0.030135864

vtAM2_cII_1648 phosphotransferase system mannitol-specific 4.479893348 0.000310142

vtAM2_cII_1649 mannitol-1-phosphate 5-dehydrogenase 4.340030497 0.000414823

vtAM2_cII_1650 mannitol operon represso 2.89878985 0.029888981

vtAM2_cII_1668 iron complex transport system permease 2.966201136 0.027510201

vtAM2_cII_1669 Fe3+-siderophores ABC superfamily ATP binding ca
ssette transporter, b  3.206104136 0.012826547

vtAM2_cII_1673 3,4-dihydroxy-2-butanone 4-phosphate synthase -2.852385257 0.032943729

vtAM2_cII_1679 sodium/proline symporter -3.021477152 0.021096805

vtAM2_cII_1680 delta 1-pyrroline-5-carboxylate dehydrogenase do
main protein -4.372986262 0.000382751

vtAM2_cII_1681 bifunctional prolinedehydrogenase/pyrroline-5-ca
rboxylate dehydrogena -4.762020071 0.000123804
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Table 3-3. The genes showing differential expression by formate supplementation 
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CHAPTER V 

General discussion 

 

To overcome increasing demands for global energy, accumulation of GHG, and the 

depletion of fossil fuels, renewable energy is becoming an essential sector in the development of 

a sustainable energy cycle [Friedlingstein and Solomon, 2005; Nigam and Singh, 2010]. Biomass 

can serve as an excellent alternative source for providing renewable energy using microbial 

metabolism. Studies focusing on marine vibrio utilization in developing bioenergy conversion 

techniques from marine biomass, have been undertaken in our laboratory [Matsumura et al., 

2014]. In this study, I focused on the utilization of Vibrio species with the aim of producing H2 

from seaweed biomass. Coincidentally, in the process of investigating efficient energy 

production from seaweed biomass, I have described unique H2 producing vibrios. In this chapter, 

I discuss the prospects and challenges of vibrio utilization in biological H2 production, 

evolutionary aspects of Hyf-type FHL comparing to Complex I, and the ecophysiological role of 

the FHL in V. tritonius.  

 

Prospects and challenges of hydrogen production from seaweed biomass 

In CHAPTER II, I described the H2 production ability of V. tritonius AM2. Sodium (Na+) 

tolerance is recognized as one of the advantages of vibrio utilization in H2 production from 

marine biomass. V. tritonius AM2 can achieve high-yields of H2 production (1.7 mol H2/mol 

mannitol) even in the presence of 2.25% (v/w) NaCl. In general, high Na+ concentration inhibits 

H2 production of bacteria, such as Enterobacter spp. and E. coli [Kim et al., 2009]. The H2 

production of En. aerogenes which reaches 1.6 mol H2/mol mannitol in non-saline condition, 

however it decreases dramatically in the presence of over 2% (v/w) NaCl [Tanisho, 2011]. The 

higher H2 production under saline conditinon is one of the superior features in the use of marine 

biomass which contains high salt concentrations. Currently, other study in our laboratory has 

revealed that V. tritonius AM2 is capable of producing H2 under a wide range of salt 

concentrations and the addition of 1.0% (w/v) NaCl resulted in a relatively higher value in 

hydrogen production rates, molar H2 yields, and substrate conversion efficiency (unpublished 

data). 

For commercially valuable H2 production, it is necessary to overcome two main limiting 

factors; low H2 yield from raw seaweed materials and low volumetric H2 production rate 

[Yoshida et al., 2005]. When mannitol was used as a carbon source, V. tritonius showed the high 

molar yields of H2 corresponding to 75% of the theoretical value [Matsumura et al., 2014]. 
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However, to achieve efficient biological conversion of seaweed biomass to H2, I still face 

challenges. Brown algae consist of two major carbohydrate components, mannitol and alginate 

[Obluchinskaya, 2008]. Many bacteria can use mannitol as the sole carbon source during 

fermentation in the H2 production. Alginate, which is oxidized polysaccharide composed of 

β-D-mannuronate and α-L-guluronate, is easy to be depolymerized by microbes, but is not the 

preferred substrate in biofuel production [Hashimoto et al., 2010]. Unfortunately, V. tritonius 

does not possess alginate degradation and assimilation features. Using only by the single use of 

the V. tritonius cells it was not possible to achieve alginate-H2 conversion. So with the aim of 

efficient H2 production using a variety of seaweed carbohydrates, 1) the cascading of formate, 

and 2) the metabolic engineering are both major challenges. 

