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“If we knew what we were doing, it would not be called research, 
would it?” 

Albert Einstein 
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Samningur milli nemenda Háskólans á Akureyri og 
bókasafns háskólans um meðferð lokaverkefna 

Ég undirrituð/aður,................................................................nemandi við Háskólann á 

Akureyri afhendi hér með bókasafni háskólans þrjú eintök af lokaverkefni mínu, eitt 

prentað og innbundið, annað prentað og óinnbundið og það þriðja á geisladiski.   

....................................................................................................... 

Prentuð eintök:

Lokaverkefnið er lokað  til __________________ 

 

Ef lokaverkefnið er opið er bókasafninu heimilt að:

já  nei 

 lána það út til nemenda eða kennara HA  

 lána það út til utanaðkomandi aðila 

 lána það til lestrar á staðnum 

 

Ef lokaverkefnið er opið er heimilt:

já  nei 

 að vitna til þess í ræðu og riti 

 að vitna til þess í ræðu og riti að fengnu samþykki mínu í hverju  
 tilviki 

 

Ef lokaverkefnið er opið er heimilt:

já  nei 

 að ljósrita takmarkaða hluta þess til eigin nota 
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að ljósrita tiltekna hluta þess að fengnu samþykki mínu í hverju  
 tilviki 

 

já  nei 

 Bókasafninu er heimilt að ljósrita lokaverkefnið til viðhalds á 
snjáðum eintökum sínum, þó aldrei svo að það eigi fleiri en tvö eintök 
í senn 

Stafrænt eintak:

Lokaverkefnið er lokað  til __________________ 

Þó að lokaverkefnið sé lokað er bókasafninu heimilt að leyfa aðgang á vefnum að:

já  nei 

 efnisyfirliti 

 útdrætti 

 heimildaskrám 

 

Lokaverkefnið er opið og bókasafninu heimilt að: 

já  nei 

 bjóða opinn aðgang að því á vefnum í heild sinni til allra  

 bjóða aðeins aðgang að því af staðarneti háskólans 

leyfa fjarnemum og starfsmönnum háskólans aðgang utan staðarnets 
háskólans með aðgangs- og lykilorðum 

Akureyri  15/5      2006 

___________________________  ___________________________ 

Steinar Rafn Beck Baldursson  bókavörður 
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Abstract 

Seventeen moderately thermophilic, anaerobic, hydrogen producing bacteria 

isolated from various geothermal areas in Iceland on glucose or peptone as carbon 

and energy sources. Four strains were investigated in detail with respect to 

phylogenetics, physiology and hydrogen production rates and yields. These four 

(AK1, AK14, AK15, AK17) Gram variable but Gram type-positive bacteria were all 

saccharolytic, degrading a variety of mono- and disaccharides to various end 

products. From 16S rRNA sequence data all strains were grouped into various 

clusters of the Gram positive Bacillus-Clostridium subphylum. Strain AK1

belongs to cluster VI, strain AK14 to cluster I and strains AK15 and AK17 to cluster 

V. Strain AK15 is likely a member of C. uzonii (similarity value; 98.8%) but the 

other three represent new species and strain AK1 and AK14 are likely members of 

new genuses. Strain AK17 falls within the genus of Thermoanaerobacterium. The 

temperature range for growth varied between strains; 45-55°C for AK1; 45-52°C 

for strain AK14; 50-72°C for strain AK15 and 50-68°C for strain AK17. The pH 

range varied from pH 6.0 – 8.0 for strain AK1; pH 5.0 – 8.0 for strain AK14; pH <

4.0 - > 8.5 for AK15 and pH 4.5 – 6.6 for strain AK17. Strain AK1 could degrade 

pectin and strain AK15 xylan. Strain AK17 was capable of degrading serine and 

threonine. End product formation from glucose was as follows: Strain AK1 and 

AK15 produced acetate, ethanol, lactate, hydrogen and carbon dioxide; strain AK14 

produced acetate, butyrate, lactate, hydrogen and carbon dioxide; strain AK17 

produced acetate, ethanol, hydrogen and carbon dioxide. The carbon mass balance 

for strains AK1, 14, 15, 17 was 101.9, 83.5, 67.6 and 100.0%, respectively. Hydrogen 

was produced from many carbon and energy sources by all four strains. The most 

powerful hydrogen producer was strain AK14 on xylose and strain AK17 on 

mannose. The hydrogen production per mole glucose degraded was highest (1 

mole) for strain AK14 in batch cultures. However, by changing the ratio of gas 

phase and liquid in the medium the theoretical hydrogen production yield was 

increased from 10 to 60% (2.4 moles per mole glucose) for strain AK15 but less 

for the other three strains. The hydrogen production rates varied from 0.56 

mM/L/h (strain AK15) to 4.34 mM/L/h (strain AK14). Strain AK14 grew fastest of 

the four strains (generation time: 1.31 h) but strain AK15 slowest (13.6h).          

Key words: Hot-spring, thermophilic, anaerobic, fermentation, biohydrogen.
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0 Research objective 

The objective of this research project was to isolate anaerobic, thermophilic 

bacteria focusing on their hydrogen production capacity. As a potential energy 

carrier, hydrogen has gained increased interest during the last decade. The main 

reason for this is the increased demand for energy and the fact that hydrogen has a 

good potential of being the main renewable energy source of the future. The main 

objective of this project was to isolate new hydrogen producing bacteria with the 

potential of being used in near future to produce energy in the form hydrogen. 

Strains that showed good hydrogen production rates were investigated further 

with emphasis on their physiology and end product formation. 

The objective of this investigation was to answer the following questions:  

How efficient are the strains isolated form Icelandic hot-springs in respect to 

hydrogen production? 

Do the strains produce metabolites that have potential as alternative energy 

source or other biotechnological use? 

This research project started in May 2004 and is a part of a larger project - 

BioHydrogen - with participants from all the Nordic countries as well as Latvia 

and Estonia. One of the main aims is to build up cooperation between these 

countries in the field of renewable hydrogen production. Big emphasis is on 

training of young researchers in masters and doctorial studies and to build closes 

relations between different research groups in different countries. The main focus 

is on the production of biological hydrogen by photosynthesis and by 

fermentation. 

Iceland’s part in this project is on thermophilic, anaerobic hydrogen producing 

bacteria. Isolation of such organisms form Icelandic hot-springs and try to 

optimize that production. Special attention is on the biochemical pathways 

involved in hydrogen production but in the latter stages of the project enzymatic 

and genetic manipulations of the isolates will be done in order to gain more basic 

understanding of the enzymes responsible for the hydrogen production. The 



University of Akureyri  Faculty of Natural Resource Sciences

2
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1 Introduction 
1.1 Energy and the environment 

Energy is important and necessary for the global environment we live in. At 

present time we are dependent on un-renewable energy sources such as coal, oil 

and natural gases, for most of our energy requirements. These energy sources 

have many disadvantages and one of the most important is the global climate 

change which affects the world concerning both health and natural disasters.1

The human population increases at the rate of 1.4% each year, and at this rate the 

population will be about 9 billion in the next 50 years. Most predictions are 

actually suggesting that the population will be more than 10 billion at that time, so 

the effect of such a growth rate will increase energy usage.2 This will increase the 

emission of CO2 since people living in the undeveloped countries will seek better 

living standards, leading to more energy demands. The amounts of CO2 we 

produce depend on the number of people and their energy utilization. Today, 

almost all of our energy comes from the burning of fossil fuels which increases 

CO2 in the atmosphere. At this rate, the CO2 content of the atmosphere will rise at 

the rate of about 2 ppm per year.3

In Iceland the emission of carbon dioxide (CO2) and sulphur oxide (SOx) has 

increased for 31% and 7% respectively in the last 15 years (1990-2004). Most of 

this increase is because of heavy industries. On the other hand emission of 

nitrogen oxide (NOx), carbon monoxide (CO) and volatile organic materials has 

decreased in the same period. Iceland’s energy use is the highest when looked at 

per capita. On the other hand Iceland is unique in the sense that most of the energy 

used is in the form of renewable sources.4

In light of what is now becoming more and more evident of the greenhouse effect 

and the limited reserves of fossil fuels, CO2-neutral and renewable energy sources 

are under investigation. One of these alternative energy sources is hydrogen, 
 

1 Levin et al., 2004:173 
2 Population reference bureau, 2006 
3 Broecker, 1997 
4 Statistical series ,2006:1-28 
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which can be used to generate electricity and heat in fuel cells at high efficiencies. 

At present, fuel cells are very enhanced and have much potential in transportation 

as well as in laptops and cellular phones. The two most important issues that 

should be addressed are storage and production of hydrogen. Hydrogen already 

can be produced in several ways of which most are environmentally unfriendly.5

Why should Iceland then be interested in further enhancing the usage of 

renewable energy? Iceland is a part of the global community and signed an 

agreement with the United Nations in Rio des Janero in the year of 1992, United 

Nations Framework Convention on Climate Change (UNFCCC). The Kyoto 

Protocol is an amendment to UNFCCC and was negotiated in Kyoto, Japan in 

December 1997. Countries that ratify this protocol commit to reduce their 

emissions of carbon dioxide and five other greenhouse gases, or engage in 

emissions trading if they maintain or increase emissions of these gases. The goal 

is to lower overall emissions from six greenhouse gases - carbon dioxide, 

methane, nitrous oxide, sulfur hexafluoride, HFCs, and PFCs - calculated as an 

average over the five-year period of 2008-12. National targets range from 8% 

reductions for the European Union and some others to 7% for the US, 6% for 

Japan, 0% for Russia, and permitted increases of 8% for Australia and 10% for 

Iceland.6 Iceland seems to be heading more and more towards aluminum industry 

because of relatively cheap (and clean) electricity from waterpower plants. This 

has resulted in a discussion about the emission quota, and speculations of Iceland 

exceeding their allowed limit. In that perspective Iceland should be looking more 

into alternative fuels and the utilization of biomass in that purpose. 

1.1.1 Fossil fuel 

At present fossil fuels, oil, coal and natural gas, account for about 90 percent of 

world energy consumption. The use of fossil fuel causes emission of CO2 which is 

a greenhouse gas and may well be the main cause fore climate changes in the 

world.7 Oil, coal and natural gas are not renewable energy sources and estimates 

 

5 Dunn, 2002:236 
6 Umhverfisstofnun, 2006a 
7 Environmental Literacy Council, (a) 2006 
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have been made that suggest that oil production will peak in the beginning of this 

century. These estimates are based on several trends: 90 percent of all the oil in 

the Earth’s crust has been discovered; since 1970, more oil has been extracted 

than has been discovered; 4/5ths of oil comes from fields that were discovered 

before 1973; and the rates of extractions of these fields are declining.8

Figure 1. USA´s energy supply versus Iceland’s energy supply.9,10 

If the energy supply in Iceland is compared with one of the largest energy user in 

the world, USA, there is a great difference in supply and usage of renewable 

energy (Figure 1). 

1.1.2 Renewable energy 

Since the oil crises in the early 1970’s, there has been active worldwide research 

and development in the field of renewable energy resources and systems. During 

this time, energy conversion systems that were based on renewable energy 

technologies appeared to be most attractive because of facts such as the projected 

high cost of oil and the cost effectiveness estimates and easy implementation of 

renewable energy systems. Furthermore, in more recent times, it has been realized 

that renewable energy sources and systems can have a beneficial impact on the 

 

8 Campbell et al. 2006 
9 Energy Information Administration (a), 2006 
10 Statistics Iceland , 2006 
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following essential technical, environmental, economic, and political issues of the 

world.11 

Global awareness of governments around the world for what is becoming more 

and more evident about the greenhouse effects has forced them to place 

considerable faith in renewable energy. The goal is to reduce energy related 

environmental problems, primarily CO2 emission, by research and new 

technology. Almost all OECD countries have ambitious plans and targets, with 

very strong support in Europe and in the US. China and other developing 

countries such as India and Brazil also have policy support in these matters. Focus 

and support is mostly on so-called “new” renewable energy sources such as wind 

energy, solar photovoltaic (PV) and biomass.12 

Within renewable energy is a great diversity of technologies and resources. There 

is little doubt that the ultimate size of the renewable energy resource is large and 

could, in principle, make a very substantial contribution to world energy 

demands—easily exceeding current world electricity supply. Table 1 shows an 

overview of the leading resources and the technologies for harnessing them.13 

11 Dincer, 2000:167 
12 Gross et al. 2003:105 
13 Gross et al. 2003:106 
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Table 1. Global renewable energy sources14 

Resources Scale of technical 

potential (usefull 

energy output)(TW 

h/year)

Energy conversion options

Direct solar 12,000 - 40,000 Photovoltaic
Solar thermal power generation
Solar water heaters

Wind 20,000 - 40,000 Large scale power generation
(onshore) Small scale power generation

Water pumps

Wave 2000 - 4000 Numerous designs

Tidal > 3500 Barrage
Tidal stream

Geothermal 4000 - 40,000 Hot dry rock, hydrothermal,
geopressed, magma (only 
hydrothermal currently viable)

Biomass 8000 - 20,000 Combustion, gasification,
pyrolysis, digestion, for bio-fuels
heat and electricity

Today, the potential for use of renewable energy is great but on the other hand the 

contribution of renewables to world energy supply is still modest. Renewable 

energy supplies 17% of the world’s primary energy, counting traditional biomass, 

large hydropower and “new” renewables (small hydro, modern biomass, wind, 

solar, geothermal, and bio-fuels). Traditional biomass, primarily for cooking and 

heating, represents about 9% and is growing slowly or even declining in some 

regions as biomass is used more efficiently or replaced by more modern energy 

forms. Large hydropower is slightly less than 6 percent and growing slowly, 

primarily in developing countries. New renewables are projected to meet 2% of 

the electricity demand in 2030 in developed countries and are growing rapidly.15,16 

14 Gross et al. 2003:106 
15 IAE 2002:129 
16 REN 21 2005:6 
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1.1.3 Energy outlook 

Oil demand

The demand for oil as an energy source is projected to rise at an even pace of 

about 1.6% per year globally until 2030. The fastest growth will occur in the 

rapidly expanding Asian economies, particularly China and India. The largest 

increase will be in China and OECD North America, which will remain the 

biggest consuming region. Nonetheless, almost two-thirds of the total growth in 

oil demand will occur in non-OECD countries. OECD share of world demand will 

drop from 62% in the year 2000 to only 50% in the year 2030.17 

Natural gas

The global gas consumption is projected to increase by an average 2.4% per year 

from 2000 to 2030.  Demand grows most rapidly in the fledgling markets of 

developing Asia, notably China, and in Latin America. Nonetheless, North 

America, Russia and Europe remain by far the largest markets in 2030.18 

Coal

The demand for coal is expected to grow more slowly than that for oil and gas and 

the strongest growth is projected to be in the developing countries. Global primary 

coal consumption will rise at an average annual rate of 1.4%.Coal share in total 

energy consumption will drop from 26% in 2000 to 24% in 2010, and then 

remains almost stable through 2030.19 

Nuclear power

Projections indicate that the use of nuclear power will decline markedly over the 

next three decades with an average annual growth rate of 0.1%. Nuclear 

production will peak in the next few years and then decline gradually. Its share of 

world primary demand will stay steady at about 7% through 2010, then fall to 5% 

by 2030. Nuclear output will increase in only a few countries, mostly in Asia. The 

 

17 IEA 2002:90-91 
18 IEA 2002:110 
19 IEA 2002:120-121 
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biggest drops in nuclear production are expected to occur in North America and 

Europe.20 

Hydropower

Hydropower is projected to grow rather slowly or with an average rate of 1, 6 % a 

year through 2030. It has long been a major source of electricity production but its 

relative importance is set to decrease due to the fact that low cost hydro-electric 

resources have already been exploited and also because of environmental 

concerns. Most of the increase in hydropower production will come from 

developing countries, and its share in global energy generation will drop from 

17% to 14% in the projection period.21 

Other renewables

Other renewables include geothermal, solar, wind, tidal and wave energy. It also 

includes biomass for OECD countries only. The term biomass includes traditional 

biomass energy, gas and liquid fuels from organic material, industrial waste and 

municipal waste. This group is projected to grow faster than any other energy 

source, at an average rate of 3.3% per year over the projection period. Most of the 

increase in renewables use will be in the power sector. Their share in total 

generation will grow from 1.6% in 2000 to 4.4% in 2030 but will still only make a 

small dent in the global energy demand.22 

1.2 Hydrogen 

Hydrogen is a colorless, odorless gas that accounts for about 75% of the universe 

mass. Hydrogen is found on Earth almost only in combination with other elements 

such as oxygen, carbon and nitrogen. To use hydrogen, it must be separated from 

these other elements. Worldwide, 48% of hydrogen is produced from natural gas, 

 

20 IEA 2002:60 
21 IEA 2002:61 
22 IEA 2002:61 
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30% from oil (mostly consumed in refineries), 18% from coal, and the remaining 

(4%) via water-electrolysis.23 

Today, hydrogen is used primarily in ammonia manufacture, petroleum 

refinement and synthesis of methanol. It is also used in NASA’s space program as 

fuel for the space shuttles, and in fuel cells that provide heat, electricity and 

drinking water for the astronauts. 

Fuel cells are devices that directly convert hydrogen into electricity. In the future, 

hydrogen could be used to fuel vehicles and aircraft, and provide power for our 

homes and offices.24 Hydrogen is, unlike coal or oil, not a primary source of 

energy. It can not be collected by mining or harvesting and thus has to be 

produced. This quality of hydrogen makes it an energy carrier like electricity or 

hot water.25 Expanded use of hydrogen as an energy carrier for the world could 

thus help address concerns about energy security, global climate change, and air 

quality. 

1.2.1 Hydrogen from fossil fuels 

At present, most hydrogen is produced thermo chemically from fossil fuels both 

on small and large scale, using industrial processes that are based on feedstock 

including natural gas, liquefied petroleum gas (LPG), liquid hydrocarbons and 

coal. Choosing the technology depends on the feedstock and the scale of 

operation.26 There are three main methods: 

Steam reforming – refers to the endothermic, catalytic conversion of light molar 

weight hydrocarbons (methane and gasoline) with water vapor.27 

Partial oxidation – refers to the exothermic conversion of heavy hydrocarbons 

(e.g. crude oil) with oxygen and steam. The three major ways to do this are none 

 

23 EERE 2006 
24 Momirlan et al. 2005:796 
25 Risø Energy Report 3, 2004:9 
26 Risø Energy Report 3, 2004:24 
27 Zittel et al., 1996:7 
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catalytic partial oxidation (POX), auto-thermal reformation (ATR) and catalytic 

partial oxidation (CPO).28,29 

1.2.2 Hydrogen from electricity 

Electrolytic hydrogen production processes use electrical energy to split water 

into hydrogen and oxygen. Hydrogen production by electrolysis is only about 

0.1% of the world’s production and is mainly done if very pure hydrogen is 

needed. Water electrolysis is done by placing a cathode and anode in water with 

micropourous diaphragm to prevent mixing of the products hydrogen and oxygen. 

Electrolytic hydrogen is thus created indirectly, using electricity as an energy 

carrier and the electricity can come from renewables (hydrothermal, wind or 

solar), nuclear or fossil fuel.30,31 

1.2.3 Hydrogen from sunlight 

Production of hydrogen from sunlight is basically by three pathways and their 

combinations: electrochemical, photochemical, and thermo chemical. The last one 

is based on the use of concentrated solar radiation as the energy source of high-

temperature process heat for driving an endothermic chemical transformation. 

Large-scale concentration of solar energy is mainly based on three optical 

configurations using parabolic reflectors, namely: trough, tower, and dish 

systems.32,33 

1.2.4 Biological hydrogen (BioH2)

Absorption of solar energy by plants drives their process of photosynthesis which 

enables them to live. Thus the energy in biomass from plant material originally 

comes from solar energy, through the process known as photosynthesis. Energy 

stored in plants and animals (all living things) or its waste they produce is called 

 

28 Zittel et al., 1996:8 
29 Risø Energy Report 3, 2004:24-25 
30 Zittel et al., 1996:12 
31 Risø Energy Report 3, 2004:29 
32 Tyner et al., 2001 
33 Steinfeld, 2005:603 
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biomass energy. Energy from these sources can be recovered by burning biomass 

as a fuel. During combustion, biomass releases heat and carbon dioxide which 

was absorbed while the plant was growing. Essentially, the use of biomass is the 

reversal of photosynthesis. Biomass ultimately decomposes in nature to its 

original molecules and therefore the combustion of biomass is a form of 

renewable energy (Figure 2). In principal, utilizing such energy does not add 

carbon dioxide to the environment, in contrast to fossil fuel.34 

Biomass

Organic
acids

Water

Entrained flow gasification

Pyrolysis

Anaerobic digestion

Dark + photo fermentation

Dark + methane fermentaion

Photo fermentation

Direct / indirect biophotolysis

Supercritival water
gasification

Inderect/CFB
gasification Steam

reforming/
partial

oxidation

Hydrogen

Thermochemical conversion

Biochemical conversion

Figure 2. Biorefinery-based hydrogen production processes.35 

Hydrogen produced from renewable resources like water, organic waste or 

biomass by fermentation, photo biological or mixture of those two is called 

biological hydrogen or BioH2.36,37 Bacterial fermentation is responsible for most 

of the hydrogen that can be found in the atmosphere. It is estimated that about 200 

million tons of hydrogen is recycled within the ecosystem every year. Despite this 

high value the total volume of hydrogen in the atmosphere is very low or 

 

34 Dembrias, 2001:1358 
35 Hemmes, K. et al, 2003:48 
36 Vijayaraghavn et al., unpublished:2 
37 Das et al., 2001:15 
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approximately 7,8*10-5 %.38 Production of hydrogen is natural and can be 

observed in any environment that has low concentrations of oxygen or so called 

anoxic environments, where organisms can thrive under anaerobic conditions.39 

It is only in recent years that the focus has turned to the production of hydrogen 

with the help of microorganisms. The reason for this interest is that they can 

produce hydrogen from various renewable sources and it is thought of as “clean” 

energy and a good choice for the future.40Many types of bacteria which can be 

found in moors, sewage, hot-springs or in the intestines of animals, can convert 

organic material into various products like hydrogen, carbon dioxide, fatty acids, 

ethanol and alanine.41 There are many known methods of producing biohydrogen, 

with and without microorganisms. 

