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Popular science summary 

Climate change is causing an irrevocable alteration to the global environment, 
weather patterns and ecosystems. In part, our dependence on fossil fuels as our 
primary source of energy is responsible for global climate change. To mitigate the 
effects of future climate change, fossil fuels must be substituted with fuels derived 
from renewable sources. Biofuels can be produced renewably from energy crops 
such as corn, sugarcane, rapeseed or other plant material. However, the production 
of biofuel from energy crops has been criticised due to the possible competition 
with food production. This can be avoided by using lignocellulosic biomass as a 
source of raw material. Lignocellulose refers to plant material that is largely 
inedible and can be derived from purposely cultivated sources, such as forestry and 
grasses or from process by-products such as forestry and agricultural residues.  

In addition to energy, compounds derived from fossil fuels are required for the 
production of a vast array of industrial products, e.g. food additives, 
pharmaceutical products, textiles, paints, and inks. Future development must focus 
on producing both sustainable fuel and industrially relevant chemicals using 
renewable sources, such as biomass. This can be accomplished through a process 
known as "biorefinery" whereby a selection of fuels and chemical products are 
produced from lignocellulose via a mixture of fermentation and chemical 
processes. 

Hydrogen is of great interest within the biorefinery concept due to its potential 
as an energy carrier and its use in chemical reaction to yield additional products. 
Hydrogen has the additional advantage of being one of the cleanest fuels available 
as when combusted or used in a fuel cell, water is the sole by-product. Hydrogen 
can be obtained by using bacteria that grow on lignocellulose. 

Caldicellulosiruptor is a group of promising hydrogen producing bacteria that 
grow on many different types of sugars and lignocellulose. In addition to hydrogen, 
Caldicellulosiruptor produces acetate as a by-product. This acetate can be further 
fermented using different microorganisms to yield additional products. In this 
thesis, the production of methane and polyhydroxybutyrate were studied from the 
effluent of the fermentations with Caldicellulosiruptor species. Methane is a 
combustible gas and is the main constituent of natural gas, whereas 
polyhydroxybutyrate is a bioplastic generated by bacteria that can be moulded and 
is biodegradable. 

However, Caldicellulosiruptor is unable to produce a sufficiently large quantity 
of hydrogen in respect to the reactor volume and cannot grow in concentrated 
solutions, thereby limiting its ability to grow on treated lignocellulose. In this 
thesis several approaches were taken to improve the capability of 
Caldicellulosiruptor to grow in concentrated solutions and produce high quantities 
of hydrogen. Adaptive laboratory evolution is a process that relies on the principles 
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of evolution to develop bacteria with improved properties. Adaptive laboratory 
evolution involves applying a stress to the bacteria; over time, some of these 
bacteria are capable of adapting to this stress condition, reproducing and out 
competing the bacteria that have not adapted. This strategy was used to adapt 
Caldicellulosiruptor to overcome its innate sensitivity to high sugar concentrations 
by adaption to sequentially elevated amounts of sugar. A further approach taken to 
increase the hydrogen production involved growing different types of bacteria 
together. When grown together certain bacteria can enhance the metabolisms of 
others by several mechanisms, including producing nutrients that other organisms 
can use. In this thesis, two types of adapted Caldicellulosiruptor, 
Caldicellulosiruptor saccharolyticus and Caldicellulosiruptor owensensis, were 
grown together as the non-adapted strains have been previously shown to increase 
hydrogen productivity when cultivated in a mixed culture. In addition, 
Caldicellulosiruptor saccharolyticus and Coprothermobacter proteolyticus were 
cultivated together as Coprothermobacter proteolyticus can provide a nitrogen 
source to Caldicellulosiruptor saccharolyticus by the degradation of protein. 
Additionally, studies also included the creation of new formulations of nutrients 
and removal of the vitamin solution to minimise process costs while attempting to 
retain optimal hydrogen production. 

This thesis has investigated the enhancement of hydrogen production by 
Caldicellulosiruptor, coupling of hydrogen production to the generation of 
additional products and reduction or elimination of the addition of high cost 
compounds such as vitamins and phosphorus, thereby moving the 
Caldicellulosiruptor hydrogen platform towards integration into a biorefinery 
process. 
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Abstract 

The transition from a fossil to a bio-based economy is of vital importance to stem 
the effects of ongoing climate change. This bio-based economy will necessitate the 
production of both biofuels and chemical compounds from biological sources. 
Hydrogen is a promising candidate as a renewable energy carrier due to its high 
energy density, carbon neutrality when combusted and its potential use as a 
reducing agent to produce biochemicals. Caldicellulosiruptor is a genus of 
extreme thermophilic bacteria capable of producing hydrogen close to the 
theoretical maximum of 4 mol H2/mol hexose from an array of different mono-, 
oligo- and polymeric sugars permitting the utilisation of a diverse range of 
lignocellulose substrates. Although promising, the advancement of 
Caldicellulosiruptor towards becoming a model organism for hydrogen production 
relies on overcoming the intrinsic hurdles that exist in this genus, such as 
osmosensitivity, low QH2 and the high financial cost of nutrient addition.  

Throughout this work, techniques for improving the Caldicellulosiruptor 
process were studied in detail. Adaptive laboratory evolution was employed as a 
technique to increase osmotolerance by incremental adaption to elevated glucose 
concentrations, thereby facilitating development of osmotolerant strains belonging 
to five species of Caldicellulosiruptor. Notably, the degree of adaption to higher 
osmolarity varies depending on the species. The osmotolerant strain C. owensensis 
CO80 was demonstrated to grow at glucose concentrations up to 80 g/l; 
nevertheless, the highest QH2 values for this strain were observed with lower 
osmolarity media. C. owensensis CO80 was further implemented with the 
osmotolerant strain, C. saccharolyticus G5, as a co-culture to produce hydrogen 
from concentrated hydrolysates, in which the wild-type strains are unable to be 
cultivated.  

Several strategies to optimise of nutrient addition to the fermentation process 
were studied, including designed co-culture with Coprothermobacter 
proteolyticus, vitamin removal and the design of a new trace element solution. The 
implementation of a novel trace element solution (EB-1) permitted a phosphorus 
reduction of 90% compared to previous cultivations. However, further 
optimisation of the trace elements and vitamin addition are required to increase 
QH2. 

Process integration was undertaken by further fermentation of the effluent of 
Caldicellulosiruptor cultivated on lignocellulose hydrolysates to yield methane 
and polyhydroxybutyrate by a methanogenic consortium and Ralstonia eutropha, 
respectively. These studies illustrate that acetate produced by Caldicellulosiruptor 
can be further fermented into industrially relevant compounds.  

In addition, several key physiological attributes of C. saccharolyticus 
fermentation were also studied. Although, C. saccharolyticus co-ferments sugars, 
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a diauxic-like production of hydrogen occurs when C. saccharolyticus is batch 
cultivated with a mixture of glucose, xylose and arabinose. This effect is amplified 
when wheat straw hydrolysate is used as a substrate. It was also observed that 
xylose is fully consumed after 25 hours while full glucose consumption requires 
over 80 hours. In addition, continuous cultivation of osmotolerant strains on the 
studied hydrolysates displayed full xylose consumption, while a significant portion 
of glucose remained in the effluent. Co-culturing of C. saccharolyticus with the 
proteolytic hydrogen-producing Coprothermobacter proteolyticus marginally 
increased QH2 compared to the mono-culture. However, a significant reduction in 
QH2 was observed when C. saccharolyticus was cultivated at 60°C, due to the lower 
growth temperature causing a significant metabolic shift from acetate to lactate. 

The compiled findings of this thesis opens up new avenues of research and will 
act as a stepping stone for further strain development, media optimisation and 
process integration exploiting the Caldicellulosiruptor genus. 
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1. Biorefinery Concept 

Our continuing reliance on fossil based fuels as the primary global source of energy 
is environmentally unsustainable. The ongoing release of greenhouse gases from 
the combustion of fuels such as oil, coal and natural gas is resulting in global 
climate change (United Nations 2018). Global warming has become a high priority 
with international agreements such as the recent Paris agreement and the Katowice 
climate package committing to limit global warming to 1.5°C of pre-industrial 
levels. The EU energy strategies for 2030 and 2050 state that by 2030 renewable 
energy should be increased to 32% of total energy production and by 2050, the 
total greenhouse emissions should be decreased by 60% compared to 1990 levels 
(European Commission 2012, European Commission 2014). To reduce 
greenhouse gas production and limit global warming into the future, fossil fuels 
must be superseded with renewable alternative fuels, such as biofuels.  