Formate performs roles in both the end-point product in the mixed acid fermentation and as 

a precursor of H2 produced by FHL. To prevent critical cytoplasmic acidification, E. coli export 

formate across the cytoplasmic membrane by FocA (formate channel encoded by focA gene) 

[Sawers, 1994; Sawers, 2005; Waight et al., 2010]. Once the pH of the growth medium drops 

below 6.8, formate is rapidly and completely reimported via FocA into the cells where it is 

oxidized by FHL [Sawers, 2005]. Shin et al. reported that supplemented extracellular formate 

enhanced the H2 productivity of E. coli [Shin et al., 2010]. Our study also confirmed that V. 

tritonius was able to reimport the extracellular formate and convert it to H2. Using the unique 

feature of reimporting formate by V. tritonius could help us succeed in developing a two-step 

system, consisting of alginate to formate conversion by alginate assimilating vibrios, such as 

Vibrio halioticoli, Vibrio inusitatus, and Vibrio gallicus, and then the formate to H2 conversion 

using V. tritonius (unpabulished data).  

Metabolic engineering is also an effective way to achieve H2 production from alginate. In 

bioenergy production from seaweed biomass, many researchers reported high productivity of 

ethanol from alginate using metabolically engineered bacteria [Hashimoto et al., 2010; Wargacki 

et al., 2012; Enquist-Newman et al., 2014]. Redox balance is the key factor in ethanol 

fermentation. The reason is considered to be that excess reducing equivalent stored in NAD(P)H 

is generated for conversion mannitol to glyceraldehyde 3-phosphate in the mannitol metabolism 

whereas NAD(P)H is consumed by the reaction of short-chain dehydrogenase in alginate 

metabolism resulting in NADH-dependent ethanol synthesis which is an energetically 

unfavorable reaction. Previous report demonstrated that the alginate-catabolizing bacterium 

Sphingomonas sp. strain A1 has been metabolically engineered to install homo-ethanol 

fermentation from alginate [Hashimoto et al., 2010]. E. coli has also been engineered to harbor 

alginate-metabolizing genes to produce bioethanol from alginate [Wargacki et al., 2012]. On the 
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other hand, facultative anaerobes, such as E. coli and Vibrio species produce H2 via the FHL 

pathway in which NADH is unlikely to be used, indicating that oxidation potential of alginate 

might not directly affect H2 production.  

Cloning of the gene clusters responsible for alginate transport and metabolism is still a 

major challenge even in E. coli [Wargacki et al., 2012]. It is effective and efficient to use native 

bacteria possessing gene clusters responsible for alginate degradation and metabolism for 

constructing metabolically engineered homoethanologenic strains. Recent studies in our 

laboratory have succeeded in isolating a novel H2 producer assigned to the genus Vibrio, V. 

aphrogenes. Additionally, the strain was capable of producing H2 from alginate during the 

fermentation [Tanaka et al., 2017]. To our knowledge, this is the first report of H2 production 

from alginate using a single strain. The genome sequencing showed that V. aphrogenes also has a 

FHL pathway, but its genes organization is the Gazogenes type possessing hupE on the FHL-Hyp 

cluster [Tanaka et al., 2017].  

The nickel and iron metal center is located in the large subunit of hydrogenase, and nickel is 

required for the activation of hydrogenase [Sawers et al., 2004]. Comparative genomics 

demonstrate that the nickel ABC transporter (and/or nickel cobalt permease) might be one of the 

key factors contributing to the efficient H2 productivity of V. tritonius. This indicates that 

extracellular nickel concentration could be one of the important factors affecting the H2 

producing ability of V. tritonius. I also designed the synthetic medium containing NiCl2, ferric 

citrate, Na2Mo4 ・ 2H2O, and Na2SeO3 as trace metals for [NiFe]-hydrogenase activity 

[Matsumura et al., 2015]. Optimization of these trace metal contents in the medium for 

enhancing H2 production is now in progress. Such physiological studies show the minimum 

requirement in constructing an active FHL complex in marine vibrios. 