1.2.4.1 BioHydrogen production by microorganisms 

Biological hydrogen production has been studied extensively since the 1970’s, but 

the technology has progressed relatively slowly. Levin et al.42 classified the 

biological hydrogen production methods into the following four groups: 

Direct biophotolysis: Water is broken down by light energy. An example of this is 

green algae: 

2H2O→ 2H2 + O2

Indirect biophotolyis: Cyanobacteria are capable of producing hydrogen by light 

energy: 

12H2O + 6CO2 → C6H12O6 + 6O2

C6H12O6 + 12H2O→ 12H2 + 6CO2

38 Vijayaraghavn et al., unpublished:3 
39 Vijayaraghavn et al., unpublished:2 
40 Levin et al., 2004:173 
41 Vijayaraghavn et al., unpublished:2 
42 Levin et al., 2004:173-185 
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Photo fermentation: Purple nonsulphur bacteria can use light energy and reduced 

chemicals to produce hydrogen: 

C6H12O6 + 12H2O→ 12H2 + 6CO2

Dark fermentation: Hydrogen production by means of anaerobic degradation of 

organic matter. Bacteria such as Enterobacter, Bacillus and Clostridium are 

known for this and also many others (see 1.5.1.2). 

1.2.4.2 BioHydrogen production without microorganisms: 

Gasification is a process by which either a solid or liquid carbonaceous material, 

containing mostly chemically bound carbon, hydrogen, oxygen, and a variety of 

inorganic and organic constituents, is reacted with air, oxygen, and/or steam. The 

reactions provide sufficient exothermic energy to produce a primary gaseous 

product containing mostly CO, H2, CO2, H2O (g), and light hydrocarbons laced 

with volatile and condensable organic and inorganic compounds.43 When biomass 

is gasified with steam and/or oxygen it will produce “synthesis gas,” rich in CO 

and H2, which in turn can be catalytically converted to produce high-value fuels 

and chemicals. In contrast to coal, which is currently used in several commercial 

gasification processes, biomass is more reactive and can be effectively gasified at 

lower temperatures than coal. However, unlike mined coal and petroleum drawn 

from wells, biomass resources are dispersed and heterogeneous in nature.44 

Pyrolysis is the thermo chemical process that converts biomass into liquid (bio-oil 

or bio-crude), charcoal and non-condensable gases, acetic acid, acetone and 

methanol by heating the biomass to about 400°C in the absence of air. The 

process can be adjusted to favor charcoal, pyrolytic oil, gas or methanol 

production with a 95.5% fuel-to-feed efficiency.45 

Biomass is heated in the absence of oxygen, or partially combusted in a limited 

oxygen supply, to produce a hydrocarbon rich gas mixture, an oil-like liquid and a 

 

43 Richter, 2002 
44 Babu, 2005:1 
45 Demirbas, 2001:1370 



University of Akureyri  Faculty of Natural Resource Sciences

15

carbon rich solid residue. Traditionally in developing countries, the solid residue 

produced is charcoal, which has a higher energy density than the original fuel and 

is free of smoke and, thus, ideal for domestic use. Pyrolysis is the basic thermo 

chemical process for converting biomass to a more useful fuel.46 The main 

gaseous products from pyrolysis are H2, CO2, CO and hydrocarbon gases.47 

1.3 Benefits of hydrogen 

Hydrogen that originates from renewable energy resources is a virtually 

inexhaustible, environmentally benign energy source that could meet most of our 

future energy needs. It is more versatile and has more uses than electricity. These 

uses include providing energy for businesses, factories, electric utilities, homes, 

vehicles and airplanes. Hydrogen can also be produced domestically as an energy 

source that could help reduce our reliance on foreign oil.48 

Burning of hydrogen only yields water vapor as to other dangerous gases from 

burning fossil fuels.49 Hydrogen can be used for most types of engines that burn 

petroleum or oil but also in new cars that have fuel cells that are in rapid 

development in recent years.50 

46 Demirbas, 1998:685 
47 Demirbas, 2002: 898 
48 Momirlan et al., 2005. 
49 Levin et al., 2003:173 
50 Bellona foundation, 2006 
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Table 2. Comparison of energy and emission from different fuels types51 

Fuel type
Energy per unit 
mass (MJ/kg)

Energy per volume 
(MJ/l) appr.

Kg carbon used per 
kg of fuel used

Hydrogen gas 120 2 0
Hydrogen liquid 120 8.5 0
Coal (anthracite) 15-19 0.5
Coal (sub-bituminous) 27-30 0.7
Natural gas 33-50 9 0.46
Pertol 40-43 31.5 0.86
Oil 42-45 38 0.84
Diesel 42.8 35 0.9
Bio-disel 37 33 0.5
Ethanol 21 23 0.5
Charcoal 30 0.5
Agricultural residue 10-17 0.5
Wood 15 0.5

Hydrogen has the highest gravimetric energy density of any known fuel and is 

well compatible with any other energy.52 Hydrogen fuel cells and related 

hydrogen technologies provide the essential link between renewable energy 

sources and sustainable energy services. 

Hydrogen is an effective energy carrier (Table 2) when compared with petrol or 

natural gas, the energy released per unit mass being twice that of traditional fuels. 

On the other hand, the energy per unit volume is lower than all the other fossil 

fuels, emphasizing the need for efficient storage.53 Making the transition from 

fossil fuel-based economy to a hydrogen energy-based economy will have many 

technical challenges, from the production of sufficient quantities of hydrogen to 

its storage, transmission, and distribution.54 A major limiting factor besides these 

mentioned earlier has to do with the practical application of bio-hydrogen 

systems. Because scientists who study bio-hydrogen systems do not talk to 

engineers who develop hydrogen fuel cell technologies (and vice versa). Thus, the 

rates of hydrogen produced by biological systems are unknown to fuel cell 

 

51 Vijayaraghavn et al., unpublished:4 
52 Levin et al., 2004:173 
53 Vijayaraghavn et al., unpublished:2 
54 Levin et al., 2004:173 
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engineers and the amounts of hydrogen required for practical applications, such as 

fuel cells, are unknown to bio-hydrogen researchers. Moreover, the rates of 

hydrogen produced by the various bio-hydrogen systems are expressed in 

different units, making it difficult to assess and compare the rates and amounts of 

hydrogen synthesized by different bio-hydrogen technologies.55 

1.4 Life at geothermal areas 

Biological hydrogen production has already been investigated with several types 

of microorganisms mostly phototrophic- and mesophilic microorganisms. It is 

only in recent years that researhers have been focusing more on thermophilic 

bacteria.56 The great interest generated by thermophiles raises the question of their 

growth at various scales and if thermophilic systems can be stabilized to optimize 

production. There are many advantages in using thermophilic bacteria for 

example, the solubility of most compounds (excluding gases) increases, cultures 

are less prone to contamination, there faster metabolic reaction rates and the 

tolerance to the partial pressure of hydrogen is higher.57 

Hot and extreme environments like boiling hot-springs and steam vents do not 

appear to be very inhabitable for life. A closer look at these environments shows 

that microorganisms are thriving in these hostile areas. Such environments are 

limited to a few places around the world. Areas like these are in connection with 

volcanic activity and can be classified as follows: 

• Hot springs (with temperature around boiling point) 

• Steam vents (with temperature up to 500°C) 

• Geothermal areas under the sea bed (with temperature over 

350°C)58 

Thermophilic bacteria in soil seldom live at their optimum temperature. However 

they adapt to conditions in the environment and grow faster when temperature 

 

55 Levin et al., 2004:174 
56 Nandi et al., 1998 
57 Hoist et al., 1997:415-416 
58 Madigan et al., 2003:155 
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becomes favorable. Thus, hot springs are favorable habitats for thermophilic 

bacteria because of the stability of that particular environment and they can grow 

close to their optimum temperature.59 

Thermophilic bacteria are organisms that can live at high temperatures, higher 

than 45°C.60 These bacteria are classified depending on what temperature they 

live at: 

Thermophilic bacteria, live at 45-68°C with optimum around 60°C 

Extreme thermophilic bacteria, live at 65-95°C with optimum around 88°C 

Pyrophilic archaea, live at even higher temperatures for example Pyrolobus 

fumarii with optimum temperature at 106°C and can survive up to 115°C. These 

bacteria do not grow below 60°C.61 

The ability of these organisms to live at such high temperatures has mostly to do 

with their thermos table proteins. Also the cell membrane of these organisms 

contains more saturated fatty acids that makes them stiffer than otherwise in 

mesophiles. The cell membrane in thermophilic organisms such as archaea is 

mostly made of isoprene units (5 carbons each) repeated in chains instead of fatty 

acids and are bound to phosphate groups with ether bonds, and not ester bonds 

like in eubacteria and eukaryotes. Cell membrane in archaea has only one lipid 

layer compared to two layers in the other groups.62 The benefit of such a 

membrane lowers the risk of being torn apart. Thermophilic bacteria use many 

ways to survive in extreme environments like fluctuations in temperature. 

Pyrococcus furiosus fore example forms DIP (di-myo-inotisol 1,1 phosphate), 

which is an osmolyte, at temperatures over 100°C. DIP has been shown to protect 

enzymes from denaturation at high temperatures. Thermophilic bacteria are also 

 

59 Krisjánsson et al., 1996:11 
60 Kristjánsson et al., 1986:49 
61 Huber et al., 1998:40 
62 Madigan et al., 2003:156-157 
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sometimes known to produce heat stable proteins, so called heat shock 

adaptations, and have efficient DNA repair.63 

Research on thermophilic bacteria has shown high growth rates where the 

doubling time can be as fast as one hour.64 Phylogenetic research by molecular 

genetics (16S rRNA) on isolated bacteria has also shown that there is a great 

evolutionary difference between thermophilic eubacteria and archaea.65 Isolation 

of new thermophilic organisms has grown for the last three decades. This increase 

of isolates is mainly due to advances in molecular genetics like 16S rRNA 

molecular assessments. This technique makes it possible to detect DNA sequences 

for many strains very rapidly. Despite these evolutionary techniques only small 

percentage of thermophilic bacteria has been sequenced.66 Although this makes it 

easy to detect organisms in the environment it is believed that only about 1% of 

microorganisms have been isolated.67 All this genetic data is available in large 

databases such as NCBI and RPDII that hold over 210 thousand of identified 16S 

rRNA aligned sequences.68 

1.4.1 Deep sea hydrothermal vents 

Deep sea hydrothermal vents were first discovered along the Galapagos Ridge in 

1977. Since then, few others have been discovered all around the world and so far 

there are eight that are known but are far from being fully researched.69 

Deep sea vents are characterized by high pressures, high temperature gradients, 

and high levels of toxic elements such as sulfides or heavy metals and have been 

found e.g. on the Mid Atlantic Ridge, Guaymas Basin, North Fiji Basin, East 

Pacific Rift and in many other areas.70 Vent systems like these offer a new source 

of a variety of diverse microorganisms well adapted to these extreme 

environments. Over the past 15 years, an increased number of new genera and 
 

63 Reysenbach et al., 2002:1081 
64 Madigan et al., 2003:156 
65 Madigan et al., 2003:155-156 
66 Reysenbach et al., 2002:1078 
67 Reysenbach et al., 2002:1079 
68 Cole et al., 2006 
69 Tyler et al., 2003 
70 Guezennec 2002:205 
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species of both hyperthermophilic and thermophlic bacteria have been isolated 

from these deep- sea hydrothermal vents. This new bacterial diversity includes 

strains able to produce novel molecules such as enzymes, polymers, and other 

bioactive molecules. This may lead to the discovery and characterization of 

innovative molecules of interest for different industrial sectors. 

1.4.2 Shallow water submarine vents 

Submarine hydrothermal activity has focused mainly on deep-sea vent systems, 

usually related to mid-ocean ridges and back arc oceanic basins. Only few of these 

shallow-water submarine hydrothermal vents have been studied in great detail, 

despite their accessibility for sampling. Most of the shallow water hydrothermal 

vents are associated with volcanic islands or occur on top of seamounts or at 

continental margins e.g. Kodakara-Jima island (Japan), Bay of Plenty (New 

Zealand), Punta Mita (Mexico) and Eyjafjörður (Iceland).71,72,73,74 

Figure 3. Shallow water submarine vents in Eyjafjorður, Iceland. 

 

71 Hoaki et al. 1995 
72 Stoffers et al. 1999 
73 Prol-Ledesma et al. 2002 
74 Marteinsson et al. 2001 
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1.4.3 Terrestrial hot-springs 

Terrestrial hot-springs can be found all around the world but the major thermal 

areas are on the west coast of the USA, New Zealand, Iceland, Japan, Italy, 

Indonesia, Central America and Central Africa.75 China has also some geothermal 

areas that have been researched on the basis of their bacterial flora.76 The 

temperature of hot-springs is usually very stable but variations in chemical 

composition can be great which influences the pH (acidic or basic) of the springs. 

Nutrition plays a major role in the hot springs both for chemoorganotrophs and 

chemolithotrophs. 

Figure 4. Hot-spring in Hveravellir, Iceland. 

The temperature of hot-springs can vary greatly, some have temperature near 

boiling point but that also depends on where they are situated because pressure 

influences the boiling point. Temperature of hot-springs can vary from 20°C up to 

100°C. Most terrestrial hot-springs have some run off because of overflow. 

Gradually this water cools down as it runs further from the spring and makes a 

thermal gradient. This gradient makes it possible for various species with different 

optimum temperature to inhabit these areas.77 In many of these thermal areas so 

called microbial mats can be found where hot water flows continuously, bringing 

with it heat and nutrition. These mats are very condensed and are made up of 

 

75 Madigan et al., 2003:155 
76 Xue et al., 2001:1335 
77 Madigan et al., 2003:155-156 
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primary producers, usually phototrophic bacteria like Cyanobacteria. Lower 

layers have more variety of anaerobic thermophilic bacteria which can utilize 

organic matter produced by the primary producers. Bacteria in these lower layers 

can be hydrolyzing, fermentative, methanogens and sulphate reducers. Thus, these 

mats make optimal conditions for thermophilic bacteria.78 

Variations in pH and concentration of trace elements in these areas can result in 

very different habitats. Any changes in these habitats like rapid change in 

chemical concentrations can thus change the microbial community quickly. The 

ability to use various electron donors or acceptors is of utmost importance for the 

survival of microbes in these ever changing habitats. In general it is thought that 

microbial communities in geothermal areas with temperature from 50-90°C 

consist mostly of eubacteria but at higher temperatures, archaea species dominate 

the communities.79 

1.4.4 Microbial flora of Icelandic hot-springs 

The microbiology of Icelandic hot-springs has been studied to some extent but 

Iceland has one of the largest geothermal areas in the world. Considering physical 

and chemical aspects of hot-springs in Iceland the variety is great and geothermal 

activity can be divided into to different zones: 

High temperature zones are on active volcanic areas. Mainly sulphuric and 

clayish hot-springs are fond in these zones and also steam vents (100-200°C). 

Organic matter is scarce and pH of these hot-springs is usually low acidity (pH 2-

4) which makes the concentration of dissolved chemicals high. Many species of 

anaerobic archaea have been isolated from clayish hot-springs in Iceland. Optimal 

conditions for these bacteria are in temperatures from 85-95°C and pH below 4. 

These archaea can utilize organic matter and use sulphur as electron donor and 

form hydrogen sulphide (H2S). One species of methanogens has been isolated 

form one of these zones, Methanothermus fervidus.80 More examples of bacteria 

isolated from clayish hot-springs are classified within the genus Thermoproteus,

78 Lowe et al., 1993:454 
79 Reysenbach et al., 2002:1079-1080 
80 Kristjánsson et al., 1986:59 
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Thermifilum and Desulfurococcus. These hot-springs become some what like 

continuous cultures because of vast and constant flow of gases from them 

bringing nutrition for chemolithothrophic bacteria. Microorganisms can be in high 

numbers in these hot-springs or as much as 100 million per one milliliter.81 High 

temperature zones are thought to be approximately 30 in Iceland and cover over 

400 km2.82 

Low temperature zones are outside of active volcanic areas and can be identified 

by clear water springs and pools with temperatures from 20-100°C. Mainly 

alkaline (pH 8-10) hot-springs can be found in these zones. Formation of silica 

can be seen around openings of these springs.83 Hot-springs in low temperature 

areas can be identified by growth of algae and high quantities of bacteria. 

Filamentous Chloroflexus species are common (anaerobic photosynthesis) as are 

species of Thermus which are Gram negative rods, often filamentous, in basic hot-

springs with temperature form 50-85. Spore forming bacteria can also be found, 

both aerobic and anaerobic. Hydrogen oxidizing, sulphate reducing and methane 

producing bacteria have also been fond in these zones.84 There are thought to be 

over 250 low temperature zones in Iceland with over 600 hot-springs and pools.85 

81 Kristjánsson et al., 1986:53-59 
82 Hveravefsíðan, 2006,a 
83 Kristjánsson et al., 1986:51-52 
84 Kristjánsson et al., 1986:53-55 
85 Hveravefsíðan, 2006,b 
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1.5 Hydrogen producing bacteria 

There are several groups of microorganisms that can produce hydrogen. Some are 

heterotrophic bacteria that are not dependent on sunlight but require a supply of 

chemically bound energy in the form of wastes, from households and industries, 

One possible end-product of fermentation of such materials is hydrogen. Some 

photosynthetic micro organisms can also produce H2, and could be employed for 

hydrogen production from solar energy. Eukaryotic green algae have been shown 

to possess hydrogen-producing enzymes and can be used to produce high amounts 

of molecular hydrogen when cycled between certain growth conditions. Another 

group of photosynthetic microorganisms are the cyanobacteria which are 

photosynthetic bacteria and are capable of nitrogen fixation and thus able to live 

on air, water and minerals, with sunlight as their only source of energy. The 

cyanobacteria enzyme responsible for nitrogen fixation, nitrogenase produces 

hydrogen gas as by-product.86 

Photolytic microorganisms are capable of producing hydrogen from water through 

their metabolism by utilizing solar energy. Indirect photolysis is performed by 

various species of cyanobacteria and green algae.87 Cyanobacteria (also known as 

blue-green-algae, cyanophyceae, or cyanophytes) are a large and diverse group of 

gram-positive bacteria with the same type of photosynthesis as higher plants. 

They exist in marine environments as well as in different soil and freshwater 

ecosystems.88 They are a morphologically diverse group that includes unicellular, 

filamentous and colonial species.89 Cyanobacteria are capable of N2-fixation and 

biophotolysis, a light-driven splitting of water into hydrogen and oxygen, in 

reactions which involve nitrogenase and hydrogenase.90 Certain species of 

cyanobacteria can produce H2 directly from water through indirect photolysis by 

carbon dioxide fixation and as an intermediate of H2 production.91 The main 

 

86 Lindberg, 2003 
87 Benemann, 1997: 979-980 
88 Das et al. 2001:15-16 
89 Levin et al. 2004 
90 Das et al. 2001:15 
91 Benemann, 1997:982 
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benefits and limitations of H2 production through indirect photolysis by 

cyanobacteria are summarized in Table 3. 

Table 3. Pros and cons of different biological process for H2 production. 

Microorganism Pros Cons

Green algae Can produce H2 from water Require light for hydrogen 
Solar conversion energy production
increased 10 fold  as compered O2 can be dangerous for the 
to trees and crops system

Cyanobacteria Can produce H2 from water Uptake hydrogenase enzymes 
Nitrogenase enzyme mainly are to be removed to stop the
produces H2 degradation of H2
Has the ability to fix N2 from the Require sunlight 
atmosphere About 30% O2 present in the 

gas mixture with H2
O2 has inhibitory effects on 
nitrogenase
CO2 present in the gas

Photosynthetic Can use different waste Require light for the H2
bacteria materials like whey, distillery production

effluents etc. Fermented broth will cause 
Can use wide spectrum of light water pollution problem

CO2 present in gas

Fermentative Can produce H2 all day long The fremented broth is required
bacteria without light to undergo further treatment

Can utilize different carbon before disposal otherwise it will
sources like starch, cellobiose, create water pollution problem
sucrose,xylose etc. and so CO2 present in gas
differrent types of raw material
can be used 
It produces valuable metabolites
such as butyric acid, lactic acid,
acetic acid etc. as by products
It is anaerobic process, so there
is no O2 limitation problems

Microalgae such as the green algae and the cyanobacteria (prokaryotes) are 

photoautotrophic organisms, because they can use light as the energy source and 

carbon dioxide as a sole carbon source. The capability of algae and bacteria to 

produce H2 has been known for more than a century. Microalgae are able to use 

sunlight to metabolize carbon dioxide into energy-rich organic compounds, with 

water as an additional substrate. Under anaerobic conditions, microalgae can 

produce H2 by water photolysis, using light as the energy source. The catalyst is 
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hydrogenase, an enzyme that is extremely sensitive to O2. Oxygen is also a by-

product of photosynthesis, and even the small amounts generated during 

biophotolysis reaction can inhibit H2 evolution.92 

1.5.1 Anaerobic thermopiles 

Anaerobic bacteria grow only in the absence of oxygen (O2) and it´s presence can 

in some cases be fatal for them. These bacteria are called obligate anaerobes.93 

There are other bacteria that can also grow with or without oxygen and these 

bacteria are said to be facultative anaerobes.94 

The solubility of oxygen is very poor at high temperatures and the amount of 

oxidizing gases that are formed in hot-springs forces most thermophilic bacteria to 

live as anaerobes or microaerophiles.95 Other species of bacteria that also use 

anaerobic respiration besides thermophilic bacteria are acidophiles, halophiles and 

alkalophiles. These are all species that live at extreme conditions. 