1.1 Biofuels 

A biofuel is a solid, liquid or gaseous fuel that can be produced from renewable 
sources such as plant biomass (Demirbas 2009). Biofuels have a long history and 
have been used, particularly in the case of solid fuel, since before recorded history 
as a source of heating, cooking and lighting (Guo et al. 2015). Although, oil is the 
now predominant fuel in automotives, the early development of this industry 
focused on biofuels. Peanut oil was used by Rudolf Diesel in an engine during a 
demonstration in 1900 while the Ford Model-T was designed to use both petroleum 
and ethanol (Altın et al. 2001). Currently, transport is responsible for 34% of global 
energy consumption, while only 4% of transport fuel is sourced from biologically 
derived biofuels (International Energy Agency 2017a, International Energy 
Agency 2017b). Biofuels can be derived from a variety of different materials such 
as dedicated crops, lignocellulose, wastes and algae. Biofuels can be classified into 
four generations based on the source of raw material.  
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1.1.1 First generation biofuels 

First generation biofuels refer to biofuels that are produced from crop-based plants 
such as sugar cane, corn and rapeseed (Aro 2016). First generation sources are 
generally high in fermentable sugars permitting direct conversion to biofuel 
through fermentation processes (Cherubini 2010). Although, first generation 
biofuels provide an overall reduction of greenhouse emissions, they could 
potentially compete with food production in terms of land usage, thereby leading 
to higher global food prices (Sims et al. 2008). However, the effect that cultivation 
of these energy crops have on food prices is subject to debate. In principle, the 
development of first generation biofuels will increase food prices by the 
displacement of food production and the development of competition between 
food and biofuel supply (Searchinger et al. 2008, Sims et al. 2008). However, this 
link between biofuels and food prices has also been described as an over-simplistic 
argument with other factors such as food subsidisation, trade tariffs and the 
potential co-usage of crops for both food and biofuel production, also having a 
significant influence (Ajanovic 2011, Tomei & Helliwell 2016). The expansion of 
biofuel production could result in direct or indirect change in land usage, i.e. the 
conversion of previously forested areas to dedicated biofuel cultivation (Elshout et 
al. 2015, Lapola et al. 2010). Although, the production of biofuels reduces 
greenhouse gas emissions, the initial loss of the natural ecosystem’s carbon stocks 
results in a large release of greenhouse gases. As a result, the time required to 
compensate for this initial release of greenhouse gases by carbon offset through 
the use of biofuels derived from these lands can be between one year to over a 
century depending on the previous land usage (Elshout et al. 2015). Current EU 
legislation limits the amount of biofuel that can be produced from land dedicated 
to biofuel production to 7% of total energy production (European Parliament and 
Council 2015).  

1.1.2 Second generation biofuels 

“The fuel of the future is going to come from fruit like that sumac out by the road, 
or from apples, weeds, sawdust - almost anything. There is fuel in every bit of 
vegetable matter that can be fermented” – Henry Ford (Associated Press 1925) 

Second generation biofuels (advanced biofuels) are fuels generated from 
lignocelluloses (plant biomass) not suitable for food use. Lignocellulose can be 
derived from agricultural by-products (wheat straw, sugar cane bagasse, etc.), 
municipal waste or dedicated biomass (switchgrass, managed forest, etc.) (Sims et 
al. 2010). Lignocellulose is an ideal feedstock for biofuel production due to its 
renewable production and the sizable quantity available. It is estimated that annual 
production of lignocellulose globally is 10-50 Gt and has been described as “the 
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most abundant and renewable organic component in the biosphere.” (Claassen et 
al. 1999). Second generation biofuels were industrially produced as early as the 
beginning of the 20th century; however, the majority of biofuels currently in use 
are derived from first generation sources with only limited quantities sourced from 
second generation lignocellulose (International Energy Agency 2017b, Sherrard & 
Kressman 1945). From 2021, 0.5% of transport fuel in the EU must originate from 
second generation biomass, increasing to 3.6% by 2030 (European Parliament 
2018). 

Lignocellulose can be produced from “dedicated biomass”, whereby 
lignocellulose is cultivated with the sole purpose of producing biofuel, i.e. through 
managed high turnover forests or perennial grasses such as switchgrass (Naik et 
al. 2010). As lignocellulose arising from these sources require land for ad hoc 
biofuel production, they can potentially displace agricultural production similar to 
first generation sources. This can be somewhat mitigated by the use of marginal or 
degraded land (Havlík et al. 2011). Similar to first generation biofuels, the quantity 
of land that can be dedicated to biofuel production from these sources is limited by 
current EU legislation (European Parliament and Council 2015). 

Lignocellulose can also be obtained from the residues of forestry and cereal 
production, e.g. wheat straw and corn stover. An estimated 40 Mt of lignocellulose 
residue is generated annually from agriculture, of which a majority goes unutilised 
(Sanderson 2011). These agricultural residues are ideal biofuel sources as this 
material is inedible by humans and does not necessitate additional land usage, 
thereby avoiding direct competition with food production (Mabee et al. 2011, 
Rogoff & Rawlins 1987).  

1.1.3 Lignocellulose 

Approximately 90% of the dry weight of lignocellulose comprises of three 
biopolymers: cellulose, hemicellulose and lignin (Hadar 2013). In contrast to 
energy crops, lignocellulose generally contains little fermentable monosaccharide 
sugars. Both cellulose and hemicellulose can be hydrolysed into simple sugars 
facilitating further fermentation (Hamelinck et al. 2005). 

Cellulose is a polysaccharide that constitutes 40-60% of the dry weight of 
lignocellulose and is typically the most prevalent polysaccharide in lignocellulose 
biomass (Hamelinck et al. 2005). Cellulose is a linear molecule consisting of 
glucose units linked by β-1,4 glycosidic bonds (Pérez et al. 2002). Hemicellulose 
can comprise 20-40% of lignocellulose biomass (Hamelinck et al. 2005). 
Hemicellulose is a branched polysaccharide with a lower molecular weight 
compared to that of cellulose (McKendry 2002). Unlike cellulose, hemicellulose 
can comprise of numerous sugars including glucose, xylose, arabinose, mannose 
and various uronic units, i.e. 4-O-methyl-glucuronic, D-galacturonic and D-
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glucuronic acids (Jermyn 1955, Pérez et al. 2002). The monosaccharide 
composition of hemicelluloses vary considerably between different plant materials 
(Schädel et al. 2010). Lignin is a large complex polyphenolic polymer which 
constitutes up to 10-25% of lignocellulose (Hamelinck et al. 2005). 

1.1.4 Third and fourth generation biofuels 

Third generation biofuels utilise microalgae for the production of bioethanol and 
biodiesel. However, in contrast to first and second generation biofuels, third 
generation biofuels do not involve the use of plant biomass or require the presence 
of fermentable sugars but rather rely on photosynthesis with CO2 as a carbon 
source (Maity et al. 2014). Fourth generation biofuels refer to the improvement of 
third generation processes by molecular engineering of microalgae to increase 
efficiency of CO2 uptake, and the productivity of fermentation and lipid production 
(Dutta et al. 2014). 

1.2 Biorefinery 

The current refinement processes for crude oil yields a plethora of industrially 
valuable products (Vennestrøm et al. 2011). Approximately, 5-10% of crude oil is 
used for the production of petrochemicals, including ethylene, propylene, benzene, 
butanediol, methanol and a variety of other olefins (Cherubini 2010, Vennestrøm 
et al. 2011). These petrochemicals are used in a vast array of industries, e.g. food 
additives, cosmetics, plastics, pesticides, textiles, pharmaceuticals and 
intermediates in chemical synthesis (Rinaldi & Schüth 2009). The replacement of 
fossil fuels with biofuels will also require the development of platforms for the 
production of biologically derived chemical products to supplant those from 
petrochemicals.  

The biorefinery concept is analogous to current oil refinery, whereby fuel and 
chemicals or chemical precursors are generated during the refinement process. 
However, in the case of biorefinery, the input carbon source originates from plant 
biomass, i.e. lignocellulose (Octave & Thomas 2009). A biorefinery would yield 
an array of compounds, including intermediate and final chemical products, 
suitable for a wide range of industrial processes and energy production (de Jong & 
Jungmeier 2015). Utilising biorefinery rather than linear biofuel production is 
economically beneficial as it allows the additional production of high value 
products (de Jong & Jungmeier 2015). Due to the complexity and variation of 
lignocellulose, both in polymer quantities and the composition of hemicelluloses, 
many different products can be generated (Cherubini 2010). However, as such 
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variation exists biorefineries must employ more processing methods than current 
oil-based refinery (Carvalheiro et al. 2008). 

1.3 Lignocellulose pretreatment 

The accessibility of cellulose and hemicellulose is hampered by lignocellulose 
recalcitrance. Lignocellulose recalcitrance refers to the plant materials natural 
robustness against degradation by microorganisms, enzymes and higher animals 
due to presence of waxes on the epidermal tissues, the quantity of lignin and 
structural heterogeneity of polymers of the cell wall (Himmel et al. 2007). This 
recalcitrance poses a significant hurdle for the implementation of lignocellulose in 
a biorefinery system. To overcome this hindrance, it is necessary that the biomass 
is first pretreated to permit access to these polysaccharides (Kumar et al. 2009b). 
Biomass pretreatment relies on the degradation of lignin and the alteration of the 
crystalline structure of cellulose to enable access of enzymes capable of 
hydrolysing cellulose and hemicellulose into smaller monomeric sugars, thereby 
allowing fermentation processes (Mosier et al. 2005). Lignocellulose can be 
pretreated via a number of different mechanisms including: physical, chemical, 
physicochemical, biological and enzymatic hydrolysis (Cherubini 2010, Kumar & 
Sharma 2017). 

1.3.1 Physical pretreatment 

Physical pretreatment relies on techniques that do not change the composition of 
lignocellulose but rather reduces its particle size by the application of mechanical 
stress (Cherubini 2010, da Costa Sousa et al. 2009). Milling is a commonly 
employed method that involves the cutting of the lignocellulose material creating 
a greater surface area and a decrease in the degree of polymerisation, facilitating 
greater monosaccharide yields through hydrolysis (Taherzadeh & Karimi 2008). 
Milling does not lead to the production of inhibitory compounds such as 
hydroxylmethylfurfural (HMF) and furfural as no heating or pH change occurs 
(Hendriks & Zeeman 2009). 

1.3.2 Chemical pretreatment 

Chemical pretreatment involves the addition of chemical compounds to degrade 
lignocellulose into smaller monomers. Compounds employed to degrade cellulose, 
hemicellulose and lignin include acids, bases, salts and oxidising agents (Behera 
et al. 2014). The application of basic compounds, e.g. NaOH, results in a decrease 
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in cellulose crystallinity and degree of polymerisation, whereas acid pretreatment 
grants greater access to cellulose by degradation of hemicellulose into monomeric 
sugars (Agbor et al. 2011). Acid pretreatment involves the addition of dilute acids 
to degrade cellulose and hemicellulose into fermentable monomer sugars at high 
temperatures. Temperature is a critical parameter in chemical pretreatment as 
elevated temperatures will result in the decomposition of pentose sugars. On the 
other hand, higher temperatures are required to promote cellulose degradation 
(Lenihan et al. 2010). Furthermore, the combination of acid hydrolysis and high 
temperature promotes the formation of inhibitory compounds such as HMF and 
furfural from the degradation of monosaccharides (Wyman 1994).  