 

Evolutional aspects of the Hyf-type FHL of vibrios  

Complex I is the first component of the respiratory chains in microorganisms and 

mitochondria [Marreiros et al., 2013; Baradaran et al., 2013]. In domain of Bacteria, complex I 

is composed of 14 subunits; NuoA-N for NADH: ubiquinone oxidoreductase and Nqo1-14 for 

NADH: quinone oxidoreductase [Marreiros et al., 2013]. On the bais of amino acid sequences 

and structural simiralities, an evolutional relationship between Complex I and membrane-bound 

[NiFe]-hydrogenases (group 4) has been assumed for long time [McDowall et al., 2014; 

Baradaran et al., 2013]. In CHAPTER III and IV, the genome analyses of H2-producing vibrios 

revealed that the Porteresieae and Gazogenes clade species have Hyf-type FHL (predicted 

energy-conserving FHL) and V. furnissii belonging to the Cholerae clade have Hyc-type FHL 
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(non-energy-conserving FHL) as H2 producing machinery. In general, vibrios have Na+-NQR not 

Nuo and Nqo complex as respiratory chain complex. The H2-producing Vibrio species have two 

phylogenetically distinct respiratory chain complex systems; Na+-NQR for aerobic respiration 

and FHL for anaerobic respiration. More interestingly, the codon usage pattern comparison 

shows that the Hyf-type FHL genes of V. tritonius might not have been acquired as a recent 

horizontal transfer event, considering that the Hyf-type FHL might be common in ancient 

H2-producing vibrios.  

On the other hands, the H2 production phenotype was experimentally confirmed in only ten 

species of vibrios [Gomez-Gil et al., 2014]. Sawabe et al. proposed the 17 taxonomical clades in 

the genus Vibrio on the basis of 8-gene MLSA [Sawabe et al., 2013]. Among them, H2-producing 

phenotype was described in species belonging to only the four clades; Porteresieae, Gazogenes, 

Cholerae, and Rumoiensis clade [Sawabe et al., 2013; Tanaka et al., 2017]. Why do not many 

vibrios have H2-producing propeties? Recently, Tanaka et al. reported that the recent replacement 

of FHL-Hyp gene cluste was occurred in the Rumoiensis clade [Tanaka et al., 2017]. However, 

the acquisition and/or missing of FHL-Hyp gene cluster at long term level was not described. 

Vibrionaceae is phylogenetically related to Enterobacteriaceae [Ruimy et al., 1994; Gomez-Gil 

et al., 2014]. Compared to E. coli formate regulone, the Vibrio formate regulone (FHL-Hyp gene 

cluster) is likely to form a simpler structure because all genes are encoded in the same strand, 

suggesting that Vibrio formate regulone may be origin. The group 4 [NiFe]-hydrogenases which 

is defined as H2-evolving, energy-conserving, and membrane-associated hydrogenase, plays an 

important role in the disposal of excess reducing equivalents [Nakashimada et al., 2002], acidic 

resistance [Noguchi et al., 2008], and energy-conservation [Andrews et al., 1997; Sapra et al., 

2003; Kulkarni et al., 2009]. These roles of Hyf-type FHL may confer an advantage in the life 

cycles of vibrios. To understand how these vibrios acquired and/or lost the Hyf-type FHL during 

their evolutionally process, further genome information, deep sequence analysis, and 

understanding their ecosystem were needed.  

 

Predicted ecophysiology of Vibrio tritonius 

After comparative physiology and genetics and a transcriptome of marine H2 producing 

vibrios described in CHAPTER III and IV, I propose that the proton-translocating, 

energy-conserving hydrogenases might be widespread, particularly in ancient H2-producing 

vibrios. The energy-conserving [NiFe]-hydrogenase have been well studied in Archaea, such as 