Obligate anaerobic bacteria are mostly found in areas where oxygen is in low 

concentrations, and are often responsible for oxidizing organic material which can 

then be used by aerobic bacteria. This kind of collaboration can often be found 

with bacterial communities that live in these extreme conditions. There are even 

bacteria that can exchange hydrogen molecules, where one strain can not utilize 

some reduced organic compounds unless there is another strain that uses the 

hydrogen that is produced.96 This collaboration is called “interspecies hydrogen 

transfer”.97 

Sulphate oxidizing bacteria and methanogens are the best known hydrogen 

scavenging bacteria.98 

92 Benemann, 1997:983 
93 Madigan et al., 2003:G-2 
94 Madigan et al., 2003:G-5 
95 Huber et al., 1998:40 
96 Morris, 1994:77 
97 Wolin et al., 1982 
98 Madigan et al., 2003:396,595 



University of Akureyri  Faculty of Natural Resource Sciences

27

Research on anaerobic bacteria has shown that hardly any organic compound that 

exists that the bacteria can not degrade and even some reactions can not take place 

unless under anaerobic conditions.99 

1.5.1.1 Fermentation 

Organisms that can utilize organic or inorganic material as electron donors in their 

metabolism have two ways of storing the energy that comes from either 

respiration or fermentation. The final product from both systems is the formation 

of adenosine triphosphate (ATP). This reaction needs energy (endergonic) from 

other energy releasing reactions (exergonic) that take place in the degradation of 

the electron donor.100 Degradation of organic materials can be divided into two 

major metabolic systems. Firstly the oxidation of the reactants (organic) leads to 

formation of an oxidized intermediate and reduced cofactors (NADH, FADH2

etc.) and secondly the re-oxidation of the cofactors by the reduction of the 

product. Oxidation of the cofactors is carried out either by respiration or 

fermentation.101 

Figure 5 Fermentation pathways of organic material102 

The main difference between fermentation and respiration is that in fermentation 

there is no final electron acceptor as for respiration, oxygen acts as a final electron 

acceptor. Oxidation reactions in fermentation lead to the reduction of the 

intermediate that comes from the initial nutrients, carbon and energy source for 

the formation of the reduced final products, for example lactic acid or ethanol. No 

 

99 Morris, 1994:76 
100 Madigan et al., 2003:119 
101 Örlygsson, 1994:12 
102 Madigan et al., 2003 



University of Akureyri  Faculty of Natural Resource Sciences

28

outside electron acceptor can thus be used in fermentation. Another example of 

the difference between respiration and fermentation is that ATP is formed only by 

substrate level phosphorylation whereas in respiration ATP is mostly formed by 

oxidative phosphorylation. The difference in concentration of protons inside and 

outside the cell membrane or the so called proton motive force (PMF) is use to 

form ATP.103 

Glycolysis or the Emden-Meyerhof Pathway is the first step in the degradation of 

glucose and is in fact the main metabolism in organisms that carry out anaerobic 

degradation. It is also the first step in degradation by aerobic bacteria.104 

There are three major stages in glycolysis: 

Stage 1 Glucose another hexoses are phosphorylated and converted to fructose-

1,6-diphosohate in four chemical reactions. These reactions require two ATP 

molecules.105 

Stage 2 The enzyme aldolase splits fructose-1,6-diphosphate into two three 

carbon units (glyceraldehyde-3-phosphate). Oxidation reactions of these units 

yield four molecules of ATP and the oxidized end products are two molecules of 

pyruvate (three carbons each). 

Stage 3 Pyruvate can be oxidized to acetate and carbon dioxide or reduced to 

lactate or ethanol where reduced NADH is oxidized (regenerated) to NAD+. 

Oxidation to acetate yields the energy rich compound acetyl-CoA which can be 

used for phposphorylation of ADP resulting in ATP formation. The formation of 

the reduced compounds, however, are not yielding any ATP, their formation is 

only to oxidize NADH.106 

In all energy yielding pathways there has to be a balance between oxidation and 

reduction, and there has to be an electron acceptor for each electron that is 

 

103 Madigan et al., 2003:119 
104 Pétursson, 2003:193 
105 Madigan et al., 2003 
106 Madigan et al., 2003 
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removed. Final products of the fermentation process (lactic acid or ethanol) are 

also obligated to be in redox balance with the substrate (reactant) glucose. 

Energy formation by the glycolysis is of the utmost importance for the organism 

and the fermentation end products can be thought of as “waste”. These waste 

products have been utilized by mankind for many centuries in i.e. cheese making, 

baking and brewing.107 In respiration the reactant goes though the same system 

(glycolysis) but pyruvate then goes into the Krebs cycle where complete oxidation 

to CO2 occurs and the electrons are used for building up proton motive force. 

Oxygen is the final electron acceptor and water is formed.108 Biomass (e.g. plant 

material and algae) or other organic waste from factories can be used in these 

fermentation systems to produce valuable products.109 

The anaerobic degradation of organic matter is a complex process which proceeds 

in several different steps (Fig. 6) and is performed by several groups of bacteria. 

In the first step hydrolysis, complex organic compounds are hydrolyzed by extra 

cellular enzymes excreted by the microorganisms. Thus, the polymers of 

carbohydrates, proteins and lipids are converted to their corresponding monomers 

(sugars, amino acids and fatty acids). Subsequently, these monomers are used in 

fermentations and anaerobic oxidations, forming the main methanogenic 

substrates (acetate, formate, carbon dioxide and hydrogen) as well as other 

products such as ethanol, lactate, volatile fatty acids and aromatic compounds. 

 

107 Madigan et al., 2003:119-122 
108 Pétursson, 2003:200 
109 Hallenbeck et al., 2002:1192 
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Figure 6. Degradation of polymers and bacteria  involved in the process110 

These compounds are oxidized to acetate and carbon dioxide and with proton 

reduction to hydrogen. Formation of methane is the final product and is formed by 

carbon dioxide and hydrogen or acetic acid.111 

The hydrogen produced during fermentation is used by various hydrogen 

scavenging bacteria (methanogens, homoacetogens or sulfate reducers)112, and 

researchers have shown that if it is not removed it can have hindering effects on 

the degradation of the organic material.113 

1.5.1.2 Dark fermentation 

Dark hydrogen fermentation is a ubiquitous phenomenon under anoxic or 

anaerobic conditions (i.e., no oxygen present as an electron acceptor). When 

bacteria grow on organic substrates (heterotrophic growth), these substrates are 

degraded by oxidation to provide building blocks and metabolic energy for 

 

110 Madigan et al., 2003 
111 Örlygsson, 1994:12 
112 Madigan et al., 2003:655 
113 Ruzicka, 1996:2447 



University of Akureyri  Faculty of Natural Resource Sciences

31

growth. This oxidation generates electrons which need to be disposed to maintain 

electrical neutrality. In aerobic or oxic environments, oxygen is reduced and water 

is the end product. In anaerobic or anoxic environments, other compounds e.g., 

protons, which are reduced to molecular hydrogen (H2), need to act as electron 

acceptor.114 Figure 7 illustrates the biochemical pathway for conversion of 

renewable biomass to hydrogen via fermentation. In the fermentation process of 

glucose to hydrogen, pyruvate, the product of glucose catabolism, is oxidized to 

acetyl-CoA, which can be converted to acetyl phosphate and results in the 

generation of ATP and the excretion of acetate. Pyruvate oxidation to acetyl-CoA 

requires ferredoxin (Fd) reduction. Reduced Fd is oxidized by a hydrogenase 

which generates Fd and releases electrons as molecular hydrogen.115 

Figure 7.  Hydrogen from renewable biomass by fermentation116 

Anaerobic fermentation enables the mass production of hydrogen through 

relatively simple processes from a wide spectrum of potentially utilizable 

substrates, including refuse and waste products. Moreover, fermentative hydrogen 

production generally proceeds at a higher rate and does not rely on the availability 

of light sources. Carbohydrates, mainly glucose, are the preferred carbon sources 

 

114 Nandi et al., 1998: 
115 Hallenbeck et al., 2002:1185-1193 
116 Nath et al., 2004:521 
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for fermentation process which predominantly give rise to acetic and butyric acids 

together with hydrogen gas.117,118 

From thermodynamic perspective, the most favorable products from the 

breakdown of one mol glucose are two moles of acetate and four moles of H2. But 

this stoichiometric yield is only attainable under near-equilibrium conditions, 

which implies very slow rates and/or at very low partial pressures of hydrogen.119 

Why this interest in using dark fermentation over the other methods mentioned in 

this chapter? The main reason is because of high hydrogen yields and low 

operating volumes. In the next decades electricity production will be addressed 

preferentially towards high efficiency, dispersed, small power plants at the 

expense of existing large power plants. Strong efforts will be made to develop 

new technologies, like fuel cells. Fuel cell technology is a favorable candidate for 

the development of a stationary plant for several reasons, such as low 

environmental impact, high electric conversion efficiency independent of size, 

production of heat usable for cogeneration cycles. The main development plans 

for applications in these small power plants point to proton exchange membrane 

fuel cell (PEMFC) technology due to its simplicity and ability to be assembled 

readily by industrial processes.120 

Table 4. Electricity generation by PEMFC121 

BioH2 system H2 rate 1.5 kW 5.0 kW

Direct photolysis 0.07 mmoles H2/hr/L 512,000 L 1,710,000 L

Indirect photolysis 0.335 mmoles H2/hr/L 107,165 L 357,313 L

CO - water shift 96.0 mmoles H2/hr/L 374 L 1,250

Photo fermentation 150.0 mmoles H2/hr/L 239 L 798 L

Dark fermentation 350.0 mmoles H2/hr/L 102 L 345 L

Size of BioReactor to generate :

117 Classen et al., 1999:748-750 
118 Hallenbeck et al., 2002:1191 
119 Hallenbeck et al., 2002:1191 
120 Wang et al., 2005:1031 
121 Levin et al., 2004 
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By using PEMFC the best option is dark fermentation. To generate 1.5 kW, 

PEMFC needs approximately 36 moles (50g) H2/h and for 5 kW 120 moles 

(243g) H2/h (Table 4). Despite their high potential, fuel cells are not ready for full 

commercial application for stationary plants because of high costs and limited 

durability.122,123 

1.5.1.3 Hydrogen production 

Hydrogen production by microorganisms has been known for over 100 years but 

it was not until in the 1970´s that real development and research started. At first 

the main focus was on photosynthetic bacteria and fermentation was mostly left 

unattended.124 

Although physiology, biology, chemistry and the most important enzymes of 

hydrogen producing bacteria are well known there are still some uncertainties. For 

instance, how much hydrogen is being produced and how can this production be 

maximized to the scale that it can be utilized?125 

Electron balance is kept stable with hydrogen production in most fermentation 

pathways and protons that come from water play the role of electron donors.126 

These biological pathways are dependent on the presence of a hydrogen producing 

enzyme called hydrogenase which was first described at the end of the 19th 

century and later identified to be catalyzed by a hydrogenase. Hydrogenases were 

first described in 1931 by Stephenson and Stickland.127 Since then hydrogenases 

have been observed and characterized in many microorganisms, including some 

algae, trichomonads and anaerobic ciliates.128 The enzyme catalyzes the simplest 

of chemical reactions, the reversible reductive formation of hydrogen from 

protons and electrons: 

H2 ↔ 2H+ + 2e-

122 Wang et al., 2005:1032 
123 Levin et al., 2004 
124 Hallenbeck et al., 2002:1185 
125 Hallenbeck et al., 2002:1191 
126 Madigan et al., 2003:591 
127 Vignais et al. 2001 
128 Tamagnini et al., 2002:4 
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In hydrogen production, protons (H+) derived from water serve as electron 

acceptors. Three major enzymes have been found that have to do with the 

hydrogen production both in fermentative- and photosynthetic bacteria129:

Hydrogenase (as described before), both reversible and classical, which oxidize 

ferredoxine or other low-energy electron carriers in reactants. 

Uptake hydrogenase is membrane bound and can take hydrogen up at low partial 

pressures and reduce high energy electron acceptors (NAD+/NADH or even 

FAD/FADH2). It also produces small amounts of hydrogen. 

Nitrogenase usually reduces nitrogen (N2) to ammonia but they are also capable 

of producing hydrogen especially in the absence of nitrogen. This reaction 

demands a lot of energy (4ATP/H2) and is not reversible. 

These enzymes have a complex metallo-cluster structure on their active sites and 

are formed by very complex pathways where coenzymes and protein maturation 

steps are involved.130 According to the metal composition of the active site, 

hydrogenases are divided into three phylogenetically distinct classes: [NiFe]-

hydrogenases (including the subfamily of [NiFeSe] hydrogenases), [Fe]-

hydrogenases, and metal-free hydrogenases. Among these, the [NiFe] 

hydrogenases are the most abundant.131 

Energy formation in hydrogen production is in fact unfavorable for the organism 

so most fermentative organisms produce only small amounts of hydrogen along 

with from other fermentation products. The role of hydrogen is thus mainly to 

maintain chemical balance in the reaction.132 In general, hydrogen producing 

bacteria live closely with other bacteria that can utilize hydrogen and other 

fermentation products in their metabolic pathways and form their own products 

like methane and carbon dioxide.133 Most of the hydrogen production goes 

through anaerobic degradation of pyruvate and the formation of acetyl CoA which 

 

129 Das et al., 2001-17-19 
130 Hallenbeck et al., 2002:1185 
131 Lindberg, 2003 
132 Madigan et al., 2003:592 
133 Vijayaraghavn et al., unpublished:2 
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is then used to form ATP and formic acid (Entric bacteria) or reduced ferredoxine 

(obligated anaerobes) that yield hydrogen (Figure 8).134 

Figure 8. Metabolic pathways of Clostridium butyricum135 

Fermentation of carbons such as glucose isomers of hexoses or polymers like 

starch or cellulose yields the highest hydrogen production. The amount of 

hydrogen that these reactants yield per one mole of glucose depends on the 

fermentation pathway and its end products. For example, acetic acid is the final 

 

134 Hallenbeck et al., 2002:1191 
135 Saint-Amans et al., 2001:1750 
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product the theoretical yield for one mole of glucose is four moles of hydrogen 

(Figure 8):136 

C6H12O6 + 2H2O→ 2CH3COOH + 4H2 + 2CO2

If on the other hand the final product is butyric acid, the theoretical yield of 

hydrogen is only two moles of hydrogen per mole of glucose: 

C6H12O6 (+ 2H2O) → CH3CH2CH2COOH + 2H2 + 2CO2 (+2H2O) 

The highest theoretical yield of hydrogen is thus when acetic acid is the only end 

product but this is almost never the case because there is always a mixture of 

acetic acid, butyric acid or other end products.137 As mentioned before, hydrogen 

production by organisms is unfavorable and the reason for that can be explained 

by the thermodynamics; ∆G (Gibbs free energy, ∆G°). Gibbs free energy is the 

energy that is formed and can be used in reactions. ∆G° explains the change in 

free energy that becomes available in any reaction that occurs at standard 

confitions (pH 7, 25°C, 1 ATM pressure and 1M concentration of the reactants). If 

∆G° is negative for a reaction it is said to be exergonic or energy yielding and is a 

spontaneous process. If on the other hand the ∆G° is positive the reaction is said 

to be endergonic or energy-requiring and is a non spontaneous process.138 

Calculating ∆G° for a reaction is the sum of ∆G° fore the products minus the sum 

of the ∆G° for the reactants and can be explained by a simple equation: 

∆G° =Σ∆Gf° (products) - Σ∆Gf° (reactants) 

Σ∆Gf° explains the energy formation of the reactants and the products and the 

Σ∆Gf° for the elements carbon, hydrogen and nitrogen is zero. If molecule 

formation is exergonic, ∆Gf° is negative, it shows why elements form bonds but if 

∆Gf° is positive it tells that the molecule does not form spontaneously and will 

most likely be broken down to its elements. An example of this is nitric oxide 

(N2O) with ∆Gf° +104,2 kJ/mole. This molecule is not formed spontaneously and 

 

136 Vijayaraghavn et al., unpublished:9 
137 Levin et al., 2004:178 
138 Madigan et al., 2003:110-111 
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is in fact rather broken down to nitrogen and oxygen. To calculate the change in 

free energy in this reaction both the reactants and the products have to be in 

balance.139 

As mentioned before ∆G° gives indication if a reaction is exergonic or endergonic 

under stable conditions. This is not always the case, so to find the real value of 

∆G° one has to take into consideration the temperature, molar concentration for 

the reactants and products and the partial pressure of the gas phase. Provided by 

that information it is possible to calculate the ∆G° for following “reaction” by the 

equation: 

 aA +bB → cC + dD 

This reaction is then inserted into the following equation: 

∆G = ∆G° + RTln [C]c[D]d / [A]a[B]b

Variables within the brackets represent the molarity of the solutions (reactants and 

products) or gas phase partial pressure, the small letters (a-d) represent mole 

fractions, R is the gas phase ( 8,29 J/mol/°K) and T is temperature in Kelvin 

degrees (°K). 

The influence of partial pressure in gas phase on changes in ∆G° can be seen from 

this equation. For example the fermentation of ethanol to acetic acid, where one of 

the products is hydrogen and its partial pressure is 1 atm, ∆G° is (standard 

conditions) + 9,68 kJ but if the partial pressure of hydrogen is 10-4 atm, the ∆G° 

changes to -36,82 kJ and the reaction will be spontaneous (table 5). Bacteria like 

methanogens which can utilize hydrogen, keep the partial pressure low so that the 

fermentation of ethanol to acetic acid is not hindered and can continue. If partial 

pressure of hydrogen is too high it can have hindering effects on the fermentation 

process.140,141 

 

139 Madigan et al., 2003:111,A-1 
140 Madigan et al., 2003:A-1 
141 Örlygsson, 1994:16-17 



University of Akureyri  Faculty of Natural Resource Sciences

38

Table 5. Influence of partial pressure on ∆G in ethanol fermentation142,143 

Partial 
pressure of 
H2 Reaction ∆G

1 atm  CH3CH2OH + H2O ↔ CH3COO - + 2H2 + H+   = + 9,68 kJ

10-4 atm  ∆G= ∆G° + RT ln [C]c [D]d / [A]a [B]b = -35,82 kJ

Keeping partial pressure low is thus very important when working with pure 

cultures of hydrogen producing bacteria because of this thermodynamic inhibition 

phenomenon. Researchers have shown that Caldicellulosiruptor saccharolyticus 

starts producing lactic acid under unfavorable conditions and hydrogen production 

drops.144 It is thus necessary to remove hydrogen from the cultures to maximize 

hydrogen production i.e. by a continuous flushing the culture with nitrogen. 