1.3.3 Physiochemical pretreatment 

Physiochemical pretreatments rely on a combination of physical and chemical 
processes to degrade lignocellulose, including steam explosion, liquid hot water 
and organosolv, of which steam explosion is one of the most widely implemented 
pretreatment methods for lignocellulose (Behera et al. 2014, da Costa Sousa et al. 
2009). Steam explosion entails the heating of a mixture of lignocellulose and water 
under high pressure for a period of time, after which the pressure is allowed to drop 
rapidly creating a steam explosion. During the heating phase hemicellulose is 
hydrolysed, releasing acetate which in turn results in further hydrolysis (Mosier et 
al. 2005) Steam explosion pretreatment can be further catalysed by the addition of 
acid (Morjanoff & Gray 1987). 

1.3.4 Biological pretreatment 

Many microorganisms possess the capacity to directly degrade lignocellulose 
through the production of various enzymes, e.g. numerous species of fungi can 
directly depolymerise cellulose by producing extracellular hydrolases or by 
degrade lignin using enzymes such as laccases (Sánchez 2009, Sindhu et al. 2016). 
Biological pretreatment can be directly integrated in a combined pretreatment and 
fermentation process known as a consolidated bioprocess, whereby, cellulose and 
hemicellulose are degraded with enzymes, e.g. cellulase and xylanase, thereby 
producing monomeric sugars that can be metabolised by the fermentation 
organism(s) to produce a desired product (Lynd et al. 1996). An example of 
consolidated bioprocessing was the fermentation of non-pretreated switchgrass by 
Caldicellulosiruptor saccharolyticus to produce biohydrogen (Talluri et al. 2013). 
The disadvantage of both biological pretreatment and consolidated bioprocessing 
is that an increased reaction time is required (Kumar et al. 2009b). 
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1.3.5 Enzymatic hydrolysis 

In enzymatic hydrolysis a mixture of enzymes is added to lignocellulose to degrade 
the cellulose and hemicellulose fractions into smaller fermentable sugar molecules. 
A cocktail of cellulases are employed to degrade cellulose to the disaccharide 
cellubiose, e.g. endoglucanases and exoglucanases. Additionally, β-glucosidase 
can be added to further degrade cellubiose to glucose. Enzymes such as xylanase, 
acetyl-esterase and glucomannanase can also be implemented to degrade 
hemicellulose (Sun & Cheng 2002). Due to the recalcitrance of lignocellulose, 
generally enzymatic hydrolysis must be implemented after an initial pretreatment 
step (Chandra et al. 2007). 

1.4 Products in biorefinery 

The products generated by a biorefinery process can be divided into energy, 
material, and, energy and material products. Energy products refer to compounds, 
such as biodiesel, where energy can be derived to produce heat, electricity or a fuel 
source for transportation or other industrial processes. Material products are 
compounds derived via the biorefinery process that are not used for energy 
production but can be utilised as final or intermediate products, e.g. biomaterials, 
bioplastics, organic acid, chemicals and chemical intermediates. Biohydrogen can 
be classified as both an energy and material product due to its ability to function 
as an energy carrier or a reducing agent in chemical synthesis, within and beyond 
the biorefinery process (Cherubini 2010). In a biorefinery the desired fuels and 
chemicals can be generated from the lignocellulose feedstock through a variety of 
methods including chemical, thermochemical and biological transformation (Fig. 
1).  

1.4.1 Thermochemical products 

Thermochemical processes using lignocellulose involve the direct conversion of 
biomass into products using high temperatures and generally fall into four 
categories; combustion, liquefaction, gasification and pyrolysis (Demirbas 2009, 
Kumar et al. 2009a). Liquefaction involves heating the biomass between 250 – 400 
°C under high pressure (50-200 Bar) to yield bio-oil, gas residue and a solid residue 
(Huang & Yuan 2015). Gasification is a process in which the solid biomass is 
converted into a gaseous fuel (syngas) via heating the biomass to 800–1300 °C and 
controlling oxygen content to prevent complete combustion (Panwar et al. 2012). 
In pyrolysis biomass is heated under high pressure and an inert atmosphere to 
generate oily compounds (Demirbaş 2000) 
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1.4.2 Fermentation products 

The pretreatment of lignocellulose results in the generation of monomeric sugars, 
which can be utilised as substrates for fermentation processes by microorganisms, 
thereby yielding various bio-based products (Kawaguchi et al. 2016). Various 
products can be generated from lignocellulose hydrolysates by an array of 
organisms such as bacteria, yeast, fungi and methanogen (Table 1). 

Additionally, fermentation processes can be coupled in tandem for the 
simultaneous production of several products using sequential bioreactors. These 
sequential fermentation processes rely on using two separate bioreactors each 
containing different microorganisms, which either consume different substrates or 
utilise a metabolic product of the previous bioreactor. These sequential 
fermentation processes have been coupled with hydrogen dark fermentation 
allowing further fermentation of acetate into products such as methane or 
polyhydroxybutyrate (PHB) (Benemann 1996, Liu et al. 2006, Pawar et al. 2013, 
Papers II and III). Sequential fermentation can be undertaken to utilise different 
sugars when one of the product forming microorganisms cannot metabolise one or 
more of the sugars present in the lignocellulosic hydrolysate. This has been 
demonstrated by the co-production of ethanol and xylitol from corn stover using a 
two-step process. Initially, corn stover was fermented with Saccharomyces 
cerevisiae utilising glucose to yield ethanol, while a subsequent step produced 
xylitol from xylose with Candida tropicalis (Swain & Krishnan 2015). 

Due to the variety of different sugars formed during hydrolysis of hemicellulose, 
a substantial amount of various sugars are produced, including pentoses such as 
xylose and arabinose (Kumar et al. 2009b). In wheat straw hydrolysate 30% of the 
total sugars are pentoses (Paper II). Therefore, the implementation of organisms 
capable of utilising a broad range of sugars is advantageous in a biorefinery system 
(Kumar et al. 2009b).  

1.5 Hydrogen and biorefinery 

Hydrogen has that attributes which could classify it as an environmentally ideal 
energy carrier. Hydrogen has a high energy density (142 MJ/kg) and is the only 
carbon-free fuel available, as the only end-product from combustion or when used 
in a hydrogen fuel cell is water vapour (Balat 2008). Hydrogen can be produced 
by a variety of mechanisms in a biorefinery, i.e. through thermochemical synthesis 
and via biological hydrogen production (Kleinert & Barth 2008, Levin et al. 2004). 
Biological hydrogen (biohydrogen) is hydrogen that is produced by certain 
microorganisms through several possible metabolic pathways (Chapter 2). 
Although, the vast majority of hydrogen is currently generated from fossil fuels or 
water splitting, biohydrogen is an emerging technology for the generation of 
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hydrogen (Balat 2008, Kapdan & Kargi 2006, Nikhil et al. 2017). Biohydrogen, 
particularly when yielded through dark fermentation, has been previously 
described as a potential nexus point within a biorefinery whereby both hydrogen 
and organic acids are yielded during hydrogen fermentation (Venkata Mohan et al. 
2016). These organic acids can be further fermented into products such as methane 
and the bioplastic PHB (Paper II and III). Within a biorefinery, hydrogen can be 
utilised as an energy carrier or yield additional products through chemical 
processes, e.g. hydrogenolysis (Bozell & Petersen 2010).  

Table 1 Fermentation products´generated from different sources of lignocellulose and their potential industrial 
applications 

 
Beyond biorefinery, biohydrogen has the potential to be an ideal green fuel for 

transport and electricity generation (Meher Kotay & Das 2008). Hydrogen is also 
used in an array of industries as a reducing agent, including fertiliser production 
and the refinement of petroleum and metals (Hornung 2014, Luidold & 
Antrekowitsch 2007). 
 

Product Lignocellulosic 
substrate 

Organism Potential use Reference 

2,3-butanediol Corn stover Bacillus 
licheniformis 

Various bulk 
chemicals 

Li et al. 
(2014) 

Butanol Napier Grass Clostridium 
acetobutylicum 

Fuel, Solvent He et al. 
(2017) 

Butyric acid Wheat straw Clostridium 
tyrobutyricum 

Food 
additives, 
bioplastics 

Baroi et al. 
(2015) 

Citric Acid Palm oil empty 
fruit bunches 

Aspergillus niger 
IBO-103MNB 

Food additive Bari et al. 
(2009) 

Fumaric Acid Corn Straw Rhizopus oryzae Food 
additives 
polyester 

resins 

Xu et al. 
(2010) 

Hydrogen Wheat straw Caldicellulosirptor 
saccharolyticus/ 

owensensis 

Fuel, 
Reducing 

agent, 

Paper II 

Itaconic acid Wheat chaff Aspergillus terreus Synthesis of 
polyesters 

Krull et al. 
(2017) 

Lactic acid Vine shoot 
trimmings 

Lactobacillus 
pentosus 

Polylactic 
acid, food 
additives 

Bustos et al. 
(2004) 

Polyhydroxybutyrate Soybean husk, 
sunflower 

husk, and wood 
straw 

Ralstonia eutropha Bioplastic Saratale and 
Oh (2015) 

Succinic Acid Corn cob Corynebacterium 
glutamicum NC-2 

Precursor for 
plastics, 

resins, 1,4 
butanediol 

Wang et al. 
(2014) 

Xylitol Bamboo culm Candida magnoliae Food additive Miura et al. 
(2013) 
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2. Biohydrogen 

“I believe that water will one day be employed as fuel, that hydrogen and oxygen 
which constitute it, used singly or together, will furnish an inexhaustible source of 
heat and light, of an intensity of which coal is not capable” Jules Verne, 1874 

Hydrogen is used in a variety of industrial processes and has great future potential 
as an energy carrier. Although, hydrogen is the most abundant element in the 
universe, hydrogen gas is only present in minute quantities (0.07%) in the 
atmosphere (Das & Veziroǧlu 2001). The vast majority of hydrogen is derived 
from fossil fuels or through the process of water splitting (Balat & Balat 2009). An 
alternative to the current production methods is the sustainable production of 
hydrogen from lignocellulose feedstocks using microorganisms that can 
metabolically produce hydrogen.  