Mbh of P. furiosus [Ma et al., 1993; Sapra et al., 2003], Mfh2 of Thermococcus onnurineus [Lim 

et al., 2014] and Ech of M. barkeri [Künkel et al., 1998; Meuer et al., 1999]. Lim et al. reported 
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that hyperthermophilic archaea, T. onnurineus NA1 was able to grow by chemiosmotic energy 

conservation coupled to formate oxidation to CO2 and H2 via Mfh2 hydrogenase with Na+/H+ 

antiporter [Lim et al., 2014]. Until now, however, experimental evidence that Hyf-type FHL 

contribute to cell activity has not been reported. Theoretically, high conversion ratio of H2 

corresponding to 1.5-1.7 mol/mol hexose indicate that translocation ratio of proton is also high 

because the proton translocation is thought to couple with H2 production via Hyf type FHL. Our 

transcriptional profiling shows that hydrogenase genes and FoF1 ATP synthase genes are 

overexpressed, although the expression of respiratory chain-related genes was downregulated in 

mannitol fermentation, suggesting that V. tritonius Hyf-type FHL might achieve energy 

conservation during fermentation. Thus, our study also supports its energy conserving properties. 

As with V. portereseiae, V. tritonius belonging to the Porteresieae clade also exhibited higher 

productivity of H2 from mannitol than other known H2-producing vibrios. V. tritonius AM2 was 

isolated from the gut of sea hare (Aplysia kurodai) [Sawabe et al., 2013]. The gut of sea hare 

forms an anaerobic microenvironment where seaweed carbohydrates were stably supplied. 

Formate is a common end product of fermentation, and is often exported to out of cells due to the 

critical acidification effects. I hypothesize that V. tritonius has an advantage to survive in the gut 

environment of A. kurodai due to the efficient detoxification coupled with energy conservation 

by Hyf-type FHL.  

Subsequently, the author discusses the advantages for A. kurodai which might sustain the 

predicted symbiotic, V. tritonius in their gut. Various animals and plants maintain a symbiotic 

relationship with microorganisms that contribute to nutrition and defense against predators or 

danger [Douglas, 1998]. The genus Vibrio also includes several species that are pathogenic to 

humans and marine animals and some that are facultatively symbiotic. Many studies report that 

nitrogen fixers are associated with marine invertebrates [Kneip et al., 2007; König et al., 2016; 

Petersen et al., 2016]. Recent research has reported that chemosynthetic symbionts of marine 

invertebrates encode nitrogenases, which are capable of nitrogen fixation [Petersen et al., 2016]. 

Suprisingly, V. porteresieae and V. tritonius genome encodes nitrogenase genes. Very high 

structural similarity was observed between the nitrogense machinery of V. porteresieae and V. 

tritonius. Nitrogen fixation of V. porteresieae activity was experimentally detected by acetylene 

reduction assay [Rameshkumar et al., 2008]. More recently, nitrogenase activities have also been 

detected in V. tritonius cells by acetylene reduction assay, indicating the nitrogenase genes are 

active under nitrogen limited conditions.  

Zehr et al. stated that copepod gut microflora contains microorganisms with potential in 

nitrogen fixation [Zehr et al., 1998]. They further suggested that the invertebrate gut may 
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provide an unexpected refuge for suitable conditions for anaerobic nitrogen fixation [Zehr et al., 

1998]. Judging from the Hyf-type FHL and nitrogenase encoded in V. tritonius and their 

ecological background, I propose the hypothesis of symbiotic-like relationship between A. 

kurodai and V. tritonius. The predicted host, A. kurodai provides stable seaweed carbohydrate to 

V. tritonius in the gut. In contrast, V. tritonius fixes nitrogen to ammonia for A. kurodai. Anoxic 

conditions in the gut environment could protect hydrogenase and nitrogenase from oxygen 

inactivation. Energy conservation by Hyf-type FHL might contribute to nitrogen fixation of V. 

tritonius because a lot of ATP is needed to fix nitrogen. In addition, V. tritonius genomes encode 

secretion system (ex. type IV pilus) genes, suggesting their relationship with the host 

(unpublished data). In addition, 16S rRNA sequences (97% identity threshold) survey using 

MetaMetaDB [Yang and Iwasaki, 2014] provided that V. tritonius have habitability on freshwater 

(26.39%), symbiont (22.43%), aquatic (18.56%), food (16.83%), and fish (15.78%). To 

determine the ecophysiological roles of Vibrio FHL and nitrogenase in their niche, further 

metagenomics and metatranscriptomic surveys are needed. 
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