Theoretical yield of hydrogen by fermenting glucose to acetic acid is in fact 12 

moles of hydrogen but because of thermodynamic limitations, maximally 4 moles 

of hydrogen are can be obtained; the other 8 moles are still enclosed in the by-

products like acetate, butyrate, lactate and ethanol. This has been observed for 

both mesophilic and thermophilic bacteria. In practice, it is observed that with 

mesophiles normally about 1-2 moles of H2 / mole of glucose are obtained, while 

extreme thermophiles display a yield of mmore than 3 moles of H2 / mole glucose 

both for Caldicellulosiruptor saccharolyticus and Thermotoga elfii.145,146  Thus, a 

higher temperature is more favorable for the conversion reaction towards H2. In 

addition it allows pH2 values up to 104-105 Pascal (Pa, pressure), before growth is 

inhibited.147 

142 Madigan et al., 2003:A-1 
143 Örlygsson et al., 1994:16-17 
144 van Niel et al., 2002:1391-1398 
145 van Niel, 2005:abstract 
146 van Niel et al., 2002:1391-1398 
147 van Niel, 2005:abstract 
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Increased partial pressure of hydrogen in pure cultures forces the microorganism 

to produce more reduced products like ethanol, lactate or even acetone. This is 

referred to as metabolic shift. By increasing the temperature more hydrogen can 

accumulate in the culture before it starts to have hindering effect. At 60°C partial 

pressure of hydrogen must not exceed over 50 Pa but if the temperature is raised 

to 98°C the culture can withstand pressure up to 2000 Pa.148,149 

Many bacteria can degrade carbon rich materials to hydrogen, CO2 and other 

fermentation products. These bacteria come mostly from the Enterobacter (mildly 

thermophilic) and bacteria within the Clostridium genus but Bacillus lichienformis 

(facultative) are also known to do this. Bacteria from the genus Clostridium are 

better hydrogen producers then bacteria from the Enterobacter genus.150 The best 

known hydrogen producers are the extreme thermophilic bacteria 

Caldicellulosiruptor saccharolyticus, Thermotoga elfii and Thermotoga 

neapolitana.151,152 

1.5.1.4 Hydrogen inhibition factors 

Methanogens and other hydrogen oxidizing bacteria can have negative effects on 

hydrogen production for obvious reasons as they consume the hydrogen as it is 

being produced. It is thus clearly necessary to inhibit them from any hydrogen 

production systems. There are three main ways of inhibiting growth of 

methanogens. First is the use of the 2-bromoethanesulfonic acid (BESA) which is 

an analog for Co-enzyme M and is specific to methanogens. The second method is 

the use of acytelin (0.5%) which inhibits the metanogens from growing. Finally, 

by having small concentration of oxygen in the system will have hindering effects 

on the metanogens. However, oxygen also has negative effects on the hydrogen 

producers, both in regards to the hydrogenases and the fact that most of these 

bacteria are strict anaerobes.153 

148 Levin et al., 2004:178 
149 van Groenstijn et al., 2002:1142 
150 Vijayaraghavan et al., unpublished: 9-10 
151 van Niel et al., 2002:1395 
152 van Ootegehm et al., 2001:1223 
153 Vijayaraghavan et al., unpublished: 11 
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Anaerobic phototrophic bacteria can also have hindering effect on hydrogen 

producing bacteria. These bacteria have nitrogenase that stimulates formation of 

NH4
+ from produced hydrogen.154 

Partial pressure of hydrogen plays an important role and can have hindering effect 

on hydrogen production, but can easily be avoided by lowering it for example by 

continues sparging with nitrogen and removal of hydrogen. In the environment 

this happens naturally because of cooperation between bacterial species. Reduced 

products like ethanol, butanol, propionate and lactate give indications of hydrogen 

production but the hydrogen is bound in these products. Other factors like pH and 

high carbon concentration can also influence the hydrogen production. In pure 

cultures products formed depend on environmental conditions and it is essential 

that metabolites of the bacteria are guided towards volatile fatty acids (VFA) 

rather than to alcohols or lactate to get the highest hydrogen production.155 

1.5.1.5 Other end products 

Ethanol is a very attractive alternative fuel. It is a renewable bio-based resource 

and thereby provides the potential to reduce particulate emissions in compression–

ignition engines. Ethanol derived from biomass has the potential to be a 

sustainable transportation fuel, as well as a fuel oxygenate that can replace 

gasoline, indicating that ethanol used as a liquid transportation fuel could reduce 

domestic consumption of fossil fuels, particularly petroleum.156,157 

Acetic acid is an important both as food ingredient (vinegar) but also as a 

component in the synthesis of many chemicals, such as cellulose acetate, vinyl 

acetate and acetic acid esters.158 

Butyrate has several potential applications in industry. Its applications in the 

foodstuffs and beverage industries are widespread. It can be used in the form of 

pure acid in the dairy industry, or in the form of esters as a food additive to 

 

154 Vijayaraghavan et al., unpublished: 12 
155 Vijayaraghavan et al., unpublished: 13 
156 Kim et al., 2004:362 
157 Hansen et al., 2005:277 
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increase fruit fragrance. Furthermore, butyric acid could also have some important 

physiological functions. For example, butyric acid esters are the character-impact 

flavors in tropic fruits and dairy products.159,160 Butyrate is also believed to have 

therapeutic effect against cancer cells.161,162 

Lactate has many important applications both in the food industry (LAB in the 

dairy industry) as in the cosmetic industry. The uses vary from using lactic acid as 

a preservative and flavoring in the food industry to applications in the cosmetic 

and tanning industry.163 

159 Canteno et al., 2002:3164 
160 Watson et al., 2002:2121-2122 
161 Beyer-Sehlmeyer et al., 2003 
162 Lupton, 2004 
163 Sunheer et al., 2006:992 
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2 Materials and methods 

Most of the research was carried out in the University of Akureyri, but part of the 

analysis was also done at the Department of Environmental engineering and 

biotechnology in Tampere Technical University, Finland. The 16S rRNA analysis 

was done by Prokaria ehf, Iceland. 

2.1 Sampling sites 

Samples were collected from May 2004 to May 2005. The first sampling site was 

in the Krafla area in the Northeastern part of Iceland (at Víti, Námaskarð and 

Bjarnarflag). Krafla is a volcanic system with a diameter of about 20 km in the 

north of Iceland in the lake Mývatn region. Its highest peak reaches up to 818 m. 

These geothermal areas are mostly acidic clayish type of hot-spring geysers. The 

last major volcanic activity (Kröflueldar) in the area started in 1975 and ended in 

1989.164 

Figure 9. Sampling sites, Krafla area, Hveravellir and Hengill area. Sampling 

sites are marked with red circles165 

164 Umhverfisstofnun,2006b 
165 Tephrabase,2006 
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The second sampling site was at Hveravellir which is in the highland region 

between the glaciers Langjökull and Hofsjökull, called Kjölur (The Keel). 

Hveravellir is a high-temperature area (over 150°C, 1000 m below surface) is 630 

m above sea level. The types of geysers are mostly neutral or alkaline based water 

geysers. 

The third sampling site was at the Hengill area in the Southern part of Iceland 

(Grensdalur). Grensdalur is one of three volcanic systems, in the Hengill area, and 

is considered extinct. This area has a blend of acidic clayish geysers and 

neutral/alkaline water geysers.166 

2.2 Media 

The basis of the anaerobic media was as described by Örlygsson et al 1994.167 The 

medium was slightly modified and consisted of the following stock solutions (per 

L ) : (A) NaH2PO4, 276g; (B) Na2HPO4, 284g; (C) Resazurin, 0.1g; (D) NaCl, 

24g; NH4Cl, 24g; CaCl2-2H2O, 8.8g; MgCl2-6H2O, 8.0g; (E) NaHCO3, 80g; (F) 

trace element solution: FeCl-4H2O, 2.0g; EDTA, 0.5g; CuCl2, 0.03g; H3BO3,

0.05g; ZnCl2, 0.05g; MnCl2-4H2O, 0.05g; (NH4)6MO7O24-4H2O, 0.05g; AlCl2,

0.05g; COCl2-6H2O, 0.05g; Na2SeO4, 0.300mg; Na2WO4, 0.300mg; (G) vitamin 

mixture according to Wolin et al. (1963); (H) Na2S-9H2O, 240.2g. Medium was 

prepared by adding a blend of solutions (A) and (B) (appendix 1) 50ml, 5ml of 

(C), 2g of yeast extract and 885ml of distilled water. The medium was boiled and 

cooled with ice water while flushing with N2. The mixture (45ml) was then 

transferred to 120 ml serum bottles and closed with butyl rubber stoppers and 

aluminum caps. The bottles were then flushed with N2 and autoclaved for 15 min 

at 121°C. Afterwards, on a liter basis, 1 ml of the vitamin solution (G), 1 ml of the 

trace element solution (F), 12.5 ml of (D) and 35 ml of distilled water were 

aseptically added , and finally 1 ml of solution (H) together with 0.5g of cystein 

HCl (monohydrate) in 9 ml of solution (E) was aseptically added immediately 

prior to use. Glucose was used at 20 mM concentration with 2 g/L of  yeast 

extract. When yeast extract and peptone was used as carbon and energy source 
 

166 Sæmundsson et al., 1992 
167 Örlygsson et al., 1994 



University of Akureyri  Faculty of Natural Resource Sciences

44

additional 5 g/L of YE were added and 5 g/L of peptone.  In the case cellulose 

was used as a carbon source, strips of Whatman filter paper were added to the 

medium before autoclaving. 

2.3 Isolation and enrichment 

Samples were collected by using an extended wood “man made” stick equipped 

with grip arms placed at the end. Anaerobic sterile serum bottles (120 ml) were 

fixed at the grip arms opened and quickly filled upwith liquid samples and closed 

with butyl rubber stoppers and aluminum caps. Sometimes there was not possible 

to fill up the bottles completely. In these cases nitrogen was flushed into the 

bottles with sterile gas syringes to remove oxygen. Five ml from the sample 

bottles were inoculated into 45 ml of the medium described above. Following 

changes changes were made. Glucose (20 mM) and yeast extract (2 g/L) were 

added and the vitamin solution 141 from DSMZ. Instead of a bicarbonate buffer a 

stronger phosphate buffer was used and the gas phase was nitrogen instead of a 

mixture of nitrogen and carbon dioxide. Because of the dense inoculation material 

used it was not possible to follow growth with increased absorbance by 

spectrophotometer. Therefore, after 2-3 days, 5 ml of the enrichment culture was 

inoculated into a new fresh media and inoculated at appropriate temperature. End 

point dilutions were carried out from positive samples.In some cases, tenfold 

dilution were done in anaerobic buffer and inoculated in the same medium with 20 

g/L of Bacto agar in culture bottles and on Petri dishes. The Petri dishes were 

inoculated anaerobically in GasPak anaerobic jar. Visible colonies were picked up 

with Pasteur pipettes and inoculated into fresh liquid medium. 

2.4 Growth and physiology 

To determine growth and physiology of the strains under different temperature or 

pH, or to investigate growth on various carbon substrates, the strains were 

inoculated from original samples that were kept frozen in 30% glycerol. First, the 

culture was allowed to grow on glucose until exponential growth phase was 

obtained. Determination of growth was performed on CARY spectrophotometer at 

600 nm. In all growth experiments, two sample parallels were used. Controls were  

media without inoculation and without icoculated serum bottles without carbon 
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sources. Log-phase growth rates (µ) were derived from the aborbance (OD) data 

using the standard equation ln(X/X0) = (µ)(t), where X is the measured culture 

OD, X0 is the initial culture OD, and t is the elapsed time. All growth rate values 

represent at least two replicates. 

2.4.1.1 Temperature 

Growth of strains AK1 and AK14 was measured using 20, 35, 45, 50 and 55°C. 

Growth of strains AK15 and AK17 was measured using 37, 50, 55, 60, 65, 68 and 

72°C. Experiments were carried out in water baths and incubators. 

2.4.1.2 pH 

Growth of strains AK1 and AK14 was measured using pH 4.0, 5.0, 6.0, 7.0, 8.0 and 

9.0 at optimum temperature. Growth of strains AK15 and AK17 was measured 

using 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5 at optimum temperature. 

2.4.1.3 Growth in the presence of oxygen  

Determination of growth in the presence of oxygen was performed. Strains were 

inoculated in 120 ml serum bottles which were aerobic (air) and anaerobic 

(nitrogen). Growth was measured by spectrophotometer. 

2.4.1.4 Substrates 

Substrates tested were glucose, fructose, galactose, mannose, arabinose, xylose, 

ribose, lactose, sucrose, cellulose, pectin, pyruvate, threonine, xylan, lactate, 

succinate, malate, oxalate, inisitol, lysine, alanine, serine, cysteine and histidine. 

Experiments were carried out in 23 ml bottles with media volume of 10 ml, and 

final substrate concentration of 20 mM. 

2.4.1.5 Antibiotic resistance 

Strains were tested in media with different antibiotics. Antibiotics that were tested 

were kanimycin, ampicillin, chloramphenicol, erythromycin, rifamycin, 

tetracycline and penicillin-streptomycin all in 10mg/ml concentrations. 
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2.4.1.6 Utilization of thiosulfate 

The utilization of thiosulfate was tested to see whether the strains could reduce 

thiosulfate to sulphur or sulphide. Experiments were done in 120 ml bottles with 

the usual BM medium containing 20mM of glucose and 20 mM of sodium 

thiosulfate. Optical density was used to determine growth and microscopy to 

verify if elemental sulphur was being produced.. 

2.5 Microscopy 
2.5.1 Morphology 

Examination of for purity and morphology was carried out using standard phase 

contrast microscope. Gram determination was done by standard procedures. 

2.5.1.1 Gram staining 

Gram staining was performed using conventional methods168 and confirmed with 

the KOH-method (3% KOH). 

2.5.1.2 Spore staining 

Spore staining was performed using conventional methods.169 Strains were grown 

in normal media for 24 hours and then placed in 90°C oven for two hours. 

Staining and microscopy were used to determine spore formation. 

2.5.1.3 Motility 

Motility was determined using a standard “hanging drop” method in microscopy. 

 

168 Madigan, M.T., et al. 2003:58-59 
169 Acuff, G.R., 1992:1207-1208 
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2.6 Analytical techniques 
2.6.1 Fermentation products 
2.6.1.1 Hydrogen 

Hydrogen composition was analyzed by using Perkin Elmer gas chromatograph. 

Hydrogen was analyzed using a micro-thermoconductivity detector. Argon was 

used as carrier gas at a rate of 3 ml/min, with another 17 ml/min as make-up gas 

in the detectors. The separation was made on a Supelco 1010 Carboxen GC Plot 

Capillary Column (Carboxen 1010). The oven temperature was 65°C and the 

injector and detector temperatures were 200°C. 

2.6.1.2 VFA 

Samples for volatile fatty acid analysis, 1 ml of culture were centrifuged for 20 

min at 6000g. The supernatants were acidified with 25% formic acid (100µ). N-

Propanol (100µ) and crotonate (100µ) were used as internal standards, with final 

volume of 1ml. The formation of organic acids and alcohols was measured by gas 

chromatography (HP 5890II gas chromatograph; FID detector; 30 m DB-FFAP 

capillary column (Agilent Industries Inc, Palo Alto, CA, U.S)). 

2.6.1.3 Glucose and lactate analysis 

Samples for glucose and lactate (1ml) were centrifuged for 20 min at 6000g. The 

supernatants were diluted 2.5 times and i-valeric acid (100µ) used for internal 

standard and the final volume of 1ml. Samples were then analyzed  by HPLC ( 

∆n-1000 Refractive Index Detector, WGE Dr.Bures GmbH & CoKG, Waters 510 

HPLC pump, Marathon autosampler (Spark Holland BV).The column was 

SUGAR SH1011 (8.0mmIDx300mmL) lot nuber 050620. Glucose was also 

analyzed enzymatic ally by glucose oxidase assay (Sigma-GAGO20). 

2.6.2 Partial pressure of hydrogen 

Experiments were carried out to investigate the influence of partial pressure of 

hydrogen on hydrogen production. The strains were grown in 120 ml bottles with 

glucose (20mM) as carbon source and different volumes of media (2, 5, 10, 30, 60 

and 90 ml). Hydrogen production was measured after 48 hours of incubation. 
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2.7 Phylogenetic analysis/characterization 
2.7.1 Analysis 

Analysis of 16S rRNA for all strains was done by an Icelandic biotechnical 

company Prokaria ehf, situated in Reykjavík.  

2.7.2 Characterization 

Sequences from 16S rRNA analysis were sent to the NCBI database using the 

nucleotide-nucleotide BLAST (BLASTn).170 Ribosomal Database Project II was 

also used to identify related strains.171 

Phylogenetic trees were made by using the program BioEdit172 where sequences 

of 16S rRNA could be aligned with 16S rRNA from the closest relatives attained 

from NCBI. Final alignments (multiple alignments) were done in the program 

ClustalX173 and from there into TreeView to obtain phylogenetic trees. 

2.7.3 Estimation of phylogeny 

Estimating phylogenetic similarities between two sequences obtained from 16S 

rRNA can be difficult in the sense that there are different opinions between 

scientists. It has been proposed that if the level of 16S rRNA similarity exceeds 

97%, it should not be used to distinguish taxonomically related strains.174 It these 

cases it is necessary to make DNA-DNA hybridization experiments. For 

proposing new species as a member of a new genus the level of 16S rRNA 

similarity should be less than 95%. When similarities between species are 

between 98 – 99% their physiological differences are often used to distinquish 

between them.175 

170 NCBI, 2006 
171 Cole et al., 2006 
172 Hall, 1999:95:98 
173 Thompson et al., 1997:4876-4882 
174 Stackenbrandt et al., 1994 
175 Marteinsson, 2005 
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3 Results 
3.1 Isolation 

Samples were collected in four trips from three different geothermal areas in 2004 

and 2005. Twenty-five (25) samples were collected from various hot-springs in 

these areas. Table 6, shows the physiological parameters (pH and temperature) of 

the sampling sites as well as which carbon source was used as substrates in the 

enrichments. 

Table 6. Temperature and pH of hot-spring. 

Sample / hot-spring 
nr. Temperatur °C pH  Growth (+/-)

Námaskarð 1 71,3 3,2
Námaskarð 2 44,3 3,2
Námaskarð 3 55,6 6,2
Námaskarð 4 79,4 5
Námaskarð 5 24,6 n.d
Víti 1 60,0 8,6  +(glucose)
Víti 2 78,0 4,6
Víti 3 62,5 4,2
Víti 4 n.d n.d  +(glucose)
Bjarnarflag 1 n.d n.d
Hveravellir 1 51,2 3,2
Hveravellir 2 98,0 5,5
Hveravellir 3 76,0 3,6
Hveravellir 4 60,0 7,5  +(YE/peptone)
Grensdalur 1a 67,0 7,2
Grensdalur 1b 63,8 7,6  +(YE/peptone)
Grensdalur 2a 60,0 3
Grensdalur 2b 62,2 4,5
Grensdalur 3 46,0/70,0 8  +(YE/peptone)
Grensdalur 4 77,5 4,3
Grensdalur 5a 57,6 4,8
Grensdalur 5b 47,8 7,6  +(glucose)
Grensdalur 6 51,0/63,0 7,8  +(glucose)
Grensdalur 7a 63,0 3,6
Grensdalur 7b 58,0 7,6  +(YE/peptone)

Table 6 also shows how versatile the hot-springs were in respects to temperature 

and pH. For initial experiments it was decided to make enrichments from only 

those samples where pH was close to neutral (pH 7), shown in bold. Enrichments 

were made from those samples on three different carbon sources (glucose, 20mM; 
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YE/Peptone, 5g/L of each) and cellulose (Whatman filter paper which had been 

cut to shreds). Table 7 shows growth in enrichment cultures from selected 

samples. 

Table 7. Sampling sites, enrichment temperature of cultures and number of 
isolates from each hot-spring. Samples for optical density were usually taken 
after 1 week of growth.  

Hot-spring Temperature °C Optical density Number of strains 
isolated

Víti 1 60 0.5-0.80 10,11,12,13,15
Víti 4 70 0.50 17
Bjarnarflag 1 60 0.65 16
Hveravellir 4 60 0.58 3,6
Grenasdalur 1b 60 0.66 4
Grensdalur 3 50 0.65 2, 8
Grensdalur 5b 50 0.85 1, 5, 9
Grensdalur 6 50 0.76 14
Grensdalur 7b 50 0.69 7

Strains 10- 13 and strain 15 (AK15) were isolated from an alkaline hot-spring in 

Víti in the Krafla area in NE-Iceland (Figure 10) with pH of 8.6 and temperature 

of 60°C. Microscopy from enrichment cultures revealed short rods single or in 

pairs. Initial Gram staining indicated that all strains were Gram negative. All five 

strains were isolated on glucose with media pH of 7 and no growth was observed 

on cellulose or YE/Peptone. 

Figure 10. Viti 1, origin of strains 10-13 and 15. Víti 4, origin of strains 16 

and 17 (red circle). 
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Highest growth yield (optical density) was observed in enrichment cultures with 

glucose (OD > 0.3), so those were re-inoculated into fresh media with glucose but 

with different pH. Dilution series were also made from these cultures and 

inoculated on agar based media. This resulted in isolation of a few colonies which 

were picket up with sterile Pasteur pipettes and re-inoculated into liquid media. 

Further dilutions were made and re-inoculated on agar media. Five colonies were 

picked from the agar Petri dishes (three white and two yellow) and transferred into 

liquid media and incubated. Samples from those cultures were then sent to 16S 

rRNA sequence analysis. 

Strain 17 (AK17) was isolated from a hot spring in Víti. Temperature was 65° and 

pH was 6. First observations indicated good growth and hydrogen production. 

End point dilutions were carried out, yielding a pure culture of this strain. 

Microscopy and Gram staining revealed Gram variable long rods but most likely 

Gram positive. 

Strain 16 was the only strain isolated from a sample taken from Bjarnarflag in the 

Krafla area in NE-Iceland. At the time when the samples were collected the area 

was very dry and it was therefore very hard to collect liquid samples. Enrichment 

cultures were done with the same carbon sources as before (cellulose, YE/Peptone 

and glucose) but only glucose showed growth (OD > 0.3). Dilutions were made 

and inoculated on agar based medium on Petri dishes and in serum bottles 

containing agar. No colonies were observed after two weeks. Dilution series in 

liquid media were then attempted (end point dilutions) yielding a pure culture of 

Gram negative long rods. A fresh sample of the strains was sent to 16S rRNA 

sequencing. 

Strains 3 and 6 were isolated from a sample from the Hveravellir area in the 

highlands (Figure 9) Samples were collected from four hot-springs in that area but 

only one had the desired neutral pH (Hveravellir 4). Two strains were isolated by 

end point dilutions from this spring from enrichment cultures using YE/Peptone 

as the carbon and energy source. Microscopy and Gram staining revealed short 

Gram negative rods. Both isolates were sent to 16S rRNA sequencing. 
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Strain 4 was isolated from a hot-spring in Grensdal in the Hengill area. The strain 

was isolated from enrichment cultures with YE/Peptone and neutral pH. Dilution 

series in liquid media were then attempted (end point dilutions) yielding a pure 

culture. Microscopy and Gram staining showed short Gram negative rods. Isolates 

was sent to 16S rRNA sequencing. 