2.1 Enzymes 

All biological hydrogen production relies on two enzymes: hydrogenase and 
nitrogenase (Kovács et al. 2006). Hydrogenases are the most important group of 
enzymes for the production of biohydrogen. Hydrogenases catalyse the reversible 
reaction (eq. 1). 2ܪା + 2	݁ି		⇌  ଶ   (1)ܪ	

The directionality of this reaction is based on the redox potential of compounds 
interacting with the enzyme (Vignais & Billoud 2007). Hydrogenases are diverse 
in respect to their size and other attributes and can be classified into three distinct 
groups based upon the sequence similarities and metal content of their catalytic 
core: [NiFe]-, [FeFe]- and [Fe]- hydrogenases (Vignais & Billoud 2007, Vignais 
et al. 2001). [NiFe]- hydrogenases are found in bacteria and archaea whereas the 
majority of [Fe-Fe] hydrogenases occur in anaerobic bacteria and eukaryotes 
(Vignais & Billoud 2007). [Fe]- hydrogenases are rare and are only found in 
certain archaea such as Methanocaldococcus jannaschii (Pilak et al. 2006, Vignais 
& Billoud 2007). Hydrogenases are oxygen sensitive with complete inhibition of 
hydrogen production at oxygen concentrations as low as 1% (Lukey et al. 2011, 
Vignais & Billoud 2007). However, both native and engineered oxygen-tolerant 
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hydrogenases have been identified and developed (Burgdorf et al. 2005, Lukey et 
al. 2011). In addition, hydrogenases are subject to product inhibition at elevated 
hydrogen partial pressures (Kengen et al. 2009). 

Hydrogen can be generated as a by-product of nitrogen fixation, whereby 
nitrogen gas (N2) is converted to ammonia via a nitrogenase enzyme (Tamagnini 
et al. 2007). Biological production of hydrogen via nitrogenase is costly in terms 
of ATP, requiring at least 4 ATP molecules to form one H2 molecule (Asada & 
Miyake 1999). Hydrogenases are superior to nitrogenases with regard to hydrogen 
production as hydrogenases allow for up to 1000 times greater hydrogen evolution 
than nitrogenases and are also ATP independent (Benemann 2000). Nevertheless, 
nitrogenases yield significant quantities of hydrogen due to large copy numbers of 
this enzyme being present in the cell (Kovács et al. 2006).  

2.2 Mechanisms of biohydrogen production 

Hydrogen can be produced metabolically through several different mechanisms. 
These can be divided into light-depend systems, such as direct biophotolysis, 
indirect photolysis and photofermentation, and light-independent fermentation, the 
so-called dark fermentation.  

2.2.1 Direct biophotolysis 

Direct biophotolysis is a process where hydrogen is generated photosynthetically 
by the biological splitting of water and is generally performed in anaerobic 
conditions by green algae (Brentner et al. 2010, Levin et al. 2004). This 
photosynthesis process relies on two photosystems: photosystem I (PSI) and 
photosystem II (PSII) (Das & Veziroǧlu 2001). Light with an absorbance below 
680 nm is absorbed by PSII that oxidises water into O2, protons and electrons. PSI 
absorbs light below 700 nm and produces reducing factors (NAD(P)+) in order to 
permit the reduction of CO2. In direct biophotolysis electrons flow from PSII to 
PSI to the hydrogenase via the electron carrier ferredoxin (Das & Veziroǧlu 2001, 
Oh et al. 2013). 

During biophotolysis, 0.5 mole O2 is produced per mole H2. However, the 
presence of O2 negatively affects the production of hydrogen as O2 irreversibly 
binds to and inhibits the Fe-Fe hydrogenases as well as acting as a transcriptional 
repressor for the expression of hydrogenase (Brentner et al. 2010). The great 
barrier to industrial hydrogen production from direct biophotolysis is the low 
volumetric productivity (QH2) through this mechanism (Table 2) and the safety 
aspects of co-production of hydrogen and oxygen. 
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2.2.2 Indirect biophotolysis 

Indirect biophotolysis relies on a similar mechanism as direct biophotolysis but 
avoids simultaneous O2 and H2 formation by the decoupling of photosynthesis and 
hydrogen formation (Benemann 1996). Indirect biophotolysis is a two-step process 
where an initial photosynthetic process produces oxygen and fixates carbon which 
is stored. The second step involves the anaerobic fermentation of this stored carbon 
into hydrogen (Hallenbeck 2012). This was demonstrated by Huesemann et al. 
(2010) who initially cultivating Plectonema boryanum with a photosynthesis phase 
(high intensity light) producing intracellular glycogen followed by a hydrogen 
generation phase requiring nitrogen depletion and reduction of light intensity.  

2.2.3 Photofermentation 

In photofermentation, biohydrogen is produced from organic substances, such as 
organic acids, by purple non-sulphur bacteria (Show & Lee 2013). 
Photofermentation primarily relies on the formation of hydrogen via a nitrogenase. 
Hydrogen can be generated as a side product of nitrogen fixation, or more 
significantly, in the absence of N2 the nitrogenase acts as a hydrogenase, albeit with 
a specific activity an order of magnitude lower than that of a Ni-Fe hydrogenase 
(McKinlay & Harwood 2010, Weissman & Benemann 1977). In this system, excess 
NAD(P)H derived from the utilisation of sugars or organic acids in the central 
metabolism inhibits growth and are removed by the transfer of electrons to the 
photosystem (Hallenbeck 2011, McKinlay & Harwood 2010). These electrons are 
energised by light and are repeatedly cycled to create a proton gradient, that in turn 
generates both ATP and reduced ferredoxin that drive the nitrogenase reaction 
yielding hydrogen (Hallenbeck 2011). In photofermentation a maximum hydrogen 
yield (YH2) of 4 mol H2 /mol acetate is possible (Uyar et al. 2009).  

2.2.4 Dark fermentation 

Although, light-dependent systems can yield hydrogen, they suffer from low QH2 
(Table 2), low light utilisation and inhibition from oxygen production, thereby, 
creating difficulty in industrial implementation for biohydrogen production (Nath 
& Das 2004). Alternatively, dark fermentation can be utilised to generate hydrogen 
independently of light by harnessing the metabolisms of particular obligate and 
facultative anaerobic bacteria or archaea under anoxic conditions (Nandi & 
Sengupta 1998, Ntaikou et al. 2010). Hydrogen is formed by certain 
microorganisms due to a lack of external electron acceptors hence requiring the 
disposal of excess electrons by the reduction of protons (Gray & Gest 1965). There 
are two possible mechanisms in which hydrogen can be produced via dark 
fermentation (Fig. 2). In one pathway pyruvate is decarboxylated into acetyl-coA 
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yielding reduced ferredoxin (Fdred) which is used as an electron donor for a 
ferredoxin hydrogenase. The second mechanism involves the formation of formate 
and acetyl-CoA from pyruvate and CoA. Formate is subsequently broken down into 
H2 and CO2 by the formate hydrogenlyase complex (Khanna & Das 2013). Initially, 
formate is dehydrogenated into CO2, protons and electrons followed by conversion 
to hydrogen using a hydrogenase subunit of this complex (McDowall et al. 2014, 
Thauer et al. 1977)  

 
 
Figure 2 Metabolic pathways for hydrogen production via dark fermentation via formation of formate (A) and ferredoxin 
(B). F H2ase, ferredoxin hydrogenase; FHL, formate hydrogenlyase; N H2ase, NADH dependent hydrogenase, PHF, 
pyruvate formate lyase; PFOR, pyruvate:ferredoxin oxidoreductase. Adapted from Carere et al. (2012), Hallenbeck 
(2009) and Liu et al. (2017) 

In addition to hydrogen, dark fermentation must yield other metabolic products 
to synthesise ATP (acetate, butyrate) or to oxidise NADH (butanol, butyrate, 
ethanol and lactate) (Hallenbeck & Ghosh 2009). Alternatively, NADH can be 
further oxidised into H2 and NAD+ (Jungermann et al. 1973). The maximum YH2 

from glucose (Thauer limit) is 4 mol H2/mol hexose when acetate is produced and 
2 mol H2/mol hexose when butyrate is yielded as a by-product (Jungermann et al. 
1973, Thauer et al. 1977).  

Dark fermentation and photofermentation can be combined into a two-step 
process where initial dark fermentation yields hydrogen and organic acids (acetate 
and butyrate) and the subsequent photofermentative reaction generates hydrogen 
from these organic acids. A combined dark fermentation and photofermentation 
process has a theoretical maximum YH2 of 12 H2/mol hexose (Hallenbeck & 
Benemann 2002, Keasling et al. 1998). In practice, the greatest reported YH2 from 
a combined process is 9.4 H2 mol/mol glucose consisting of a dark fermentation 
with T. neapolitana followed by photofermentation with Rhodopseudomonas 
palustris (Dipasquale et al. 2015).