Strain 7 was also isolated from Grensdalur in the Hengill area in SW-Iceland on 

YE/Peptone and neutral pH. Colonies were obtained from agar media and 

inoculated to fresh liquid media. Microscopy and Gram staining showed short 

Gram variable rods. The isolate was sent to 16S rRNA sequencing. 

Strains 2 and 8 were isolated from the same hot-spring in Grensdalur. Like strains 

4 and 7 they were isolated on YE/Peptone media. Colonies were obtained from 

the agar media and inoculated to fresh liquid media. 

Strains 1, 5 and 9 were isolated from the same hot-spring in Grensdal (Figure 11). 

All three strains were isolated from enrichment media with glucose, but different 

pH. Strains 1 and 5 were isolated from media with pH 7 but strain 9 from media 

with pH 8. After re-inoculations (5ml; 10%) to fresh media high growth yields 

were observed. Dilution series were made into agar based media and liquid media. 

Colonies were obtained from the agar media and inoculated to fresh liquid media. 

All strains were sent to 16S rRNA sequencing. 

Figure 11. Origins of strains 1, 5 and 9, Grensdalur. 
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Strain 14 (AK14) was isolated from Grensdalur (Figure 12). The strain was 

isolated from an enrichment culture with glucose as substrate and pH 6. After re-

inoculations (5ml) to fresh media high growth yields were observed. Dilutions 

series were made on agar based media and liquid media. Colonies were obtained 

from the agar medium and inoculated to fresh liquid media. Microscopy and Gram 

staining showed Gram negative short rods. Isolate was sent to 16S rRNA 

sequencing. 

Figure 12 Origin of strain 14 (AK14), Grensdalur. 

3.2 Phylogenetic characterization 
3.2.1 Partial 16S rRNA estimation of all strains 

Partial 16S rRNA (≈ 800bp) was performed on 16 of 17 strains sent to the 

biotechnological company Prokaria ehf. Sequences were obtained from 12 of the 

16 strains; four were “bad sequences” or not pure cultures. Results revealing the 

closest relatives from this sequence data are shown in Table 8. 
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Table 8 Results from partial 16S rRNA, names of closest bacteria relatives. 

Strain Inentities
Ak1 92% Ruminococcus sp.
Ak3 97% Caloramator viterbiensis
Ak6 95% Streptococcus peroris
Ak8 95% Clostridium filamentosum
Ak9 93% Ruminococcus sp.
Ak10 98% Clostidium uzonii
Ak11 98% Clostidium uzonii
Ak12 98% Clostidium uzonii
Ak13 97% Clostidium uzonii
Ak14 94% Sarcina maxima 
Ak15 96% Clostidium uzonii
Ak16 97% Thermoanerobacter sp.

Results from the partial 16S rRNA sequencing indicated that some of these 

isolates were new strains and likely new genuses. Strains AK10-13 and AK15 are 

most related to Clostridium uzonii, but they were all isolated from the same hot-

spring; Víti 1. AK1 fell closest to Ruminococcus but is only 92% relationship was 

detected.  Strains AK3, AK6 and AK8 fell closest to Caloromator viterbiensis,

Strepococcus perosis and Clostridium filamentoseum, respectively, which are all 

mesophiles. Strain AK14 had closest relation to Sarcina maxima with 94% 

similarities. Strain AK16 had closest relation to Thermoanaerobacter sp., and is 

the only true thermophilic bacteria besides Clostridium uzoni.i 

From these results and from the hydrogen production capacity it was decided to 

make a full 16S rRNA analysis on five strains.  

3.2.2 Full 16S rRNA of selected strains 

Strain AK17 was isolated later than the other strains and was thus sent directly to 

full 16S rRNA sequencing (≈ 1500bp) since it showed very promising hydrogen 

production and high growth yields. Results revealing the closest relatives from 

this sequence data are shown Table 9. 
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Table 9. Results from full 16S rRNA, names of closest bacteria relatives.  

Strain Inentities
Ak1 88,9% Anaerotruncus colihomins 
Ak6 98% Thermoanaerovibrio acidaminovorans
Ak14 94,8% Anaerobacter polyendosporus
Ak15 98,8% Clostidium uzonii
Ak16 96% Thermoanerobacter sp.
Ak17 97,7% Thermoanerobacterium aotearoense

Results from full 16S rRNA show some change in phylogenetic relations of 

strains as compared with partial sequence data. Strain AK1 which previously had 

shown closest relations to Ruminococcus now reveals closets relation to 

Anaerotruncus colihomins (88.9%) and Ruminococcus albus (88.5%) (Figure 13). 

Results for strain AK6 have also changed from having closest relations to the 

mesophile S. peroris to having 98% similarities to Thermoanaerovibriuma 

acidaminovorans. Phylogeny for strain AK14 shows now closest relations to 

Anaerobacter polyendosporus. Phylogeny of strains AK15 and AK16 did not 

change with full sequencing and still showed closest relation to C. uzonii and 

Thermoanaerobacter sp., respectively (Idntity matrix Appendix 3). 
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Figure 13. Phylogenetic tree for strains AK1, AK14 and AK15.

Figure 13 shows the phylogenetic tree for strains AK1, AK14, AK15 and Figure 14 

for strain AK17. Although the strains may lie relatively close to others as indicated 

in Figure 13 it has to be beared in mind that closest relatives are selected from 

identity matrix which is done in BioEdit and the results for these phylogenetic 

trees can be seen in appendix 3. Sequences for all strains can be found in appendix 

2. 
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Figure 14. Phylogenetic tree for strain AK17.

Strain AK17 fell in to the genus Thermoanerobacterium. Figure 14 shows the 

phylogenetic tree of this genus and another closely related genus 

Thremoanaerobacter. The closest relative of strain AK17 is 

Thermoanaerobacterium aotearonese (97.7%) but T. thermosulfuricum (96.2%) 

and T.thermohydrosulfuricum (96.1%) are also closely related (Identity matrix 

Appandix 3). 
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3.3 Morphology 

Strain AK1 is Gram positive motile short cigar shaped rod. Cells were 0.5 µm in 

diameter and 2-4 µm long. Rods appear single as seen in Figure 15. After heat 

treatment and spore staining it was not possible to determine whether the strain 

formed spores or not. 

Figure 15. Microscopy of strain AK1.

Strain AK14 is a Gram positive motile rod. Cells were 0.5 µm in diameter and 2-5 

µm long and appeared single or in pairs. Spore formation could not be determined 

by staining or microscopy. 

Strain AK15 is a Gram positive motile short rod. Cells were 0.5 µm in diameter 

and 2-5 µm long. Rods are often single but can also form filaments. Coccid form 

was also often found between rods (Figure 16). After heat treatment and spore 

staining it was not possible to determine whether the strain formed spores or not. 
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Figure 16. Microscopy of strain AK15.

Strain AK17 is a Gram positive motile, rather long rod. Cells were 0.3 µm in 

diameter and 3-11 µm long. The rods are single or in pairs and seem to be able to 

flocculate. After heat treatment and spore staining it was not possible to determine 

whether the strain formed spores. 

Figure 17. Microscopy of strain AK17.
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3.4 Growth and physiology 
3.4.1 Maximum growth rate 

Strains AK1, AK14, AK15 and AK17 were tested under different environmental 

conditions concerning temperature and pH. Different tests were done to determine 

optimal growth conditions for further experiments. 
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Figure 18. Maximum growth rate of strain AK1.

Strain AK1 had the fastest growth rate at 45°C and at pH 8 (Figure 18). Maximum 

growth rate for this strain was 0.16 h giving a doubling time of 4 h. 
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Figure 19. Maximum growth of strain AK14.
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Strain AK14 showed the maximum growth at 45-50°C and pH of 7 (Figure 19). 

Maximum growth rate for this strain was calculated to be 0.44 h, giving a 

doubling time of 1.6 h. 
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Figure 20. Maximum growth rate of strain AK15.

Strain AK15 grew fastest at a broad temperature spectrum with the maximum 

growth rate of 0.25 h from 55-72°C and a doubling time of 2.7 h (Figure 20). The 

strain grew best at rather high pH or from 7.5-8.5, with the maximum growth rate 

two times faster than at lower pH. The highest yields in biomass were at 60°C and 

pH 7. 

Maximum growth
°C

0,0

0,2

0,4

0,6

0,8

1,0

1,2

37 50 58 60 65 68 72
temperatur (°C)

ym
ax

0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6

O
D

60
0n

m

ymax OD 600nm

Maximum growth 
pH

0,0

0,2

0,4

0,6

0,8

1,0

1,2

4 4,5 5 5,5 6 6,5 7 7,5 8 8,5

pH

ym
ax

0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6

O
D

60
0n

m

ymax OD 600nm

Figure 21. Maximum growth rate of strain AK17.
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Strain AK17 grew fastest at 50°C with the maximum growth rate of 0.4 h and a 

doubling time of about 2 h (Figure 21). The strain grew best at rather low pH or 

from 5.0-6.5, with the maximum growth rate two times faster or 1 h and the 

doubling time of approximately 30 minutes. The highest yields in biomass were at 

58°C and pH 6. 

3.4.2 Substrate utilization 

All four strains were tested on 24 different carbon sources to investigate their 

metabolic diversities. All strains were strict fermentative anaerobes and did not 

grow in the presence of oxygen. Table 10 shows which carbons sources the four 

strains were able to utilize. These results show that all the strains are saccharolytic 

and can use both mono- and disaccharides and one strain, AK17, can use two 

amino acids tested. Figures 22-25 show the substrate spectrum for the strains and 

how much hydrogen was produced in the process. 

Table 10. Substrate utilization of all strains 

Substrate AK1 AK14 AK15 AK17

Arabinose - - - ++
Fructose +++ +++ +++ ++
Galactose ++ +++ + +++
Glucose ++ ++++ +++ +++
Mannose ++ +++ +++ +++
Ribose - - ++ +++
Xylose + +++ ++ +++
Lactose ++ - - ++
Sucrose ++ ++++ ++ ++++
Cellulose - - - (+)
Pectin ++ - - (+)
Xylan - - ++ -
Pyruvate - - + -
Serine - - - ++
Threonine - - - ++

Strain

(+) = doubtful 
+ = optical density < 0.2 (growth on yeast extract subtracted) 
++ = optical density 0.2 - 0.5 (growth on yeast extract subtracted) 
+++ = optical density 0.5 – 1.0 (growth on yeast extract subtracted) 
++++ = optical density > 1.0 (growth on yeast extract subtracted) 
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Figure 22. Substrate utilization and hydrogen production of strain AK1.

Strain AK1 grew only on sugars, both mono- and disaccharides, and also on the 

polysaccharide, pectin (Figure 22). Highest optical density was obtained from the 

monosaccharide whereas highest hydrogen yield was produced from mannose. 

The strain could not degrade arabinose, ribose, cellulose, xylan, lactate, succinate, 

pyruvate, malate, oxalate, inistiol, ethanol, lysine, alanine, serine or threonine 

cysteine and histidine.  
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Figure 23. Substrate utilization and hydrogen production of strain AK14.
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Strain AK14 also grows only on sugars, but not on polysaccharides. Highest 

optical density was observed on glucose and sucrose (Figure 23). Highest 

hydrogen yield was from growth on xylose (1350 µmoles). The strain could not 

degrade arabinose, ribose, lactose, cellulose, pectin, xylan, lactate, succinate, 

pyruvate, malate, oxalate, inistiol, ethanol, lysine, alanine, serine or threonine 

cysteine and histidine. 
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Figure 24. Substrate utilization and hydrogen production of strain AK15.

Strain AK15 had a broader substrate spectrum than strains AK1 and AK14. It grew 

well on most of the mono- and disaccharides tested (Figure 24). Growth was also 

observed on xylan but that can be misleading since the xylan used contained small 

concentrations of arabinose and other sugars. The strain was also able to 

metabolize pyruvate which is an intermediate in degradation of organic material. 

Highest hydrogen production and also biomass was observed from fructose and 

mannose.The strain could not degrade arabinose, lactose, cellulose, pectin, lactate, 

succinate, malate, oxalate, inistiol, ethanol, lysine, alanine, serine or threonine 

cysteine and histidine. 
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AK17
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Figure 25. Substrate utilization and hydrogen production of strain AK17.

Strain AK17 had the broadest spectrum of substrate utilization of the strains tested 

(Table 10; Fig. 25). The strain degrded a broader spectrum of sugars and was also 

capable of the degradation of two amino acids, serine and threonine. The strain 

produced high amount of hydrogen in the absence of yeast extract which is 

different from the other strains. The highest hydrogen yield was measured from 

mannose and the highest biomass was measured from sucrose. The strain could 

not degrade xylan, lactate, succinate, pyruvate, malate, oxalate, inistiol, ethanol, 

inistol, lysine, alanine, cysteine and histidine. Degradation of pectin and xylan 

was very doubtful.  
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Table 11. Mole of hydrogen per mole of carbon source for all strains. 

C-source Strain AK1 Strain AK14 Strain AK15 Strain AK17

Arabinose - - 0.69 0.33
Fructose 0.61 1.0 0.16 0.73
Galactose 0.7 1.07 0.63 0.74
Glucose 0.77 1 0.7 0.55
Mannose 0.77 0.81 - 1.22
Ribose 0.07 - 0.57 1.02
Xylose 0.71 1.14 - 0.69
Lactose 0.76 - 0.67 -
Sucrose 0.58 1.04 - 1.14
Cellulose - - nd nd
Pectin nd - - nd
Xylan nd - 0.12 -
Pyruvate 0.06 0.1 - 0.52
Serine - - - 0.62
Threonine - - 0.52

mol/mol c-source

Table 11 shows how many moles of hydrogen are produced for every mole of 

carbon source. Strains AK17 and AK15 yielded the highest hydrogen production 

per mol of carbon source on mannose and xylose, respectively. Stain AK14 yielded 

the highest hydrogen production per mol of xylose. For strain AK1, glucose and 

mannose gave the highest values. Table 11 shows how different the metabolism is 

of those strains concerning both carbon source utilization and hydrogen yield form 

different carbon sources assuming all carbon and energy sources were completely 

degraded.  

3.4.3 Antibiotic resistance 

The result from antibiotic resistance can be seen in Table 12. Complete growth 

inhibition was observed on kanimycin, chloramphenicol, rifampicin and 

tetracycline fore all strains. No growth inhibition (same as control) was observed 

on ampicillin, erythromycin and penicillin-streptomycin with strains AK1, AK14 

and AK15. Ampicillin and erythromycin did not inhibit growth of strain AK17 but 

penicillin-streptomycin did. 
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Table 12. Antibiotic resistance of all strains (10mg/ml concentration). 

Antibiotic/ Strain AK1 AK14 AK15 AK17

Kanamycin  -  -  -  -
Ampicillin  +++  +++  +++  +++
Chloramphenicol  -  -  -  -
Erythromycin  +++  +++  +++  +++
Rifampicin  -  -  -  -
Tetracycline  -  -  -  -
Penicillin-streptomycin  ++  +++  +++  -
Control  +++  +++  +++  +++

- complete inhibition 
+++ growth measured same as control 
++ growth 2/3 of control 

3.4.4 Utilization of thiosulfate 

Results from thiosulfate utilization test showed that only strain AK17 was able to 

reduce thiosulfate. This was confirmed with OD-measurements which showed 

two times higher optical density (OD600= 2.5) compared to the control (glucose; 

OD600= 1.3). Microscopy also revealed what looked like elemental sulphuric 

droplets in the media but not in the cells.  

3.5 Fermentation end products 
3.5.1 Hydrogen and biomass 

Experiments were done to investigate the hydrogen production capacity of the 

strains during time for all four strains (Figures 26 – 29). 
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Figure 26. Biomass and hydrogen yield for strain AK1.

Strain AK1 reached an optical density of 1.34 in 9 hours. Hydrogen yield was 

highest after 24 hours, 7.7 mM/L (Figure 26). The doubling time was calculated to 

be 2.56 h (µmax = 0.27/h) and the hydrogen production rate was 0.96 mM/L/h. 

The experiment was done at 50°C and pH 7. 
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Figure 27. Biomass and hydrogen yield for strain AK14.
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Strain AK14 reached an optical density of 1.70 in 10 h. Hydrogen yield was 

highest after 23 h, 19.1 mM/L (Figure 27). The doubling time was calculated to be 

1.31 h (µmax = 0.53/h) and the hydrogen production rate was 4.34 mM/L/h. The 

experiment was done at 50°C and pH 7. 
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Figure 28. Biomass and hydrogen yield for strain AK15.

Strain AK15 reached an optical density of 1.02 within 32 h. Hydrogen yield was 

highest after 24 h, 11.13 mM/L (Figure 28). The doubling time was calculated to 

be 13.6 h and the hydrogen production rate was 0.56 mM/L/h. The experiment 

was done at 60°C and pH 7. 
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Figure 29. Biomass and hydrogen yield for strain AK17.

Strain AK17 reached an optical density of 1.27 in 14 hours. Hydrogen yield was 

highest after 26 h, 7.6 mM/L (Figure 29). The doubling time was calculated to be 

1.24 h (µmax = 0.60/h) and the hydrogen production rate was 1.91 mM/l/h. The 

experiment was done at 58°C and pH 6. 

3.5.1.1 Partial pressure of hydrogen 

Results from experiments on the influence of partial pressure on hydrogen are 

presented for the four strains in Figure 30. Strain AK15 seems to be the most 

sensitive to partial pressure of hydrogen compared to the other strains. With the 

lowest volume of liquid (2ml liquid / 118ml gas phase) and thus the highest ratio 

of gas to liquid phase, the hydrogen produced was 55% of the theoretical yield. 

The highest liquid volume (90 ml liquid / 30ml gas phase) on the other hand 

yielded only 10% of the theoretical yield. Strains AK1 and AK17 also produced 

less hydrogen when the volume of the gas phase was decreased in relation to the 

liquid phase but it does not seem to influence the hydrogen production of strain 

AK14.
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Figure 30. Influence of partial pressure of hydrogen on hydrogen production 

for all strains. 

For comparison, identical experiments were done on two of the best known 

thermophilic hydrogen producers Thermotoga elfi (DSM 9442) and 

Caldicellulosiriptor saccharolyticus (DSM 8903) (Figure 31). 
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Figure 31. Influence of partial pressure of hydrogen on Thermotoga elfi and 

Caldicellulosiriptor saccharolyticus.
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Figure 31 shows the same behavior of T. elfi og C. saccharolyticus as can be seen 

with strains AK1, AK15 and AK17. Theoretical hydrogen yield was more than 

100% for T. elfi which could be explained with high amount of yeast extract in the 

media. Results from those experiments clearly show how partial pressure can 

influence the production of hydrogen. 

3.5.2 Other fermentation end products 

Samples for volatile fatty acids were collected at the same time as hydrogen and 

biomass experiment were carried out for all four strains. Table 13 shows the 

concentrations of end products collected at the final data point for all strains.  

Table 13. Fermentation products from glucose (20 mM) for all strains. 

Strain / mmol/l Ethanol Acetate Butyrate Lactate Hydrogen CO2

AK1 29.7 10.5 0.0 4.0 7.7 40.3

AK14 0.0 8.3 12.0 3.3 19.1 32.3

AK15 16.6 8.3 0.0 3.5 11.1 24.9

AK17 31.2 11.4 0.0 0.0 7.6 42.6

All glucose was completely degraded for all four strains. All strains formed 

relatively small amounts of acetate (8.3 – 11.4 mM), and strain AK14 was the only 

strain that formed butyrate. On the other hand the other strains, AK1, AK15 and 

AK17 formed small amounts of another reduced compound, lactate instead. Strains 

AK1 and AK17 produced ethanol in relatively high concentrations compared to 

strain AK15. Strain AK14, did not produce any ethanol. Carbon dioxide was 

calculated from the formation of other end-products.  

Figures 32 – 35 show the degradation of glucose and formation of fermentation 

products during time for all four strains. 
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Figure 32. Fermentation products and glucose degradation for strain AK1.

Strain AK1 degraded glucose rather fast after a short lag phase (4-5h) and glucose 

was completely degraded within 9 h (Figure 32). The strain produced ethanol, 

acetate, lactate and hydrogen (and CO2) as main fermentation metabolites. 

Ethanol was the main product yielding approximately 30 mM/l, which is about 

1.5g/l. This is approximately 75% of theoretical yield of ethanol from glucose.  
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Figure 33. Fermentation products and glucose degradation for strain AK14.

Strain AK14 degraded glucose rather fast after a lag phase of about 6 hours and 

glucose was completely degraded in only 5-6 hours (Figure 33). Besides from 

hydrogen, butyrate was the main fermentation product yielding 12 mM/l. 
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Figure 34 Fermentation products and glucose degradation for strain AK15.
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Strain AK15 had a rather long lag phase, 9-10 hours, and after 31-32 hours the 

glucose was fully degraded (Figure 34). Ethanol was the main fermentation 

product, yielding 16.6 mM/l. Further measurements would have been needed 

because it seems that the concentration of all end products was still increasing. 

This can also be seen by the incomplete carbon and electron balances for this 

strain (see later).  

Strain AK17 had a lag phase of about 7-8 hours and the glucose was completely 

degraded after approximately 15 hours (Figure 35). Besides from hydrogen there 

were only two main fermentation volatile end products, ethanol and acetate (and 

CO2). Ethanol was the main fermentation product yielding 31.2 mM/l, which was 

also the highest yield of all the strains. 
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Figure 35. Fermentation products and glucose degradation for strain AK17.