D- Glucose

Pyruvate

ADP + Pi

ATP

Formate Acetyl CoA

CO2H2

AcetateEthanol

ADP + Pi
ATP + CoA

CoA
CO2

2 NADH
2 NAD+

H+

H2

NADH
NAD+

D- Glucose

Pyruvate

ADP + Pi

2 ATP

Acetyl CoA

Fdox

Fdred

H2
H+

Acetate

ADP + Pi

ATP + CoA

CO2

H+

H2

NADH
NAD+

CoA

A B

NAD+

NADH + H+
NAD+

NADH + H+

PFL

FHL

PFOR

F H2ase

N H2aseN H2ase



16 

2.2.5 Dark fermentation cultures 

Cultures for biohydrogen production can be divided into defined mono-, co-
cultures or undefined enrichment cultures (Pawar & Niel 2013). Mono-cultures 
refer to fermentation processes where a single known strain is employed to produce 
hydrogen. Hydrogen can be produced by mono-cultures of numerous species of 
bacteria (Table 2). As a dark fermentation mono-culture relies on one organism; 
the limitations of such a process are based on the inherent abilities or idiosyncrasies 
of the organism, i.e. sugar utilisation profile, QH2, oxygen tolerance and nutritional 
requirements (Elsharnouby et al. 2013).  

Co-cultures on the other hand, involve the implementation of two or more 
organisms in a fermentation but unlike an undefined enriched culture, the identity 
of organisms are known. The implementation of co-cultures rather than mono-
cultures can result in an overall improvement in the production of hydrogen 
compared to mono-cultures with regard to oxygen tolerance, QH2, YH2 and substrate 
utilisation (Elsharnouby et al. 2013). Co-cultures of the obligate anaerobic 
bacterium Clostridium butyricum and facultative anaerobe Enterobacter 
aerogenes allowed for greater tolerance to oxygen as E. aerogenes was capable of 
consuming oxygen within the bioreactor. Additionally, as this organism could 
facilitate the formation of an anaerobic environment, the reducing agent L-cysteine 
could be omitted (Yokoi et al. 1998). The co-culture of different members of the 
Caldicellulosiruptor genus have been demonstrated to permit greater QH2 and 
biofilm formation (Pawar et al. 2015, Zeidan et al. 2010).  

Co-cultures can also facilitate a wider range of sugar utilisation from 
lignocellulosic hydrolysate or permit enhanced degradation of lignocellulose 
(Elsharnouby et al. 2013). Moreover, co-culturing of microorganisms may have a 
synergistic effect compared to the respective species in mono-culture. A co-culture 
of Clostridium thermocellum JN4 and Thermoanaerobacterium 
thermosaccharolyticum GD17 displayed a synergistic effect whereby 
hemicellulose could be consumed, despite neither organism being capable of 
hemicellulose utilisation in mono-culture. This occurred as the cellulose complex 
of Cl. thermocellum JN4 can also degrade xylan to xylose, however, Cl. 
thermocellum JN4 is unable to metabolise xylose. T. thermosaccharolyticum 
GD17 on the other hand, can utilise xylose but is unable to degrade xylan (Liu et 
al. 2008). Therefore, xylose yielded by the degradation of xylan to xylose by Cl. 
thermocellum JN4 could be used as a substrate for T. thermosaccharolyticum 
GD17. 

An undefined culture is a complex mixture of microorganisms where the identity 
of the organisms present in the culture is unknown and can be derived from sources 
such as methanogenic sludge (Svensson et al. 1992). The enrichment of hydrogen 
producers in undefined methanogenic sludge requires the removal of hydrogen 
consuming organisms by the treatment of the sludge with temperatures at or above 
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90°C, exposure to high or low pH or the addition of compounds that inhibit 
methanogenesis such as 2-bromoethanesulfonic acid (Chen et al. 2002, Dessì et al. 
2017, Lay et al. 1999, Zehnder & Brock 1979). As mixed consortia consists of 
diverse microbial populations, they have the advantage of undergoing a variety of 
metabolic reactions, such as simultaneous sugar consumption and cycling of 
nutrients, that may not be possible for a defined mono-culture (Brenner et al. 2008, 
Paerl & Pinckney 1996). These undefined cultures also demonstrate a high degree 
of robustness due to the wide variety of species present and as such can adapt to 
low substrate concentration by shifting the population dynamics within the 
consortium (LaPara et al. 2002). The advantage of this robustness is that these 
undefined consortia can be utilised in systems with varying operating parameters. 
A study by Goud et al. (2012) illustrated than an enriched hydrogen producing 
consortium can adapt to internal reactor pH as diverse as 4.1 and 7.2. 

As these consortia comprise of diverse microbial communities, it is possible to 
adapt these cultures to operate in both mesophilic and thermophilic conditions. It 
has been demonstrated that hydrogen production from activated sludge with a 
xylose substrate could be undertaken at 37°C, 55°C and 70°C using the same 
culture (Dessì et al. 2017). The adaption of undefined hydrogen cultures to 
different temperatures results in a marked alteration to the population dynamics 
with Clostridium becoming dominant at mesophilic temperatures whereas at 
elevated temperatures Bacillus and Thermoanaerobacter are majority genera 
(Carrillo-Reyes et al. 2016, Karadag & Puhakka 2010). Complex consortia can 
also promote biofilm formation and possess a greater resistance to contamination 
(Burmølle et al. 2006). However, undefined cultures generally result in lower YH2 
compared to mono- or co-cultures (Pawar 2014). A study by Chaganti et al. (2012) 
demonstrated that the reduction in YH2 in mesophilic cultures may occur due to the 
presence of hydrogen-consuming organisms within the consortium.  

2.2.6 Thermophilic fermentation 

Hydrogen can be generated through dark fermentation by species of bacteria and 
archaea at thermophilic, extreme thermophilic and hyperthermophilic 
temperatures (Levin et al. 2004, Verhaart et al. 2010). At elevated temperatures 
biological production of hydrogen is more thermodynamically favourable than at 
mesophilic temperatures with the process also becoming less sensitive to hydrogen 
partial pressures (Stams 1994). The NADH and the Fdred pathways are sensitive to 
hydrogen partial pressures with the NADH pathway more sensitive to both 
parameters than that of the Fdred pathway as formation of hydrogen via NADH is 
less thermodynamically favourable (Eq. 2 and 3) (Stams 1994).  
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௥௘ௗ݀ܨ2 + ାܪ2 → ௢௫݀ܨ	2 + ܪܦܣܰ ଶ ∆G0’=3.1 kJ (2)ܪ + ାܦܣܰ→ାܪ +  ଶ ∆G0’=18.1 kJ (3)ܪ
 

 As the generation of hydrogen from NADH is more unfavourable at lower 
temperatures, mesophilic organisms generally have a YH2 of approximately 2 mol 
H2/ mol hexose (Chou et al. 2008). On the other hand, as hydrogen production at 
higher temperatures is more exergonic via both NADH and Fdred, thermophilic 
organisms can potentially possess a YH2 approaching the Thauer limit of 4 mol 
H2/mol hexose (Kengen et al. 2009, Thauer et al. 1977, Willquist et al. 2010). In 
addition to a high YH2, a large number of studied thermophilic hydrogen producers 
are capable of metabolising a wide array of sugars or direct consumption of 
cellulose and hemicellulose (Blumer-Schuette et al. 2008).  

The cultivation of thermophilic bacteria also has the advantage of reducing the 
probability of contamination during fermentation as the high temperature 
precludes growth by a majority of microbial species (Kodama & Minoda 1977). 
Although contamination is less likely, contamination of thermophilic cultures of 
Caldicellulosiruptor saccharolyticus with a cultivation temperature of 73°C has 
been observed when operated in a non-sterile trickle bed. However, in this case the 
hydrogen producer C. saccharolyticus remained as the dominant species in the 
cultivation despite the contamination (van Groenestijn et al. 2009).  
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3. Caldicellulosiruptor 

Caldicellulosiruptor is a genus of gram-positive, obligatory anaerobic bacteria 
(Rainey et al. 1994, Schleifer 2009). The genus Caldicellulosiruptor contains 
extreme thermophilic species with the optimum growth temperature of most 
species above 70°C. To date a total of 14 species of Caldicellulosiruptor have been 
identified in literature (Table 3), of which 9 have standing in prokaryote 
nomenclature (Parte 2014). A majority of Caldicellulosiruptor species have been 
isolated from thermal hot springs. The genus has been demonstrated to be a 
potential candidate for the industrial production of biohydrogen due to its ability 
to yield hydrogen close to the maximum stoichiometric ratio of 4 mol H2/mol 
hexose and its use of a broad spectrum of carbohydrates (Rainey et al. 1994, van 
Niel et al. 2002). Although, there are a total of 14 species in the genus 
Caldicellulosiruptor, a great deal of research has focused on two species C. 
saccharolyticus and C. bescii. 