Table 14 shows the efficiency of the strains with respect to end product formation 

from glucose. Clearly strains AK1 and AK17 are the best ethanol produces with 68 

– 73% of theoretical yield (1 mol glucose gives 2 moles of ethanol). Strain AK14 

shows the classical acetate and butyrate fermentation pattern often observed with 

mesophilic Clostridium species. Approximately 20% of the carbon is recovered in 

acetate for all four strains and less than 10% in lactate apart from strain AK17 
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which did not produce lactate at all. Strain AK14 seems to have the highest 

efficiency concerning hydrogen. 

Table 14. Mole of fermentation products per mol of glucose for all strains. 

Strain / mol Glucose Ethanol Acetate Butyrate Lactate Hydrogen CO2

AK1 1,00 1,37 0,48 0,00 0,18 0,35 1,86

AK14 1,00 0,00 0,39 0.55 0,15 0,90 1,52

AK15 1,00 0,79 0,40 0,00 0,17 0,53 1,17

AK17 1,00 1,46 0,54 0,00 0,00 0,36 2,00

3.5.3 Carbon and electron mass balances 

Carbon and electron balances can be calculated from the data in Table 14 for the 

four strains. Carbon in biomass was not measured, but it is assumed to be 10%. 

Table 15. Carbon and electron mass balance for all strains. 

Strain Carbon balance (%) Electron balance (%)

AK1 101.9 90.1
AK14 83.5 72.9
AK15 67.6 60.1
AK17 100 86.9

Full carbon mass balance could only be obtained for strains AK1 and AK17 who 

also showed the highest electron balances. Strain AK15 is quite different from the 

others with very low C and H balances. This could be caused by production of 

some other end products, i.e. formate which were not measured in this 

experiment.  



University of Akureyri  Faculty of Natural Resource Sciences

77

3.6 Summary of strains 

Strain AK1 is Gram positive, rod shaped, non-spore forming and motile bacteria. 

The strain is obligate anaerobe and grows at temperatures range from 45-55°C and 

pH range of 6-8. Maximum growth rate (µmax = 0.27/h) was observed at 50°C 

and pH 7, with the doubling time of 2.56 h. The strain was able to degrade various 

sugars both mono- and disaccharides (fructose, galactose, glucose, mannose, 

xylose and sucrose) and also pectin which is a polysaccharide. Fermentation of 

glucose yielded acetate, ethanol, lactate, carbon dioxide and hydrogen, with 

ethanol as the major fermentation product. Phylogeny (16S rRNA) indicated 

closest relation to Anaerotruncus colihomins and Ruminococcus albus, 88.9% and 

88.5% respectively. 

Strain AK14 is Gram positive, rod shaped, non-spore forming and motile bacteria. 

The strain is an obligate anaerobe and grows at temperatures between 45 – 50°C 

and pH range from 5-8. Maximum growth rate (µmax = 0.53/h) was observed at 

50°C and pH 7 with the doubling time of 1.31 h. The strain was only able to 

degrade mono- and disaccharides (fructose, galactose, glucose, mannose, xylose 

and sucrose). Fermentation of glucose yielded acetate, butyrate, lactate, carbon 

dioxide and hydrogen, with hydrogen as the major fermentation product. 

Phylogeny (16S rRNA) indicated closest relation to Anaerobacter polyendosporus 

(92.7%). 

Strain AK15 is Gram positive, rod shaped, possibly spore forming and motile 

bacteria. The strain is obligated anaerobe and grows at temperatures between 50 – 

72°C and pH range from 4.5-8.5. Maximum growth rate (µmax = 0.25/h) was 

observed at 60°C and pH 8 with the doubling time of 2.7 h. The strain was able to 

degrade mono- and disaccharides (fructose, galactose, glucose, mannose, lactose, 

xylose and sucrose) but also showed some growth on xylan and pyruvate. 

Fermentation of glucose yielded acetate, ethanol, lactate, carbon dioxide and 

hydrogen, with ethanol as the major fermentation product. Phylogeny (16S rRNA) 

indicated the closest relation to Clostridium uzonii (98.8%). 

Strain AK17 is Gram positive, rod shaped, possibly spore forming and motile 

bacteria. The strain is an obligate anaerobe and grows at a temperature range 
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between 50 – 70°C and pH range from 4.5-6.5. Maximum growth rate (µmax = 

0.60/h) was observed at 58°C and pH 6 with the doubling time of 1.24 h. The 

strain was able to degrade mono- and disaccharides (fructose, galactose, glucose, 

mannose, lactose, xylose, ribose, arabinose and sucrose) but also grew on the 

amino acids serine and threonine. Fermentation of glucose yielded acetate, 

ethanol, lactate, carbon dioxide and hydrogen, with ethanol as the major 

fermentation product. Phylogeny (16S rRNA) indicated the closest relation to 

Thermoanaerobacterium aotearonese (97.7%). 
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4 Discussion 

In the last two or three decades, our understanding of the biology of thermophiles 

has been greatly advanced. Thermophiles, which are found in both bacterial and 

the archaeal domains, have been detected in the association with all types of 

thermal habitats, including hot springs, volcanoes, solfataric fields and deep-sea 

hydrothermal vents.176 These microorganisms are of great interest from several 

points of view. Their study has important implications in regard to evolution of 

diversity of microbial metabolism, prokaryotic ecosystems and the biologically 

fundamental nature of protein stability. It has become apparent that not only are 

the microorganisms themselves able to withstand high temperatures, but their cell 

components, such as membranes and enzymes share this thermo stability.177 

Although microbes are extremely good at producing an amazing array of valuable 

products, they usually produce these compounds in small amounts that are needed 

for their own benefit. Due to the biotechnological potential of the anaerobic 

microbes, many research groups have focused upon the thermophilic anaerobes 

that utilize the monomeric and polymeric carbohydrates.178,179 

This research project started approximately two year with its main goal of 

isolating thermophilic anaerobic hydrogen producing bacteria. Samples were 

collected from May 2004 to May 2005 from three different geothermal areas in 

Iceland. Over 20 samples were collected in these geothermal areas with various 

temperature and pH. Seventeen strains were isolated and from phylogenetic and 

physiological studied it was decided to further investigate four strains in detail. 

The discussion below will be divided into three subchapters. Firstly, the four new 

strains will be discussed with respect to their phylogenetic status within 

thermoanaerobic bacteria, secondly their hydrogen production capacity will be 

addressed and thirdly some speculations concerning possible use of end product 

these strains will be focuse upon.  

 

176 Stetter et al., 1986 
177 Stetter et al., 1986 
178 Beg et al., 2001 
179 Haki et al., 2003 
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4.1 Phylogeny 

Extensive isolation studies have been done in the last three decades or so on 

thermophilic bacteria. However, the majority of the anaerobic, thermophilic 

bacteria that have been isolated have been described mostly on their phenotypic 

characterization; often the DNA base composition being the only genomic 

taxonomic measure. Originally, many of these microorganisms were described as 

members of Clostridium and Desulfomaculum but were later transferred to the 

genera of Thermoanaerobacter and Thermoanarobacterium.180 Rainey and 

coworkers investigated the phylogenetics of anaerobic thermophilic bacteria on 

the bases of sequence data.181 Their data lead to the formation of supercluster 

within the subphylum of thermophilic Gram positive bacteria. Collins and 

coworkers compared 16S rRNA sequence data from 34 clostridial strains with 

more than 80 known sequences and came to the conclusion that the genus 

Clostridium was in need of a major taxonomic reconstruction.182 This lead to the 

classification of five new genera, and other major revisions of the taxonomy of 

anaerobic bacteria. 

Gram positive staining reaction and spore formation has most often been used as 

the key criteria to allocate new species into the Clostridium genus.183 Absences of 

spores lead to allocating new species into Thermoanaerobacter,

Thermoanaerobacterium or Thermoanaerobium.184 The term “clostridia” is not 

only referring to members of the genus Clostridium but a much broader spectrum 

of organisms that are phylogenetically related. It is generally accepted that the 

taxonomic situation for Clostridium is not satisfying today. Based on genomic 

data (16S rRNA or mol G+C) Clostridium does not seem to be constitute a 

phylogenetically exclusive genus. Many Clostridial species are more closely non 

Clostridium species than they are related among themselves.185 The discrepancy 

between phylogenetic diversity and phenotypic similarity in organisms (e.g. 

 

180 Lee et al, 1993 
181 Reiney et al., 1993 
182 Collins et al., 1994 
183 Cato et al., 1986 
184 Lee et al., 1993 
185 Collins et al., 1994 
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similar end product formation) can be explained by constant mutations over time 

where environment with its selective forces may remain constant and thus 

allowing organisms to express the same metabolic features over long evolutionary 

periods. Many members of Clostridium that show properties with members of 

other genera have been reclassified in the past years. Examples are i.e. 

Clostridium barkeri, C. bryantii and C. thermohydrosulfuricum now bearing the 

names of Eubacterium barkeri, Syntrophospora bryantii and Thermoanaerobacter 

thermohydrosulfuricum, respectively.186,187,188 Other Clostridium species have 

been described as members of new genera based on significant difference in their 

properties from other members of the genus, i.e. Clostridium thermoaceticum and 

C. thermoautotrophicum have been moved to Moorella thermoacetica and 

Moorella thermoautotrophica, respectively.189 

The core cluster of Clostridium (Cluster I) contains more than 60 species. The 

remaining species form several independent phylogenetic lineages in which 

clostridial species are sometimes closely related to organisms that are classified in 

different genera.190,191,192,193 The type species of the core group is C. butyricum.

Clostridial species are also shown to spread over 20 defined 16S rRNA lineage 

defining the Clostridium/Bacillus subgroup subphylum of Gram positive bacteria. 

Some of these lineages are more ancient than the lineage defining the genus 

Clostridium indicating that the ancestor of the clostridial phenotype evolved 

significantly earlier than the type species. 

The four isolates characterized in this study fall within different clusters of 

clostridia. This does not mean that they are members of the genus Clostridium. If 

bacteria are to be classified as Clostridium they have to have the following 

characteristics: anaerobic and rod shaped, spore forming and unable to use sulfate 

as electron acceptor. Strains AK1, AK14 and AK15 could not use any sulfuric 

 

186 Zhao et al., 1990 
187 Lee et al., 1993 
188 Collins et al., 1994 
189 Collins et al., 1994 
190 Cato et al., 1986 
191 Collins et al., 1994 
192 Stackebrandt et al., 1999 
193 Stackebrandt et al., 2001 
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compound and are rod shaped and anaerobic. No spores have been detected in 

strains AK1 and AK14 but it was possible detected in strain AK15 (and AK17). 

Strain AK17 could use thiosulfate and produce sulfur. From this data it can be 

concluded that strain AK15 belongs to the Clostidium genus and strain AK17 

belongs to Thermoanaerobaterium genus. Strains AK1 and AK14 are however 

possible members of new genuses since their phylogenetic distances are far away 

from any known species and genuses known today.  

Strain AK1 was isolated on glucose and initial results from partial 16S rRNA 

indicated closest phylogenetic relation to Ruminococcus (92%) or other related 

species. Full 16S rRNA confirmed these results but the closest phylogenetic 

relation changed to 88.9% relation to Anaerotruncus colihomins and 88.5% to 

Ruminococcus albus. This relation is in phylogenetic context far away from the 

97% limit for a new species and also far away from the 94% limit of new 

genus.194 Thus it can at least be concluded that strain AK1 is a new species and 

should be placed within Clostridium cluster VI (appendix 4) until reclassification 

has been done on thermoanarobic bacteria. The closest relatives of strain AK1 are 

both mesophiles isolated form human and animal intestines. 195 Ruminococcus 

albus can immediately be excluded being a coccid and from the phylogenetic data. 

The end product formation of R. albus is however similar as for strain AK1,

namely acetate, ethanol, hydrogen and carbon dioxide but is also phylogenetically 

far distanced from strain AK1.196 A. colihominis is within Clostridium leptum 

subgroup of intestinal microorganisms and is a rod shaped, anaerobic, non-

sporulating bacterium. 197 Apart from phylogenetic distance from strain AK1 has is 

a mesophile grows at pH’s from 5.5 to 11. Additionally it produces a mixture of 

acetate and butyrate from fermentation of glucose. 

Strain AK14 was isolated on glucose and initial results from partial 16S rRNA 

indicated closest phylogenetic relation to Sarcina maxima (94%). Full 16S rRNA 

indicated closest phylogenetic relationship (94.8%) with Anaerobacter 

 

194 Stackebrandt et al., 1999 
195 Rainey et al., 1995 
196 Rainey et al., 1995 
197 Lawson et al., 2004:414 
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polyendosporus. Thus, strain AK14 is likely a new species within Clostridium 

cluster I.198 Within this cluster is the type species C. butyricum and more than half 

of the pathogenic Clostridium species are classified within this cluster, including 

those considered to be major pathogenic agents i.e. C. botulinum, C. perfringens, 

C. tetani.199 Most strains within this cluster produce butyric acid.200,201 

Clostridium thermobutyricum is also in this cluster but is with only 89% 

relationship with strain AK14. Butyrate production among thermoanaerobes is rare 

and has only been reported for Thermoanarerobacterium thermosaccharolyticum 

and Clostridium palmarum besides C. thermobutyricum.202,203,204,205 Strain AK14 

produces 0.55 moles of butyrate per mole of glucose degraded whereas T. 

thermosaccharolyticum and C. palmarum produces only 0.1 – 0.4 moles. 

However, C. thermbytyricum produced up to 0.85 moles of butyrate per mole of 

glucose degraded. The closest relatives of strain AK14 within cluster I are 

mesophiles. Anaerobacter polyendosporus is a Gram positive anaerobic bacteria 

first isolated from a rice field in Burma.206 This bacterium grows at 30°C and has 

the ability to form five endospores in one cell.207 Stackebrandt and coworkers 

(1999) have suggested that this bacterium should be member of Clostridium.

Strain AK15 was isolated on glucose and initial results from partial 16S rRNA 

indicated closest phylogenetic relations to the bacteria Clostridium uzonii (96%) 

and was confirmed by full 16S rRNA sequence analysis (98.8% relationship). C. 

uzonii was isolated form a hot spring in Kamchatka peninsula and described by 

Krivenko and coworkers.208 C. uzonii is a deeply branching member of cluster V, 

comprising members of Thermoanaerobacter. Closest relatives of C. uzonii are 

Thermoanaerobacter sulfurigignens (97%), Thermoanaerobacter kivui (95%) and 

Thermoanaerobacter ethanolicus (96%). Phylogenetically they are rather far from 
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C. uzonii and as described by Stackenbrandt and coworkers (1999)209 it had (at 

that time) not been validated and thus could explain difficulties in finding 

information concerning it. From phylogenetical perspective strain AK15 is most 

likely C. uzonii. Comparing the main physiological differences between strain 

AK15 and C. uzonii reveals that the only comparable difference is in the ability to 

degrade arabinose, AK15 can not degrade it.210 

Strain AK17 was isolated on glucose and is phylogenetically closest to bacteria 

within the Thermoanaerbacterium genus. Members of Thermoanaerobacter and 

Thermoanaerobacterium have been isolated from unique areas such as deep 

surface oil wells,211 geothermal water outlets,212 hot springs213 and from leachate 

of waste pile from a canning factory.214 The difference between 

Thermoanaerobacter and Thermoanaerobacterium has not been very clear. Both 

genera have members that stain Gram positive and Gram negative.215,216 Spore 

formation is not an effective taxonomic characteristic and the variation in this 

characteristic between the two genuses supports this further. Previously the ability 

of reduce thiosulfate to sulfide (Thermoanerobacter) or to elemental sulfur 

(Thermoanaerobacterium) was used to distinguish between the two genuses. Cann 

and others however proposed an emendation of the genus Thermoanarobacterium 

since Thermoanaerobacterium zeae could not reduce thiosulfate at all.217 

Members of both genuses are strict anaerobes. The products from glucose 

fermentation yields ethanol, acetate and CO2 as well as lower yields of hydrogen, 

formic acid and lactate. This is similar as has been reported for other 

thermoanarobes. Strain AK17 produced large amounts of ethanol but less of 

acetate and hydrogen. Analysis of 16S rRNA places this strain in 

Thermoanaerobacterium (Fig 14), with the closest relationship with T. 

aotearoense (97.7%). Among saccharolytic thermoanarobes it is very common 
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that the 16S rRNA genome contain insertions of various lengths in one or more 

regions around position 80, 1040, 1140 and 1440.218 This was indeed the case of 

strain AK17 (results not shown). Currently there are twelve species within the 

genus Thermoanaerobacter (seven included in the dendogram in Fig. 14) and 

seven species of Thermoanaerobacterium (six included in the dendogram in Fig. 

14). All seven Thermoanaerobacterium species produce ethanol, acetate, 

hydrogen and carbon dioxide and some produce formate and lactate (usually in 

smaller amounts) as well.219,220,221,222 This is in good correlation with the 

fermentation spectrum of strain AK17 which produces ethanol, acetate, hydrogen 

and carbon dioxide. When comparing strain AK17 with physiological properties of 

T. aotearoense there is a great similarity.223 Both strains grow on arabinose, 

galactose, glucose, mannose, fructose, lactose, sucrose, xylose, ribose and pectin. 

Neither of the strains grows on cellulose, ethanol, glycerol, pyruvate and 

succinate. The difference in the carbon utilization spectrum could though be 

detected in xylan (T. aotearoense positive and strain AK17 negative). In addition, 

strain AK17 could degrade the amino acids serine and threonine but this ability 

was not determined in the study of T. aotearoense. The temperature and pH 

spectrum for both strains is similar. The ratio of end product formation was 

however different because strain AK17 produced more ethanol and less acetate per 

mole glucose as compared with T. aotearoense. Both strains produce spores and 

accumulate sulfur in cells when growing on thiosulfate. Thus from both 

physiological differences and from the level of sequence similarity the data 

supports that strain AK17 is a new species within the genus 

Thermoanaerobacterium.

4.2 Hydrogen production 

Many anaerobes produce hydrogen from hexoses and organic wastes in acetic 

acid, butyric acid and acetone-butanol ethanol fermentations. The highest 
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maximal yield of 4 mole H2 from 1 mole of glucose is produced in acetic acid 

fermentations. The production of other, more reduced organic acids and/or 

alcohols lowers the yield of H2.

Mesophilic organisms belonging to genus Clostridium such as C. buytricum224, C. 

thermolacticum225, C. pasteurianum226, C. paraputrificum M-21227 and C. 

bifermentants228 are obligate anaerobes and spore forming organisms. Clostrida 

species produce hydrogen gas during the exponential growth phase. In batch 

growth of many Clostridium species the metabolism shifts from a hydrogen/acid 

production phase to a solvent production phase, when the population reaches to 

the stationary growth phase. Other mesophilic bacteria from the genus 

enterobactericeae have the ability to metabolize glucose by mixed acid or the 2–3 

butanediol fermentation. In both cases, CO2 and H2 are produced from formic acid 

in addition to ethanol and 2–3 butanediol.229 Hydrogen production capacity of 

several anaerobic facultative bacteria has been studied. Citrobacter sp. Y19 

produced 2.49 mol H2 per mol glucose degraded,230 and Enterobacter 

aerogenes231 produced 1.0 mol H2 per mol glucose and Enterobacter cloacae ITT-

BY 08 which 2.2 mol H2 per mol glucose.232 

Hydrogen gas production capacity of some anaerobic thermophilic organisms 

belonging to the genus Thermoanaerobacterium has also been investigated.233 

Shin reported T. thermosaccharolyticum and Desulfotomaculum geothermicum 

strains producing hydrogen in thermophilic acidogenic culture.234 A 

hyperthermophilic archeon, Thermococcus kodakaraensis KOD1 with optimum 

growth temperature of 85°C was isolated from a geothermal spring in Japan and 

identified as a hydrogen producing bacteria.235 Clostridium thermolacticum has 
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been reported to produce hydrogen from lactose at 58 ◦C.236 The highest yield of 

hydrogen, 3.3 moles per one mole of glucose, has been reported form the 

thermophilic bacteria Caldicellulosiruptor saccharolyticus and Thermotoga elfi237 

Table 16. Yields of bio-hydrogen production from carbohydrates by dark 
fermentation. 