3.1 Substrate utilisation 

The majority of species belonging to the genus Caldicellulosiruptor, including C. 
saccharolyticus, are capable of direct utilisation of lignocellulose, namely the 
cellulose and hemicellulose fractions (Rainey et al. 1994, Schleifer 2009). C. 
saccharolyticus possesses a multitude of glycoside hydrolases capable of 
degrading multiple polymeric sugars. In C. saccharolyticus, these enzymes are 
either secreted, membrane bound or located in the cytoplasm thereby degrading 
imported oligosaccharides (VanFossen et al. 2011). Unusually, compared to other 
cellulolytic Clostridia, Caldicellulosiruptor does not possess a cellulosome but 
contain multi-functional cellulases with multiple catalytic domains specific to 
different components of lignocellulose (Bergquist et al. 1999, Brunecky et al. 
2013, Dam et al. 2011). Although, most members of the Caldicellulosiruptor genus 
demonstrate growth when microcrystalline cellulose (Avicel) is employed as a 
substrate, this is species dependent with significantly less growth by C. owensensis 
than C. saccharolyticus. This is due to the variation of the glycoside hydrolase 
profile of each species with C. owensensis possessing less cellulose glycoside 
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hydrolases but more xylan glycoside hydrolases than C. saccharolyticus (Blumer-
Schuette et al. 2010).Caldicellulosiruptor can also directly adhere to cellulose 
through by utilising unique proteins known as tāpirins (Blumer-Schuette et al. 
2015). These proteins are most likely found on the cell surface of 
Caldicellulosiruptor and facilitate close proximity to the lignocellulose substrate, 
thereby, increasing the efficiency of the glycoside hydrolases (Lee et al., 2018b). 
The ability of Caldicellulosiruptor to directly catabolise lignocellulose makes it a 
promising candidate for integration into biorefinery as it would permit 
consolidated bioprocess, removing the necessity for biomass pretreatment and 
enzymatic hydrolysis.  

One of the defining features of the Caldicellulosiruptor genus (with the 
exception of C. lactoaceticus) is the ability to utilise a wide array of sugars and 
sugar alcohols (Schleifer 2009). The bacterium, C. saccharolyticus can metabolise 
numerous sugars derived from lignocellulose material, including hexoses such as 
glucose, galactose and mannose as well as pentoses such as xylose and arabinose 
(Rainey et al. 1994). The importation of soluble sugars (mono-, di- 
oligosaccharides) occurs via a host of ABC transporters at the expense of ATP 
(van de Werken et al. 2008). C. saccharolyticus possesses at least 177 genes 
encoding for ABC transporters of which 24 have been identified as having 
specificity to one or more sugars. Several ABC transporters are proposed to have 
the capability to import a broad spectrum of monosaccharides (van de Werken et 
al. 2008, VanFossen et al. 2009). 

In C. saccharolyticus, multiple carbon sources are simultaneously metabolised 
without catabolite repression (van de Werken et al. 2008). When cultivated on a 
sugar mixture, C. saccharolyticus will consume each sugar concurrently but at a 
different rates with a general preference for pentoses (fructose > arabinose > xylose 
> mannose > glucose). However, it must be noted that the order of sugar preference 
varies depending on the sugar mixtures employed (VanFossen et al. 2009). 
Although C. saccharolyticus can co-utilise numerous sugars while lacking 
catabolite repression, a biphasic production of hydrogen can be observed in certain 
circumstances (Paper IV). 

The ability of Caldicellulosiruptor to use a wide range of sugars without 
catabolite repression is advantageous within a biorefinery setting as the ability to 
metabolise multiple sugars simultaneously permits utilisation for both the cellulose 
and hemicellulose fractions of lignocellulose. Moreover, the lack of carbon 
catabolite repression increases the efficiency as sequential sugar utilisation is not 
present (Kim et al. 2010). 
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3.2 Hydrogen production 

The mechanism by which Caldicellulosiruptor produces hydrogen has yet to be 
fully resolved. It has been previously reported that C. saccharolyticus possesses 
two hydrogenases, a [Fe-Fe]1 hydrogenase and a [Ni-Fe] hydrogenase. The [Fe-
Fe] hydrogenase is hypothesised to generate H2 by the oxidation of NADH, 
whereas the Ni-Fe hydrogenase produces H2 from Fdred and likely acts as a proton 
pump to create a proton motive force (van de Werken et al. 2008). Additionally, 
C. bescii also possesses a [Ni-Fe] and an [Fe-Fe] hydrogenase. In this system, the 
[Ni-Fe] hydrogenase uses Fdred and acts as a proton pump similar to that described 
in C. saccharolyticus (Cha et al. 2013, van de Werken et al. 2008). The [Fe-Fe] 
hydrogenase in C. bescii is, however, a bifurcating enzyme, simultaneously 
utilising a 1:1 ratio of NAD(P)H and Fdred to produce H2. The deletion of the Ni-
Fe hydrogenase in C. bescii results in an increase in available NADH, nevertheless, 
no observable decrease in H2 production occurs, indicating that this hydrogenase 
is not an essential enzyme for H2 production (Cha et al. 2013). Bioinformatics 
studies have postulated that C. saccharolyticus could possess a bifurcating [Fe-Fe] 
hydrogenase similar to C. bescii rather than the aforementioned two-enzyme 
system (Carere et al. 2012, Willquist et al. 2011).  

Glycolysis in C. saccharolyticus is carried out exclusively by the Embden 
Meyerhof pathway whereby all sugars with the exception of methylpentoses such 
as rhamnose and fucose are converted to pyruvate via glyceraldehyde 3-phosphate 
(Bielen et al. 2013a, de Vrije et al. 2007, Ingvadottir et al. 2017). In an optimal 
process where the Thauer limit of 4 H2 mol/mol hexose is obtained, the NADH 
necessary for hydrogen formation via the [Fe-Fe] hydrogenase is generated by the 
conversion of GAP to pyruvate. The Fdred required by the Ni-Fe hydrogenase is 
coupled to the oxidation of pyruvate to acetyl-CoA by the enzyme ferredoxin 
oxidoreductase (Fig. 2) (Bielen et al. 2013a) 

3.2.1 Hydrogen production from lignocellulose 

Caldicellulosiruptor has the potential to be integrated into a biorefinery system 
given its capacity to produce hydrogen close to the theoretical maximum YH2 while 
co-consuming multiple sugars, including hexoses and pentoses. The production of 
hydrogen via Caldicellulosiruptor has been studied with a variety of different 
lignocellulosic materials, both hydrolysates and direct use of lignocellulose (Table 
4). In addition, as acetate is the main metabolic by-product, the effluent of 

                                                      
1 The original paper by van de Werken et al. (2008) refer to this enzyme as an [Fe-] only hydrogenase, 
however, due to a change in terminology this type of enzyme is now an [Fe-Fe] hydrogenase 
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Caldicellulosiruptor fermentations can be utilised to yield additional products. 
One possible option is to employ a subsequent photofermentation step after dark 
fermentation with Caldicellulosiruptor to increase the YH2 from the process. When 
molasses was employed in a two-step process with C. saccharolyticus and 
Rhodobacter capsulatus a total YH2 of 6.85 mol H2/mol hexose could be obtained 
(Özgür et al. 2010a, Özgür et al. 2010b). The effluent from dark fermentation with 
C. saccharolyticus has also been investigated for methane production via 
methanogenic consortia and the production of the bioplastic PHB through 
cultivation with Ralstonia eutropha (Pawar et al. 2013, Papers II and III)  

The pretreatment of lignocellulose also yields a large number of compounds that 
can inhibit fermentation, such as HMF, furfural and phenolics derived from lignin 
(Palmqvist & Hahn-Hägerdal 2000). C. saccharolyticus has been previously 
demonstrated to be inhibited by HMF and furfural, with a 50% inhibition at 
concentrations between 1 and 2 g/L of either compound (de Vrije et al. 2009). A 
study by de Vrije et al. (2010) focused on the generation of hydrogen from C. 
saccharolyticus from Miscanthus hydrolysate pretreated with heated NaOH 
followed by enzymatic hydrolysis. C. saccharolyticus was batch cultivated at 
varying concentrations of the hydrolysate. When compared to defined medium 
containing the corresponding concentration of sugars to the hydrolysate, no 
significant differences in either YH2 or QH2 were observed with the exception of 28 
g/L of hydrolysate. At this concentration, the YH2 did not deviate substantially 
compared to the corresponding cultivation on a pure sugar mixture; however, the 
QH2 was reduced from 9.7 to 6.2 mmol/L/h when hydrolysate was used as a 
substrate. On the other hand, when cultivated on wheat straw hydrolysate 
pretreated with steam explosion followed by enzymatic hydrolysis, 
Caldicellulosiruptor demonstrated both higher cell mass and hydrogen 
productivities in comparison to a defined medium (Pawar et al. 2013, Paper III). 
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Figure 3 Schematic illustration of the Embden Meyerhof pathway in C. saccharolyticus. Dotted lines indicate that the 
enzyme(s) belonging to the ethanol metabolic pathway have not yet been established. DHAP; Dihydroxyacetone 
phosphate; F6P, fructose 6-phoshpate; F1,6-Bp, Fructose 1,6 bisphosphate; GAP, D-glyceraldehyde 3-phosphate; 
PEP, Phosphoenolpyruvate; PPi, Pyrophosphate; 1,3-BPG, 1,3-Bisphosphoglycerate. This illustration was adapted 
from Bielen et al. (2013a) 
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3.3 Limitations of Caldicellulosiruptor  

 

Although, Caldicellulosiruptor possesses many attributes of a promising hydrogen 
producer in an industrial process, such as a wide substrate utilisation and high YH2 

there are several hurdles that need to be overcome to make such a process both 
technically and economically feasible.  

3.3.1 Hydrogen partial pressure 

The generation of biohydrogen can suffer from product inhibition by the presence 
of elevated hydrogen concentrations (Bielen et al. 2013b, Levin et al. 2004, 
Willquist et al. 2011). C. saccharolyticus can tolerate hydrogen partial pressures 
up to 67 kPa. However, with increasing hydrogen concentrations, the carbon flux 
is redirected from acetate towards lactate and ethanol, consequently, reducing YH2. 
At these high partial pressures YH2 is reduced from 3.5 to 1.8 mol/mol hexose with 
a significant metabolic shift to lactate and ethanol formation (Willquist et al. 2011). 
This is likely due to the sensitivity of the NADH dependent hydrogenase, as 
hydrogen produced via the NADH pathway is less thermodynamically favourable, 
particularly at elevated hydrogen partial pressures (Kengen et al. 2009). Lactate 
formation is initiated when hydrogen partial pressures reach 2.1 kPa (Willquist et 
al. 2011). In C. saccharolyticus, the ratio between NADH and NAD+ plays an 
essential role in lactate formation with elevated concentrations of NADH 
increasing lactate yield while NAD+ acts as a competitive inhibitor to the lactate 
dehydrogenase (Willquist & van Niel 2010).  

As hydrogen is poorly soluble in water, the supersaturation of hydrogen in the 
liquid phase can occur during biological hydrogen production and has been 
previously observed to exceed the equilibrium concentration (Beckers et al. 2015, 
Kraemer & Bagley 2006). The supersaturation has been shown to inhibit both 
mesophilic and thermophilic hydrogen production at 70°C (Kraemer & Bagley 
2006, Ljunggren et al. 2011b, Zhang et al. 2013). In C. saccharolyticus saturation 
can range from 4.2 to 52 times that of equilibrium (Ljunggren et al. 2011b).  

3.3.2 Osmolarity 

C. saccharolyticus is also relatively sensitive to elevated concentrations of solutes 
with a critical osmolarity of between 0.27 and 0.29 Osmol/kg (Ljunggren et al. 
2011b). Additionally, above a concentration of 0.22 Osmol/kg, growth inhibition 
and cell lysis of C. saccharolyticus arises (Willquist et al. 2009). A reduction in 
YH2 under high osmolarity conditions due to a metabolic shift of carbon towards 
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lactate also occurs. Similar osmolarity-based inhibition has been observed in C. 
bescii (Farkas et al. 2013). 

When a bacterium is exposed to a hyperosmotic stress, a rapid loss of water from 
the cytosol occurs (Kempf & Bremer 1998). Bacteria can adapt to osmostress by 
the accumulation of ions, as in the case of halophiles, or by the synthesis and 
accumulation of compounds known as compatible solutes (Brown 1976, Sleator & 
Hill 2002). Compatible solutes (osmoprotectants) are compounds that are highly 
soluble and carry no net charge at physiological conditions. Compatible solutes 
protect against osmostress by balancing the osmolarity between the cytosol and the 
exterior or the cell (Kempf & Bremer 1998). Additionally, compatible solutes also 
stabilise enzyme activities at elevated osmolarities (Sleator & Hill 2002). 
Bioinformatics studies of C. saccharolyticus and C. owensensis indicate that these 
species lack the ability to synthesise various compatible solutes with the exception 
of the amino acids glutamate and proline (Willquist et al. 2009, Paper I).  

The cultivation of Caldicellulosiruptor with concentrated hydrolysates 
generally results in a reduced YH2 (Table 4) with C. saccharolyticus incapable of 
growth in wheat straw hydrolysate concentrations above 20% (Pawar et al. 2013). 
The requirement for substrate dilution invariably increases water demand and 
hence requires additional heating leading to increased process costs (Foglia et al. 
2010). Furthermore, low substrate concentrations can create difficulties in 
downstream processes. A techno-economic analysis by Ljunggren and Zacchi 
(2010a) demonstrated that low substrate concentrations would pose a great 
challenge in the design of a coupled C. saccharolyticus dark fermentation and 
anaerobic digestion process. Due to the dilute nature of the dark fermentation 
effluent, the anaerobic digestion process would either employ a high organic 
loading rate that may lead to cell wash out or a larger reactor size at low organic 
loading rates. Additionally, increasing the substrate concentration by a factor of 
two would reduce the process costs by 10% (Ljunggren & Zacchi 2010b). 

3.3.3 Volumetric hydrogen productivity 

Caldicellulosiruptor has many attributes of an ideal candidate for industrial 
exploitation, such as a high YH2, wide substrate palette and a lack of catabolite 
repression. However, one of the greatest barriers to industrial application of 
Caldicellulosiruptor is its low QH2 (Ljunggren et al. 2011a, Urbaniec & 
Grabarczyk 2014). Caldicellulosiruptor like many thermophilic hydrogen 
producers reach a low cell density during cultivation (Chou et al., 2008). Although, 
Caldicellulosiruptor may yield hydrogen close to the Thauer limit, this low cell 
density limits the overall quantity of hydrogen produced. To date, the highest 
recorded QH2 for Caldicellulosiruptor is 22 mmol/L/h (van Groenestijn et al. 
2009). A model by Ljunggren and Zacchi (2010b) indicated that to reach industrial 
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viability, a coupled dark fermentation and photofermentation a would require a 
QH2 of 50 mmol/L/h with a higher substrate concentration.  

3.3.4 Substrate costs 

The necessity to supplement Caldicellulosiruptor fermentation processes with 
compounds required for growth such as yeast extract and phosphate buffer would 
greatly increase the financial expense of an industrial process (Ljunggren et al. 
2011a). C. saccharolyticus can be cultivated without the addition of yeast extract 
or amino acids but requires vitamin supplementation when yeast extract is omitted 
(Willquist & van Niel 2012). Caldicellulosiruptor produces acetate (or lactate) 
during fermentation thereby lowering pH. As most species of Caldicellulosiruptor 
do not grow below pH 6.0 (Table 3), pH must be maintained through use of 
buffering and caustic agents. However, the addition of such agents to a process 
involving Caldicellulosiruptor is a high financial burden and would constitute 
more than 50% of the total process costs (Ljunggren et al. 2011a). 
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4. Improvement of hydrogen 
production by Caldicellulosiruptor 

As discussed in Chapter 3, the genus Caldicellulosiruptor possesses many 
advantageous properties that would be suitable for its implementation into a 
biorefinery system i.e. high YH2, ability to utilise a wide range of substrates and 
the lack of catabolite repression. Nevertheless, barriers such as low QH2, 
osmosensitivity and the financial expense of the fermentation process limit the 
applicability of this genus to an industrial setting. The strategies discussed in this 
chapter were employed to overcome these limitations and progress 
Caldicellulosiruptor towards becoming a viable option for biorefinery by 
techniques such as strain improvement, integration of fermentation processes and 
the reduction of nutrient addition thereby reducing financial costs. It is expected 
that a combination of these approaches may synergistically lead to improved QH2, 
lower costs and greater feasibility of the biohydrogen process within a biorefinery. 

4.1 Strain improvement  

One of the greatest limitations to future commercial exploitation of 
Caldicellulosiruptor is its inability to grow on concentrated media due to its 
susceptibility to elevated osmolarities. One technique for overcoming this 
limitation is to improve Caldicellulosiruptor strains to tolerate higher osmotic 
potentials. 

4.1.1 Adaptive laboratory evolution 

Adaptive laboratory evolution (ALE) is a strain development technique that 
relies on evolutionary adaption conducted under controlled laboratory conditions 
in order to develop novel strains with improved phenotypes. During ALE, an 
organism is cultivated under a particular stress condition for a prolonged period of 
time, either through continuous or sequential batch cultivations. The stress applied 
to the organism acts as a selective pressure, thereby driving the evolution of the 
organism towards a desirable phenotype. This change in phenotype develops due 
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to genomic mutations such as single point mutations, insertion and deletions and 
movement of transposable elements within the genome (Dragosits & Mattanovich 
2013). ALE has been extensively studied in food technology, notably with the 
adaption of Lactobacillus strains to tolerate higher acid conditions and reduce 
biofilm formation, i.e. to avoid reactor fouling) (Johansen 2018). The principles of 
ALE have been applied to several hydrogen producing bacteria including 
Clostridium tyrobutyricum, Thermotoga maritima and Caldicellulosiruptor ssp. 
The mesophilic hydrogen producer C. tyrobutyricum has been previously adapted 
to grow on wheat straw hydrolysate concentrations of up to 80%, compared to the 
wild type tolerance of 10%. This was accomplished by sequential batch adaption 
to incrementally increasing wheat straw hydrolysate concentrations (Baroi et al. 
2015). The thermophilic hydrogen producer T. maritima was capable of greater 
glucose consumption rates when adapted to media with increased glucose 
concentrations over 120 generations. Additionally, the adaption of T. maritima 
resulted in an increased growth rate and cell mass (Latif et al. 2015). ALE has been 
applied to the Caldicellulosiruptor species, C. bescii, C. saccharolyticus and C. 
hydrothermalis, to develop uracil auxotrophic strains of these organisms by the 
spontaneous deletion of the pyrF gene (Chung et al. 2012, Groom et al. 2014, 
Pawar 2014).  

In the native environments of Caldicellulosiruptor, low concentrations of 
solutes and free sugars are present and therefore Caldicellulosiruptor has adapted 
to catabolise large polymeric sugars such as cellulose and hemicellulose at low 
osmotic conditions (Blumer-Schuette et al. 2008, Sissons et al. 1987). This 
predilection for low osmolarity limits the ability to cultivate Caldicellulosiruptor 
on concentrated hydrolysates and therefore hinders the industrial application of 
Caldicellulosiruptor (Ljunggren et al. 2011b, Ljunggren & Zacchi 2010a, 
Willquist et al. 2010). Previously, osmotolerant strains of C. saccharolyticus were 
developed by ALE to elevated glucose or acetate concentrations (Pawar 2014). In 
Paper I, several species of Caldicellulosiruptor, other than C. saccharolyticus, 
were adapted to elevated osmolarity by sequential batch cultivations with 
incrementally increasing glucose concentrations (Fig. 4). C. owensensis was 
successfully adapted to grow on 80 g/l glucose (C. owensensis CO80). 
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Figure 4 Illustration of subcultivations involved in the stepwise adaption of Caldicellulosiruptor species to higher 
osmolarity media  

In Paper I, the species C. acetigenus, C. bescii and C. kristjanssonii were more 
resistant or possessed a limited ability to adaption to higher osmolarity. This was 
particularly true for C. kristjanssonii, where a loss of viability occurred in glucose 
concentrations as low as 20 g/l. The adapted strain C. owensensis CO80 
demonstrated the ability to grow at glucose concentrations at 80 g/l. The model 
from Paper I, illustrates that at elevated osmolarities, the strain possessed 
increased critical osmolarities indicating that adaption had occurred. Although, C. 
owensensis was capable of growing at concentrations as high as 80 g/l glucose, the 
adapted strain had a significantly reduced QH2 at 80 g/l compared to observed 
values at 10 and 30 g/l glucose. In all cases, C. owensensis CO80 demonstrated a 
lower QH2 than the wild type strain. Additionally, when C. owensensis CO80 was 
cultivated on 30 g/l and 80 g/l glucose, incomplete substrate conversion occurred 
with significant cell lysis arising towards the end of each cultivation. This could 
indicate that although ALE resulted in the adaption of C. owensensis, this was at 
the expense of other attributes.  