Mesohiles
Clostridium butyricum Glucose 1.4-2.3 Batch
C.acetobutyricum Glucose 6 mM/OD600h/l 2.0 Fed-batch

Clostridia sp. Glucose 14.2 mM/g/l 1.7 CSTR
C. pasteurianum Sucrose 4.58 mM/g/h 270 mM/l/d 4.8 Batch
Klebsiella oxytoca Sucrose 15.2 mM/g DWh 350 mL/L h 3.6 CSTR

Sucrose 8.0 mM/gDW/h 1.5 Batch
E.aerogenes HO39 Glucose 1.0 Fixed film
E.aerogenes Starch 9.68 mM/gDW/h 17.4 mM l/h/l 1.09 Batch
Enterobacter cloacae IIT-BT08 Sucrose 29.5 mM/g DWh 660 mL/L/h 6.0 Batch

Thermohiles
C. termolacticum Lactose 2.58 mM l/h/l 3.0 CSTR

Thermoanaerobacterium Strarch 15.2 ml/g/h 1.9 ml/h 92 ml/g Batch
Thermococcus kodakaraensis Starch 3.33 Gas-lift ferm.
Caldicellulosiruptor saccharolyticus Glucose 3.3 Batch

Thermotoga elfii Glucose 3.3 Batch

Strain AK1 Glucose 0.96 mM l/h/l 0.77 Batch

Strain AK14 Glucose 4.34 mM l/h/l 1.0 Batch

Strain AK15 Glucose 0.56 mM  l/h/l 0.63 Batch

Strain AK17 Glucose 1.91mM  l/h/l 0.55 Batch

ConditionSPHROrganism Carbon VHPR H2 yield

SPHR = Specific hydrogen production rate 

VHPR = Volumetric hydrogen production rate 

Before comparison can be made of hydrogen yield with other well known 

hydrogen producers it must be kept in mind that the culture conditions in the data 

presented (Table 15) varies very much. As previously reported, and confirmed in 

this thesis, the partial pressure of hydrogen has a big influence of the hydrogen 

yield. This can clearly been seen in Fig. 30 where the theoretical yield of 

hydrogen by strain AK15 increases from 10% to 60% by changing the liquid to gas 

phase from the ratio of 3 to 1/60.  
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By comparing strain AK1 to other hydrogen producing bacteria (Table 15) it can 

be concluded that this strain is with comparable hydrogen yields as many 

mesophilic clostridias. This is perhaps not surprising since it is on the verge of 

mesophile/ thermopile boundaries. Theoretical yield of hydrogen form 1 mol of 

glucose is 4 moles hydrogen. If we look at the efficiency of strain strain AK1 it is 

producing 0.60 - 0.77 mol of hydrogen per mole glucose which is 20% of the 

theoretical yield. Strain AK14 is the best hydrogen producer of the four isolates. It 

is like strain AK1 on the boundaries of mesophilic / thermophilic bacteria. AK14 is 

producing 1 mole of hydrogen per mole of glucose which is 25% of the theoretical 

yield which is common with mesophilic bacteria. This hydrogen yield is however 

slightly higher (29%) from other carbon sources like xylose (Table 12).   

Strains AK15 and AK17 have temperature optimum at 60°C but show lower yields 

of hydrogen per mole glucose with 13-16% of the theoretical yield. Strain AK15 is 

slightly better than AK17 in mol to mol ratio with glucose as the carbon source. 

However, strain AK17 shows up to 30% of the theoretical yield when mannose is 

the carbon source (Table 12).  

Table 15 shows that strains AK1, AK14, AK15 and AK17 have similar or even 

slightly lower hydrogen production yield as compared with well know mesophilic 

bacteria. The hydrogen production yield is however much lower as compared with 

the best known hydrogen producer as Caldicellulosiruptor saccharolyticus or

Thermotoga elfi. One simple explanation for relatively low yields of the four 

strains is the fact that the results were obtained in batch cultures without flushing 

or hydrogen removal. The influence of the partial pressure of hydrogen has been 

shown to have great effect on the hydrogen produced.238 Other factors such as 

gradual decreases in pH inhibit hydrogen production since pH affects the activity 

of iron containing hydrogenase enzyme.239 Therefore, control of pH at the 

optimum level is required. Initial pH also influences the extent of lag phase in 

batch hydrogen production. Media composition and temperature are also 

important parameters affecting the duration of lag phase. Some studies reported 

 

238 van Niel et al., 2002 
239 Dabrock et al., 1992 



University of Akureyri  Faculty of Natural Resource Sciences

89

that low initial pH of 4.0–4.5 causes longer lag periods such as 20 h.240,241 High 

initial pH levels decrease lag time; however, lower the yield of hydrogen 

production.242 The main reason for low pH’s during glucose fermentation is from 

the production of acids into the medium. Thus, by using high glucose (or other 

carbon sources) concentrations in batch cultures will clearly influence both the 

hydrogen production yield and rate of formation. This has been shown for 

Citrobacter species where 1 g (5.54 mM), 5 g (27.7 mM) and 20 g/L (110.8 mM) 

of glucose yielded 2.5, 1.2 and 0.8 mol of H2/mol glucose, respectively.243 In the 

hydrogen production yield and production rate experiments in this project the 

concentration of glucose was 3.6 g/L (20 mM). To establish this phenomenon 

further experiments are clearly needed. 

Hydrogen production rate is of great importance when considering the efficiency 

of hydrogen producing bacteria. Comparing hydrogen production rates among 

various bacteria or systems can be very difficult to correlatete because of different 

presentation of results e.g. mM/h/L or ml/h/L. From the data presented in Table 

15 it can bee concluded that the strains in this research show similar results as C. 

thermolacticum (2.58 mM/h/L), which is much lower as compared to E. 

aerogenes (17.4 mM/h/L). Strain AK14 is in fact considerably better than C. 

thermolacticum with 4.34 mM/h/L and there after strain AK17 with 1.91 mM/h/L. 

These yields, however, should be taken with caution and may change when 

optimization experiments have been done concerning the influence of pH2, pH 

and glucose concentration.  

Ongoing research has indeed shown how these factors can effect hydrogen 

production. Mixed culture experiments of strains AK15 and AK17 have been 

performed in continues stirred tank reactor (CSTR). Preliminary results show that 

about 30 mM/L/h (320 ml/h/L) was produced and that strain AK17 became 

dominant in the culture (90%) after certain period. Another important factor 

concerning hydrogen production yield and rates is the flocculation capacity of the 
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microbes involved. In the CSTR reactor this phenomenon occurred and the mixed 

culture produced 2.15 moles of hydrogen per mol glucose (results not shown). 

4.3 End product formation – biotechnological use 

As previously mentioned the maximum yield of hydrogen during fermentation of 

six carbon sugar is four moles of hydrogen. The rest of the reducing equivalents 

end up within the various end products of the fermentation processes. The four 

strains that were investigated in detail all degraded various saccharides to several 

volatile fatty acids and α-hydroxyl acids the gases hydrogen and carbon dioxide. 

There were some variations in end product formation observed. Strain AK14 was 

the only strain that produced butyrate, a very common end product from 

mesophilic clostridia, but not for thermophiles. This strain also produced acetate 

and lactate. The end product spectrum form strain AK1 and AK15 was similar. 

Both strains produced ethanol, acetate and low amounts of lactate. Strain AK17 

was the only strain that produced only ethanol and acetate (apart from H2/CO2). 

Ethanol production from thermophlic bacteria has been known for many years 

and has been considered as potential for energy production from cheap cellulose 

biomass. Some thermoanaerobes, unlike Saccharomyces and Zymonomonas 

species, can ferment polymers (i.e. cellulose, hemicellulose or starch) or mono- 

and disaccharides directly to ethanol.244,245 Other valid points concerning 

thermophilic ethanol production is high metabolic rates of thermophiles and less 

energy intensive process design if a continuous ethanol recovery by reduced 

pressure distillation at high temperatures can be achieved. 

Conversion of glucose to ethanol is however generally lower in thermophlic 

ananerobes as compared to yeast which may reach up to 90 – 96% of theoretical 

maximum. In thermophilic anaerobes the range is generally from 30 – 70% but 

values as high as 75% have been reported for Thermoanaerobacterium.246 Strain 

AK1 and AK17 (Thermoanaerobacterium) produce high concentrations of ethanol 
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yielding 68.5 and 73.0% of theoretical values, respectively (Table 13). It has been 

reported that Thermoanarobacterium species produce up to 90% of theoretical 

values (1.8 moles per mole glucose) for ethanol directly after isolation and very 

low concentration of acetate and lactate. However, after subsequent subculturing 

this value decreased to approximately 1.5 mole ethanol per mole glucose.247 This 

is believed to be caused because of insufficient adapted regulation. Strain AK17 is 

also producing acetic acid. It would be very interesting to make further work on 

this strain with the main purpose of knock out target genes for the acetate 

production pathway and thus yielding a strain producing two fuel types, namely 

hydrogen and ethanol. 

Acetate and lactate, products from most of the strains isolated in this project are 

important in various industrial and biotechnological aspects. Butyrate has 

applications in the food and beverage industry. The following discussion will deal 

with these four end-products (ethanol, acetate, lactate, butyrate) and their 

potential use as energy source or in the biotechnological or industrial sector.  

4.3.1 Utilization of byproducts 

If separated and purified most of the fermentation byproducts have industrial 

applications – and even ethanol could be mixed with gasoline to be used as a fuel 

on conventional vehicles. Theoretically, some of the byproducts could be 

catalytically reacted to produce other industrially important compounds or even 

used for production of hydrogen to increase the hydrogen yield of the total 

process. In this context, it is important to realize that the separation and 

purification of byproducts can be energy intense and even technically complicated 

as the concentrations of the byproducts are low and especially when there are 

numbers of byproducts to be separated from culture medium. 

When looking at possible utilization of the byproducts, the field of usage can be 

divided into three main categories: 
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1. Hydrogen production by autothermal reforming of ethanol, 

electrochemically assisted microbial production of hydrogen from acetate 

and dehydrogenative dimerization of ethanol. 

2. Direct use of ethanol as an alternative fuel for vehicles – also, autothermal 

reforming of ethanol coupled to hydrogen fuel cell solving today’s 

handling and storage problems of hydrogen as a fuel. 

3. Direct industrial use of ethanol, acetic acid (acetate), lactic acid (lactate) 

and butyric acid (butyrate) or production of industrially important and 

more valuable chemicals by chemical reactions, such as esterification and 

condensation reactions. 

4.3.2 Use of ethanol and acetate to increase hydrogen yield 

New techniques open up possibilities for low-cost hydrogen production from 

ethanol by autothermal reforming. It has been reported that ethanol and ethanol 

water mixtures were converted directly into H2 with very high selectivity and 

conversion by a combination of partial oxidation, total oxidation, steam reforming 

and water-gas-shift using Rh-cerium and Pt-cerium catalysts.248 The use of 

ethanol water mixtures is highly interesting as it decreases the distillation cost of 

ethanol. Even though the main purpose of this method is direct hydrogen 

production for fuel cells (e.g. in vehicles), it can be speculated to be potentially 

important from an industrial point of view. Application of this method would 

dramatically increase the hydrogen production of the total process. Theoretically 

each mole of ethanol gives in total five moles of hydrogen, but as the hydrogen 

yield is about 78% the yield is 3.9 mol H2/mol ethanol, the total reaction formula 

is as follows: 

 CH3CH2OH + 2H2O + ½O2 → 2CO2 +5H2

Electrochemically assisted microbial production of hydrogen from acetate is 

relatively a new method that can increase the hydrogen yield of the process. In 

general, the technique is based on applying electric current of relatively low 

voltage to a solution containing acetate and aerobic bacteria to form hydrogen. 
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The bacteria is capable of electron transfer to an electrode, either directly or by 

endogenously produced mediators, include a wealth of genera including 

Geobacter, Shewanella, Pseudomonas, and others.249,250,251,252,253,254 The half 

reactions occurring at the anode and cathode, with acetate oxidized at the anode 

and hydrogen formation at the cathode, are as follows: 

Anode: CH3COOH + 2H2O→ 2CO2 + 8e- + 8H+

Cathode:  8H+ + 8e- → 4H2

Theoretically, four moles of hydrogen are produced from each mole of acetate. Up 

to 78% coulombic efficiency and 92% current recovery as hydrogen has been 

reported255 giving the overall hydrogen yield of 2.9 mol H2/mol acetate. As in the 

case of autothermal reforming of ethanol, discussed above, this process could 

have big influences of the total hydrogen yield of the total process. It also has 

been reported that the electricity energy need could be as low as 0.6 kwh/Nm3

H2,256 which is much lower than the typical energy requirement of 4.5-5 kwh/Nm3

H2 for water electrolysis. An important aspect of this technology is that it is 

possible that the byproducts of the fermentation process do not to have to be 

separated to a high degree, which eventually will have positive effect on the 

economical feasibility of the byproduct utilization. This fact can make bacteria 

producing hydrogen and acetate without ethanol formation highly interesting. 

A possibility for increasing the hydrogen yield is dehydrogenative dimerization of 

ethanol which yields hydrogen, acetaldehyde and ethyl acetate.257 

CH3CH2OH → CH3CHO + H2

2CH3CHO → CH3CH2COOCH2CH3
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Several types of catalyst have been proposed for this reaction, e.g. SnO2- and 

ZnO-supported Pd catalysts. The first step in this process is the conversion of 

ethanol to acetaldehyde and hydrogen in equal stoichiometric proportions and the 

second step is the dimerization of acetaldehyde to ethyl acetate. Currently, the 

hydrogen and ethyl acetate yields are not high enough to make the process 

feasible – the approximate yield of hydrogen is 40% and 20% of ethylacetate,258 

but improvements are expected in near future. This yield means that 0.4 moles of 

hydrogen are produced for every mole of ethanol. This process – or modifications 

there of – can be interested if acetaldehyde and ethyl acetate are desired products. 

4.3.3 Ethanol as an alternative fuel for vechcles 

Ethanol is highly interesting as an alternative fuel to gasoline. Ethanol produced 

by fermentation is considered to be a renewable fuel, i.e. its combustion does not 

contribute to increase of green house gases in the atmosphere. Most conventional 

gasoline engines can be modified in a simple way so they can run on gasoline 

ethanol blends. In Brazil about 40% of the cars run on a mixture of 96% ethanol 

and 4% water, by volume – and the remaining cars run on gasoline mixed with 

20-25% ethanol, by volume.259 E85, which is a mixture of 85% ethanol and 15% 

gasoline, by volume, is widely used in Sweden and is gaining increased popularity 

in Europe and United States.260,261 

As mentioned above, recent developments in catalyst technology open 

possibilities for hydrogen production by autothermal reforming of ethanol and 

ethanol water mixtures.262 Such a reformer is can be coupled to a hydrogen fuel 

cell in a car solving today’s handling and storage difficulties associated with 

hydrogen gas use as a vehicle fuel. 
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4.3.4 Industrial uses of byproducts 

Ethanol many uses as an industrial chemical, such as a solvent in perfumes, paints 

and tinctures, and as an effective disinfectant. Also, ethanol is an important 

chemical for esterification of various types of carboxyl acids, such as for the 

production of ethyl acetate and ethyl acrylate – the latter used for production of 

acrylate polymers for use in coatings and adhesives. 

Acetic acid is an important chemical reagent and industrial chemical. Most of the 

global production is of petrochemical origin but it is also available from biological 

feedstocks. The largest single use of acetic acid is in the production of vinyl 

acetate monomer (VAM), which consumes about 40-45% of the world’s 

production of acetic acid.263 VAM is polymerized to polyvinyl acetate and other 

polymers, which are used for the production of paints and adhesives. Other large 

areas of acetic acid use are the production of acetic anhydride by condensation 

reaction and various ester productions. Acetic anhydride is a strong acetylation 

agent having major application for cellulose acetate, a synthetic textile also used 

for photographic film. Acetic anhydride is also a reagent for the production of 

speciality chemicals and pharmaceuticals, such as aspirin. The most common 

esters are ethyl acetate, n-butyl acetate, isobutyl acetate, and propyl acetate which 

are mainly used for inks, paints and coatings. They are typically produced in the 

presence of acid catalyst in a reaction with the corresponding alcohol. Other 

common uses include vinegar production and as a solvent in various industrial 

applications. In households diluted acetic acid is often used in descaling agents. In 

the food industry acetic acid is used under the food additive code E260 as an 

acidity regulator. 

Ethyl acetate can be produced by esterification of acetic acid with ethanol in the 

presence of an acid catalyst (usually sulphuric acid). Ethyl acetate has a broad 

spectrum of industrial applications, such as a solvent in paints and varnishes and 

for manufacture of printing inks and perfumes. Another application is the use 

ethyl acetate as an artificial fruit essence and aroma enhancer. Ethyl acetate is 
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regarded as one of the least environmentally hazardous of organic solvents. It is 

both highly effective and easily broken down in both air and water. Ethyl acetate 

produced from byproducts of the fermentation process is interesting from an 

environmentally point of view as it is totally made of renewable compounds. In 

comparison most of the ethylacetate on the market today has its origin partly or 

totally in petrochemical feedstocks. 

Lactic acid is used in a variety of foods to act as an acidity regulator. The acid is 

usually produced commercially from lactic acid bacteria through fermentation but 

can also be fermented from milk sugar (lactose). Although it can be fermented 

from lactose (milk sugar), most commercially used lactic acid is derived from 

bacteria. Strict anaerobic bacteria (Clostridium, Thermoanaerobacterium and 

more) also produce lactate from pyruvate in a similar way as lactic acid bacteria. 

Lactic acid is popularly known as an AHA in the cosmetics industry. Lactic acid 

also is a polymer precursor, i.e. two molecules of lactic acid can be dehydrated to 

lactide, a cyclic lactone, which can be further polymerized to polyactide. 

Polyactide is biodegradable polyester with valuable medical properties and is 

currently attracting much attention.264 

Ethyl lactate can be produced by esterification of lactic acid with ethanol in the 

presence of an acid catalyst. Ethyl lactate is commonly used as a solvent. It is 

considered biodegradable and with a relatively low toxicity. Ethyl lactate can be 

used as a water rinsable degreaser and can be used alone or with other chemicals 

as a replacement for a broad range of toxic industrial solvents, e.g. in paints, 

coatings, adhesives, various cleaning agents and in the production of specialty 

electronics and semiconductors.265 Ethyl lactate is found naturally at small 

quantities in a wide variety of foods including wine, chicken, and various fruits. 

The odor of ethyl lactate is mild, buttery, and creamy with hints of fruit and 

coconut. Due to its relatively low toxicity, ethyl lactate is used commonly in 

pharmaceutical preparations, food additives, and fragrances. Ethyl lactate is also 

used as solvent for nitrocellulose, cellulose acetate, and cellulose ethers which are 
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used in the chemical industry.266 Ethyl lactate, as ethyl acetate, produced from 

byproducts of the fermentation process is interesting from an environmentally 

point of view as it is totally renewable solvent. 

Butyric acid has several potential applications in industry. Early in the 20th 

century its potential was within fuel production but nowadays, its application is 

within the food and beverage industry. It may be used as pure acid in the dairy 

industry, or in the form of esters as a food additive to increase fruit 

fragrance.267,268 (Armstrong & Yamazaki, 1986; Sharpe, 1985). Other important 

uses are in the chemical and pharmaceutical industries. In addition, butyric acid 

and its derivatives are important in plastics and textile fibres industries. 

Production of biologically derived butyric acid, particularly from low cost 

substrates, by thermophiles has been emphasized for potential and economically 

applications in the food industry.269 At present, butyric acid is mainly produced by 

petrochemical routes and the main reason is that conventional fermentation 

processe suffer from low productivity, yield and concentration.270 But there is no 

doubt that biotechnological production of butyric acid by fermentation is both 

environmentally and economically significant. 
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5 Conclusion 

Hydrogen is considered as the ‘energy carrier of the future’ being a clean energy 

source with high energy content as compared to hydrocarbon fuels. However, 

unlike fossil fuels, petroleum, natural gas and biomass, hydrogen is not readily 

available in nature. Therefore, new processes need to be developed for cost-

effective production of hydrogen. Chemical methods such as steam reforming of 

hydrocarbons and partial oxidation of fossil fuels operate at high temperatures, 

and therefore are energy intensive and expensive. Biological methods offer 

distinct advantages for hydrogen production such as operation under mild 

conditions and specific conversions. Utilization of some carbohydrate rich, starch 

or cellulose containing solid wastes and/or some food industry wastewaters is an 

attractive approach for bio-hydrogen production. Bio-prospecting for organisms 

that can metabolize complex carbohydrates should thus be the main aim for bio-

hydrogen production. 

Various methods can be used for bio-hydrogen production and the most common 

ones are water splitting by photosynthetic algae, dark fermentation of 

carbohydrate rich wastes and photo-fermentation of organic acid rich wastewaters. 

Algal production of hydrogen is rather slow, requires sunlight and is inhibited by 

oxygen. Hydrogen is produced as a by-product during acidogenic phase of 

anaerobic digestion of organic wastes which is known as the dark fermentation. 

Comparing the three methods, clearly the dark fermentation process has 

advantanges both in production rates as well as volumetric space needed to 

produce hydrogen. 

Besides the microorganisms used for bio-hydrogen production the most important 

factors are the environmental conditions used. The compostion of the medium 

with respect to carbon and energy sources, the pH and temperature used, the 

partial pressure of hydrogen in the system, the concentration and combination of 

various acids formed will all affect the specific hydrogen production rates in a 

given system. By controlling these environmental factors and the carefully select 

appropriate microorganism, it is possible to gain reasonable hydrogen production 

rates and yields. Recently, it has become more and more clear that the ability of 
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microorganisms to flocculate is of great importance – leading to more biomass 

and higher production rates.  

Until recently the most important focus has been on mesophilic hydrogen 

producing systems. This has changed in the last decaded and shifted more towards 

thermophlic hydrogen producing bacteria. The main reason for this is the higher 

tolearance of thermophiles to hydrogen partial pressures, higher yields of 

hydrogen, fewer end-products and faster metabolic rates. Thermophlic, 

saccharolytic bacteria can be isolated from various environmental sources, 

thermamoung from various geothermal areas. Studies on thermophilic bacteria in 

Iceland has strong tradition from the 1980’s but has mostly been focused upon 

aerobic bacteria.  

The four strains (AK1, AK14, AK15 and AK17) isolated and characterize in this 

project are all very interesting from phylogenetic and physiological point of view. 

The result presented here show that three of the isolates are new species and 

should even been placed into a new genus within various clusters of the 

Bacillus/Clostridium subphylum of Gram positive bacteria. The hydrogen 

production rates and yields for all strains are similar as has been reported for 

mesophilic and moderate thermophilic bacteria. Experiments with the main 

emphasis to maximize the hydrogen production potential are under way. This can 

be done by constant removal of hydrogen, by increasing the buffer capacity in the 

medium and by using CSTR reactors. During fermentation, only a small fraction 

of the electrons are rendered up in hydrogen. Most of the electrons end up in 

various end products like ethanol, acetate, lactate and butyrate. One of the strains 

produced high concentrations of butyrate, a relatively rare property among 

thermophiles. The other three strains produced a mixture of acids and alcohols. 

Special attention will be given to the hight ethanol strains with respect to genetic 

engineering and the possibility to knock out undesired (acetate, lactate) production 

routes, leading to strains that produce two pure energy forms from carbohydrates, 

namely ethanol and hydrogen. Finally, from an ecological point of view, the 

amino acid metabolism of on of the strains is interesting and further experiments 

will reveal their importance in geothermal ecosystems. 
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The possibilities of changing the production route of strains by genetic 

engineering are highly interesting. As mentioned, acetate has been considered as 

an undesired byproduct of the fermentation process as ethanol is a more valuable 

compound. Ethanol can be utilized as a fuel for conventional gasoline vehicles 

and recent advantages in catalyst technology promise to open up possibilities of 

low-cost hydrogen production by autothermal reforming of ethanol. On the other 

hand, as the technological stage is today, the concentration of ethanol in the 

fermentation mixture is low and thus a distillation process would demand 

relatively high energy input compared to the distillation of ethanol produced by 

conventional fermentation. Recent claims about using microbiological fuel cells to 

produce hydrogen from acetate (and even butyrate and other “dead-end” products) 

are promising and such a process does not require any separation processes. Thus 

it would be an interesting project to compare the total hydrogen output and energy 

input requirements for two different production routes: 

• The production of hydrogen and ethanol by bacteria followed by 

distillation of ethanol, and hydrogen production by autothermal reforming 

of ethanol 

• The production of hydrogen and acetate with following, or even 

simultaneously, hydrogen production in a microbiological fuel cell by 

applying electric current. 
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"The important thing is to not stop questioning" 

Albert Einstein 
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7 Appendixes 
7.1 Appendix 1 Phosphate buffer 

Stock solution A : 2 M monobasic sodium phosphate, monohydrate 

(NaH2PO4*H2O)(276g/L). Stock solution B: 2 M dibasic sodium phosphate 

(Na2HPO4)(284 g/L). Mixing an appropriate volume (ml) of A and B as shown in 

the table below and diluting to a total volume of 200 ml, a 1 M phosphate buffer 

of the required pH at room temperature.  

A (ml) B (ml) pH

92.0  8.0 5.8
90.0 10.0 5.9
87.7 12.3 6.0
85.5 15.0 6.1
81.5 19.5 6.2
77.5 22.5 6.3
73.5 26.5 6.4
68.5 31.5 6.5
62.5 37.5 6.6
56.5 43.5 6.7
51.0 49.0 6.8
45.0 55.0 6.9
39.0 61.0 7.0
33.0 67.0 7.1
28.0 72.0 7.2
23.0 77.0 7.3
19.0 81.0 7.4
16.0 84.0 7.5
13.0 87.0 7.6
10.5 89.5 7.7
8.5 91.5 7.8
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7.2 Appendix 2 16S rRNA sequences for all strains 

Strain AK1

CTTCACACCAGTCATCAATCCCACCTTCGACGGCGCCCTCCTTGCGGTTAGGCAACCG

GCTTCGGGTGTTACCGACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAA

CGTATTCACCGCGACATGCTGATTCGCGATTACTAGCAATTCCGACTTCATGCAGGCG

AGTTGCAGCCTGCAATCCGAACTGGGACAGCTTTTGGGGATTTGCTCCACCTCGCGGC

TTCGCTTCCCTCTGTTTACTGCCATTGTAGTACGTGTGTAGCCCAGGTCATAAGGGGCA

TGATGATTTGACGTCATCCCCACCTTCCTCCGTTTTGTCAACGGCAGTCTCACTAGAGT

GCTCTTGCGTAGCAACTAATGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACAT

CTCACGACACGAGCTGACGACAACCATGCACCACCTGTCTCAATGTTCCCCGAAGGGC

ACTCCCGTATCTCTACAGGATTCATTGGATGTCAAGACCTGGTAAGGTTCTTCGCGTT

GCTTCGAATTAAACCACATACTCCACTGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGT

TTCAACCTTGCGGCCGTACTCCCCAGGTGGATTACTTATTGTGTTAACTCCGGCACGG

AAGGGGTCAGTCCCCCCACACCTAGTAATCATCGTTTACAGCGTGGACTACCAGGGTA

TCTAATCCTGTTTGCTCCCCACGCTTTCGAGCCTCAGCGTCAGTAAAAGCCCAGTTGG

CCGCCTTCGCCACTGGTGTTCCTCCTAATATCTACGCATTTCACCGCTACACTAGGAAT

TCCGCCAACCTCTTCTTCACTCAAGAACGACAGTTTCAAATGCAGGTTATGGGGTTAA

GCCCATAAATTTCACACCTGACTTGTCGCCCCGCCTACGCTCCCTTTACACCCAGTAAT

TCCGGACAACGCTCGCTCCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGA

GCTTCCTCCTTAGGTACCGTCATTATCGTCCCTAAAGACAGGAGTTTACAATCCGAAG

ACCTTCTTCCTCCACGCGGCATCGCTGCATCAGGCTTTCGCCCATTGTGCAATATCCCC

CACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAATGTGGCCGTTCAAC

CTCTCAGTCCGGCTACTGATCGTCGCCTTGGTGGGCCGTTACCCCGCCAACTAGCTAA

TCAGCCGCGAGGCCATCTTTCAGCGGATTGCTCCTTTGGTATAAACACGATGCCGTGT

CTATACTTTATGCGGTATTAGCGTTCGTTTCCAAACGTTATCCCCCTCTGAAAGGCAGG

TTCCTCACGTGTTACTCACCCGTCCGCCGCTATCCGGAAGTTAGACCTCAGAGATCAA

TTCCTTGATCCCTCAGTTCTAACCTCCGAACCGCTCGACTTGCATGTGTTAGGCGTGCC

GCCAGCGTTCGTCCTGAGCCAGGATCAAACTCTAA 

Strain AK14 

ATCGCTGACCCTACCTTCGGCCGCGCCCTCCTTGCGGTTAGGCTACGGACTTCGGGTA

TTGCCAACTCTCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTAATCACC

GCGACATGCTGATTCGCGATTACTAGCAACTCCGGCTTCATGTAGGCGAGTTTCAGCC

TACAATCCGAACTGGGATGAGTTTTTGAGATTTGCTCCACCTCACGGTCTTGCGTCTCT

TTGTACTCACCATTGTAGCACGTGTGTAGCCCTAGACATAAGGGGCATGATGATTTGA

CGTCATCCCCACCTTCCTCCCGGTTAACCCGGGCAGTCTCGCTAGAGTGCTCAACTAA

ATGGTAGCAACTAACAATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCAC
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GACACGAGCTGACGACAACCATGCACCACCTGTCATCCTGTCCAGTGCAAGCACTGG

ATTTCCTCGATTAAGAGTAATGCAGGAGATGTCAAGTCTAGGTAAGGTTCTTCGCGTT

GCTTCGAATTAAACCACATGCTCCGCTGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGT

TTTAATCTTGCGACCGTACTCCCCAGGCGGGGTACTTAATGCGTTTGCGGCGGCACAG

AAGGTTGGACCCTCCTACACCTAGTACCCATCGTTTACGGCGTGGACTACCAGGGTAT

CTAATCCTGTTTGCTCCCCACGCTTTCGAGCCTCAGCGTCAGTTACAGTCCAGAAAGT

CGCCTTCGCCACTGGTGTTCTTCCTAATCTCTACGCATTTCACCGCTACACTAGGAATT

CCACTTTCCTCTCCTGCACTCTAGACACCCAGTTTGGAATGCAGCACCCAGGTTGAGC

CCGGGTATTTCACATCCCACTTAAGTATCCGCCTACGCTCCCTTTACGCCCAGTAAATC

CGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTGGC

TTCCTCCTCAGGTACCGTCATTATCGTCCCTGAAGACAGAGCTTTACAACCCGAAGGC

CTTCATCACTCACGCGGCGTTGCTGCATCAGGGTTTCCCCCATTGTGCAATATTCCCCA

CTGCTGCCTCCCGTAGGAGTCTGGACCGTTTCTCAGTTCCAATGTGGCCGATCACCCTC

TCAGGTCGGCTACGCATCGTCGCCTTGGTGAGCCGTTACCTCACCAACTAGCTAATGC

GCCGCGGGCCCATCTTGTAGCGGATTGCTCCTTTGATCACAAAACCATGCGGTTTCGT

GATGTTATGCGGTATTAATCTTCCTTTCGGAAGGCTATCCCCCTCTACAAGGCAGGTT

GCCCACGTGTTACTCACCCGTCCGCCGCTAGGAACCGAAGTTCCTCGCTCGACTTGCA

TGTGTTAGGCACGCCGCCAGCGTTCGTCCTGAGCAAGGATCAAACTCTA 

Strain AK15 

CAATCATCTGCCCCACCTTCGACGGCTCCCCCCTTGCGGTTGGGTCACCGGCTTCGGG

TGTTGCAGACTCTCGTGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCAC

CGCGGCATGCTGATCCGCGATTACTAGCGATTCCGCCTTCATGCAGGCGAGTTGCAGC

CTGCAATCCGAACTTGGACCGGCTTTTTGGGTTCCGCTCCACCTCGCGGCTTCGCCTCC

CTCTGTACCGGCCATTGTAGCACGTGTGTGGCCCAGGGCATATAGGGCATGATGATTT

GACGTCATCCCCACCTTCCTCCGTGTTGTCCACGGCAGTCCTTCTAGAGTGCCCAGCTT

TACCCGTTGGCAACTAGATGCAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCT

CACGACACGAGCTGACGACAACCATGCACCACCTGTGCAGGCTCCCTCCCATAAGAG

AAGGTCGCTCACCTTTCGGCTCGCTACTACCTGCATGTCAAGCCCTGGTAAGGTTCTTC

GCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTT

TGAGTTTCAACCTTGCGGCCGTACTCCCCAGGCGGGGTACTTATTGCGTTAACTACGG

CACGAAATGCTTCCGCATCCCACACCTAGTACCCATCGTTTACAGCGTGGACTACCAG

GGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCGCCTCAGCGTCAGGGTCAGTCCAG

AGAGTCGCCTTCGCCACTGGTATTCCTCCCGATATCTACGCATTTCACCGCTACACCG

GGAATTCCACTCCCCTCTCCTGCCCTCTAGCTTAGCAGTTTCATGTGCATCCCCCAGGT

TGAGCCCGGGTTTTTTACACCTGACTTGCTAAACCGCCTACGCGCCCTTTACGCCCAGT

AATTCCGGACAACGCTCGCCCCCTACGTCTTACCGCGGCTGCTGGCACGTAGTTAGCC

GGGGCTTTCGTGTGGTACCGTCATCTCTTCTTCCCACACTACCGAGCTTTACGACCCGA

AGGCCTTCCTCACTCACGCGGCGTCGCTGCGTCAGGCTTTCGCCCATTGCGCAAGATT

CCCCACTGCTGCCTCCCGTAGGAGGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGAC
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CACCCTCTCAGGCCGGCTACCCGTCGTCGCCTTGGTGAGCCGTTACCTCACCAACTAG

CTGATGGGACGCGGGCCCATCCTTAAGCGGGTTCCCCCTTTCTTCATATGGTGATGCC

ACCTTATGACCTTATCCAGTATTAGCACCCCTTTCGAGGTGTTATCCCGGTCTTAAGGG

TAGGTTGCCCACGCGTTACTCACCCGTCCGCCGCTATCCGACACTTAACTTGCGCTAA

GTGCCGAACCGCTCGACTTGCATGTGTTAGGCACGCCGCCAGCGTTCGTCCTGAGCCA

GGATCAAACTCA 

Strain AK17 

TCCCCCATCATTTACCCCACCTTCGGCAGCTCCTTCCTTGCGGTTAGGTCACTGACTTC

GGGTGTTGTAAACTCTCGTGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATT

CACCGCGGCATGCTGATCCGCGATTACTAGCAACTCCGTCTTCATGCAGGCGAGTTGC

AGCCTGCAATCTGAACTGGGACCTGTTTTCTGGGATTCTCTCCGGATCGCTCCTTCTCA

GCCCTCTGTTCAGGCCATTGTAGCACGTGTGTAGCCCAGGGCATAAAGGGCATGATGA

TTTGACGTCATCCCCGCCTTCCTCCGTGTTTTCCACGGCAGTCTCGGTAGAGTCCCCGT

CTTTACGCTGGTAACTACCAACAGGGGTTGCGCTCGTTGCGGGACTTAACCCAACATC

TCACGACACGAGCTGACGACAACCATGCACCACCTGTCTCACAGCTCCTCTTGCGAGG

CACTCCGGTATTTCTACCAGATTCTGTGGATGTCAAGCCCTGGTAAGGTTCTTCGCGTT

GCTTCGAATTAAACCACATGCTCCGCTGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGT

TTCAACCTTGCGGCCGTACTCCCCAGGCGGGATACTTATTGCGTTAACTCCGGCACGG

ATTATTCCTAACCCACACCTAGTATCCATCGTTTACGGCGTGGACTACCAGGGTATCT

AATCCTGTTTGCTCCCCACGCTTTCGCACCTCAGCGTCAGTTCAAGTCCAGAGAGCCG

CTTTCGCCACTGGTATTCTTCCTGATCTCTACGCATTTCACCGCTACACCAGGAATTCC

GCTCTCCTCTCCTTGACTCAAGCTATTTAGTTTCAGATGCATACCCTCGGTTGAGCCCA

GGTTTTTCACATCTGACTTTTATAGCCGCCTACGCGCTCTTTACGCCCAGTAATTCCGG

ACAACGCTCGCCCCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGGGCTTT

CGTATGGTACCGTCATTATCTTCCCATACTATTGAGCTTTACGACCCGAAGGCCTTCTT

CGCTCACGCGGCGTCGCTGTGTCAGGGTTTCCCCCATTGCACAATATTCCCCACTGCT

GCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTTCCAGTGTGGCCGTTCACCCTCTCAG

GCCGGCTACCCATCGTCGCCTTGGTGGGCTTTTACCCCGCCAACTAGCTAATGGGACG

CGGACTCATCCTATAGCGGATTTCTCCTTTCTTCAAGAAATGATGCCATCCCTTGACAT

TATCCGGTATTAGCACCCCTTTCGAGGTGTTATCCCGGTCTACAGGGTAGATTGTCCA

CGCGTTACTCACCCGTCCGCCGCTAAGTTCGTACCGTAGTACTCCCTTCGCTCGACTTG

CATGTGTTAGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCAA 



University of Akureyri  Faculty of Natural Resource Sciences

V

7.3 Appendix 3 Identity matrix 

Strains AK1, AK14 and AK15.

Sequence Identity Matrix
Input Alignment File: Untitled1

Seq-> Strain_15 Strain 14 St_1_fullrg
Strain_15 ID 0,785 0,787
Strain 14 0,785 ID 0,795
St_1_fullrg 0,787 0,795 ID
Anaerobacter polyendosporus 16S rRNA gene, partial, strain DSM 0,793 0,948 0,796
Clostridium autoethanogenum 16S rRNA gene, partial, strain DSM 0,788 0,878 0,803
Clostridium disporicum 16S rRNA gene, partial, strain DSM 5521. 0,793 0,916 0,794
Clostridium haemolyticum 16S rRNA gene, partial, strain DSM 5565. 0,785 0,891 0,797
Clostridium putrifaciens 16S rRNA gene, partial, strain DSM 1291. 0,79 0,918 0,799
Clostridium roseum 16S rRNA gene, partial, strain DSM 51. 0,785 0,913 0,795
Clostridium roseum 16S rRNA gene, partial, strain DSM 6424. 0,774 0,892 0,796
Clostridium haemolyticum 16S rRNA gene, partial, strain DSM 5565. 0,785 0,891 0,797
Clostridium roseum 16S rRNA gene, partial, strain DSM 7320. 0,751 0,867 0,771
Clostridium sartagoformum 16S rRNA gene, partial, strain DSM 129. 0,793 0,921 0,796
Clostridium tertium 16S rRNA gene, partial, strain DSM 2485. 0,793 0,926 0,796
Clostridium thermosuccinogenes 16S rRNA gene, partial, strain DSM 0,791 0,808 0,829
Clostridium methylpentosum 16S rRNA gene, partial, strain DSM 5476. 0,776 0,815 0,874
Clostridium orbiscindens 16S rRNA gene, partial, strain DSM 674. 0,795 0,8 0,842
Propionispira arboris 16S rRNA gene, partial, strain DSM 2179. 0,753 0,758 0,758
Clostridium uzonii 16S rRNA gene, partial, strain DSM 9752. 0,987 0,779 0,782
Clostridium indolis 16S rRNA gene, partial, strain DSM 755. 0,773 0,806 0,796
Clostridium saccharolyticum 16S rRNA gene, partial, strain DSM 0,776 0,803 0,794
Clostridium scindens 16S rRNA gene, partial, strain DSM 5676. 0,773 0,797 0,794
Syntrophococcus sucromutans 16S rRNA gene, partial, strain DSM 0,765 0,791 0,775
Clostridium cocleatum 16S rRNA gene, partial, strain DSM 1551. 0,746 0,762 0,747
Clostridium polysaccharolyticum 16S rRNA gene, strain DSM 1801. 0,77 0,79 0,795
Moorella thermoacetica 16S rRNA gene, strain ET-5a. 0,847 0,779 0,79
Clostridium thermosaccharolyticum 16S ribosomal RNA. 0,828 0,775 0,765
Clostridium thermoamylolyticum 16S rRNA gene, strain DSM 2335. 0,845 0,792 0,785
C.thermobutyricum gene for 16S rRNA. 0,786 0,89 0,796
Clostridium thermocellum (DSM 1237) 16S ribosomal RNA (16S rRNA) 0,807 0,814 0,833
Clostridium botulinum 16S rRNA gene, strain DSM 1734. 0,779 0,885 0,798
S.maxima (DSM 316) 16S rRNA gene. 0,785 0,921 0,795
Clostridium fallax isolate VA24831_02 16S ribosomal RNA gene, 0,798 0,925 0,803
Clostridium intestinale 16S ribosomal RNA gene, complete sequence. 0,802 0,932 0,805
Eubacterium budayi gene for 16S rRNA, partial sequence. 0,78 0,902 0,789
Fusobacterium prausnitzii 16S rRNA gene, strain ATCC 27768. 0,772 0,79 0,846
Papillibacter cinnaminovorans 16S ribosomal RNA gene, partial 0,783 0,8 0,856
Eubacterium desmolans 16S ribosomal RNA. 0,771 0,777 0,831
Eubacterium siraeum 16S ribosomal RNA. 0,766 0,786 0,848
A.pentosovorans 16S rRNA gene. 0,76 0,78 0,839
A.agile 16S rRNA gene. 0,76 0,776 0,837
Ruminococcus flavefaciens small subunit ribosomal RNA (16S rDNA) 0,781 0,811 0,874
Ruminococcus bromii small subunit ribosomal RNA (16S rDNA) gene. 0,77 0,78 0,856
Ruminococcus albus small subunit ribosomal RNA (16S rDNA) gene. 0,788 0,803 0,885
Ruminococcus callidus small subunit ribosomal RNA (16S rDNA) gene. 0,778 0,795 0,87
Anaerotruncus colihominis strain HKU19 16S ribosomal RNA gene, 0,792 0,801 0,889
E.coli 16S ribosomal RNA. 0,73 0,737 0,736  
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Strain AK17 

Sequence Identity Matrix
Input Alignment File: Untitled

Seq-> AK17
Clostridium thermoaceticum 16S ribosomal RNA. 0,832
Clostridium thermoautotrophicum (DSM 1974) 16S ribosomal RNA (16S 0,837
Clostridium thermocopriae (IAM 13577) 16S ribosomal RNA (16S rRNA) 0,842
Thermoanaerobacter ethanolicus (ATCC 33223) 16S ribosomal RNA (16S 0,85
Thermoanaerobacter brockii (DSM 1457) 16S ribosomal RNA (16S rRNA) 0,85
Thermoanaerobacter finii (DSM 3389) 16S ribosomal RNA (16S rRNA) 0,854
Acetogenium kivui (DSM 2030) 16S ribosomal RNA (16S rRNA) gene. 0,855
Thermoanaerobacter thermohydrosulfuricus (DSM 567) 16S ribosomal 0,861
Thermobacteroides acetoethylicus (ATCC 33265) 16S ribosomal RNA 0,853
T.wiegelii 16S rRNA gene. 0,817
Thermoanaerobacterium xylanolyticum (DSM 7097) 16S ribosomal RNA 0,973
T.aotearoense 16S rRNA gene. 0,977
Thermoanaerobacterium saccharolyticum (DSM 7060) 16S ribosomal RNA 0,968
Thermoanaerobium lactoethylicum 16S ribosomal RNA (16S rRNA) gene. 0,972
Thermoanaerobacterium thermosulfurigenes (ATCC 33743) 16S ribosomal 0,975
E.coli 16S ribosomal RNA. 0,746
AK17 ID
Thermoanaerobacterium polysaccharolyticum 16S ribosomal RNA gene, 0,849
Thermoanaerobacterium bryantii 16S ribosomal RNA gene, partial 0,883  
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7.4 Appendix 4 Closridium clusters 

Table 17 Different clusters of Clostridium. 271 

271 Stackebrandt et al. 1999:254 