 
Figure 5 Development of osmotolerant strains of Caldicellulsiruptor. Values in green indicate osmotolerant 
adaption steps completed on stated concentrations of glucose. Values in yellow specify the highest glucose 
concentration that each species was adapted 
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Although, ALE is a promising technique for strain improvement, it experiences 
the limitations commonly associated with asexual evolution, namely, clonal 
interference and Muller’s ratchet (Peabody et al. 2016). Clonal interference refers 
to the evolution of multiple strains with beneficial attributes when a large 
population number exists. When one strain develops a beneficial mutation, a 
relatively long period of time is required for this strain to become dominant in a 
large population. During this time other strains can develop different beneficial 
mutations. These evolved strains, can potentially compete with each other for 
dominance (Muller 1932). This competition could lead to the loss of potential 
beneficial phenotypes through a process known as the competitive exclusion 
principle whereby two organisms competing for a limited resource are unable to 
co-exist (Hardin 1960). Muller’s ratchet on the other hand suggests that organisms 
are more likely to acquire and accumulate deleterious mutations when reproducing 
asexually eventually leading to a loss of fitness (Felsenstein 1974, Muller 1964). 
The effects of Muller’s ratchet are generally observed in low population densities 
and can occur due to a bottleneck in population size, i.e. subcultivation with a 
limited quantity of organisms in the inoculum (De Visser & Rozen 2005, Poon & 
Otto 2000). In Paper I, ALE of C. owensensis involved the repeated subcultivation 
with a medium volume of 25 mL using a starting OD620 of 0.02. This low initial 
inoculum concentration could have resulted in a loss of fitness due to the effects 
of Muller’s ratchet.  

4.2 Process improvement 

4.2.1 Designed co-cultures 

The QH2 of Caldicellulosiruptor cultivations can potentially be increased 
through utilisation of designed co-cultures. Unlike undefined cultures, such as 
those derived from anaerobic sludge, in defined co-cultures the identity of the 
organisms present in the cultivation are known (Chapter 2) and may also 
demonstrate superior performance to mono-cultures (Zeidan & van Niel, 2009). 
When C. saccharolyticus and C. kristjanssonii are cultivated together, a greater 
QH2 is obtained compared to when either species is cultivated in mono-culture, 
indicating that a synergistic effect exists (Zeidan & Van Niel 2009). However, the 
mechanism in which QH2 is increased by the co-cultivation of Caldicellulosiruptor 
species has yet to be identified. Furthermore, when C. saccharolyticus and C. 
kristjanssonii are cultivated in co-culture in a chemostat at varying dilution rates, 
both species remain in a stable population dynamic at each dilution rate, even in a 
medium containing one energy and carbon source (Zeidan et al. 2010). The latter 
appears to defy the competitive exclusion principle in which two species 
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competing for a limited resource cannot co-exist (Hardin 1960). Similarly, co-
cultures of C. saccharolyticus and C. owensensis demonstrated that a lower 
quantity of lactate was formed compared to that of C. owensensis mono-cultures 
(Zeidan & Van Niel 2009). A higher QH2 occurs when C. saccharolyticus and C. 
owensensis where cultivated in each other’s supernatants (Pawar et al. 2015). In 
Papers II and III, the osmotolerant strain C. owensensis CO80 developed in 
Paper I was cultivated in co-culture with the osmotolerant C. saccharolyticus G5 
developed by Pawar (2014). However, differing from the aforementioned 
instances, the co-culture of C. owensensis CO80 and C. saccharolyticus G5 
resulted in a predominantly C. saccharolyticus G5 population with only a minute 
population of C. owensensis CO80 being present (Paper I). However, significant 
biofilm was formed. 

In nature, consortia of microorganisms are capable of nutrient cycling whereby 
one organism produces a nutrient that another organism can utilise (Paerl & 
Pinckney 1996). This principle can also be applied when undertaking designed co-
cultures (Zuroff & Curtis 2012). This was previously demonstrated by the 
cultivation of the cellulolytic Clostridium thermocellum and the non-cellulolytic 
Clostridium thermopalmarium in co-culture using cellulose as a substrate. In this 
case, the cellulolytic activity of Clostridium thermocellum provided soluble sugars 
to the non-cellulolytic bacterium permitting for a two-fold increase in QH2 

compared to mono-cultures (Geng et al., 2010). In Paper V, a designed co-culture 
of C. saccharolyticus and the proteolytic bacterium Coprothermobacter 
proteolyticus was investigated to determine if QH2 could be improved by the 
addition of Co. proteolyticus, facilitating the co-consumption of glucose and 
proteins while yielding ammonia that could be directly used by C. saccharolyticus 
as a nitrogen source (Fig. 6). The co-culture with C. saccharolyticus and Co. 
proteolyticus without the addition of NH4Cl possessed a significantly higher QH2 
than Co. proteolyticus mono-cultures while QH2 was similar to that of C. 
saccharolyticus cultivated with peptone. This demonstrates that Co. proteolyticus 
can potentially provide a nitrogen source from the degradation of proteins. This 
would be beneficial when hydrolysates with high protein content are fermented, 
i.e. lucerne hydrolysate (Paper II). However, as Co. proteolyticus grows poorly at 
70°C (Ollivier et al. 1985), a temperature of 60°C was selected. The cultivation of 
C. saccharolyticus at 60°C resulted in a dramatic reduction in QH2 and increased 
lactate formation, likely due to the effects of hydrogenase inhibition (see 3.3.1). 
This could be potentially overcome by cultivation at an elevated temperature closer 
to the optimum range of C. saccharolyticus. 
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Figure 6 Nutrient recycling during a Caldicellulsiruptor and Coprothemobacter co-cultivation 

4.2.2 Biofilm  

As previously stated in Chapter 3, low biomass quantities during the cultivation of 
Caldicellulosiruptor directly leads to low QH2.The formation of biofilm has been 
demonstrated to increase the productivity of a number of industrial processes by 
enabling cell mass retention and therefore a greater cell density (Qureshi et al. 
2005, Van Loosdrecht & Heijnen 1993). Biofilm formation has been established 
to be advantageous to hydrogen fermentation by enhancing QH2 due to cell mass 
retention (Pawar et al. 2015, van Groenestijn et al. 2002, Zhang et al. 2008). 
Biofilm formation can be promoted in a Caldicellulosiruptor process by the 
addition of C. owensensis due to its ability to generate large quantities of biofilm 
(Pawar et al. 2015, Peintner et al. 2010). This is illustrated by the high QH2 (20 
mmol/L/h) achieved when C. saccharolyticus and C. owensensis were cultivated 
in a co-culture (Fig. 7) using an upflow anaerobic reactor (Pawar et al. 2015).  
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Figure 7 Scanning electron micrograph of a co-culture of C. saccarolyticus and C. owensensis wild types. Image 
provided with premission by Sudhanshu Pawar 

In Paper II, co-cultures of the osmotolerant strains C. saccharolyticus G5 and C. 
owensensis CO80 were conducted to generate hydrogen from wheat straw 
hydrolysate and a blend of wheat straw and lucerne hydrolysates. As stated in 
Paper I, C. saccharolyticus G5 was dominant in these co-cultures. Nevertheless, 
a significant quantity of biofilm was formed during each co-culture indicating that 
C. owensensis CO80 may have been present in higher population numbers but 
localised to the biofilm (Fig. 8). 

 
 
Figure 8 Biofilm formation during co-cultivation of C. saccharolyticus G5 and C. owensensis CO80 cultivated on 
wheat straw hydrolysate 
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4.2.3 Substrate optimisation 

As discussed in chapter 3, a central monetary cost of an industrial process 
involving Caldicellulosiruptor is the necessity to supplement fermentation 
processes with compounds required for growth but not available directly from 
lignocellulose. A process model of C. saccharolyticus cultivations illustrated that 
significant expenditure would be incurred through the addition of buffers to 
maintain pH and nutrients such as yeast extract (Ljunggren & Zacchi 2010a). It 
has also been established that yeast extract and amino acids can be substituted with 
a vitamin solution (Willquist & van Niel 2012). As such, yeast extract was omitted 
from Caldicellulosiruptor cultivations in Papers I, II, III, IV and V. 

In Paper II, a new trace metal medium was developed based on the metal 
composition of the biomass of C. saccharolyticus and was trialled using both 
defined media and hydrolysates. The total concentration of phosphate in this 
medium was decreased by 90% compared to the previously described modified 
DSM 640 medium (Willquist & van Niel 2012). In addition to the higher process 
costs resulting from phosphate addition due to the addition of phosphate buffers, 
the utilisation of phosphorus itself is not environmentally sustainable as it is mined 
from a finite source, already heavily relied upon for agricultural purposes (Dawson 
& Hilton 2011, Ljunggren & Zacchi 2010a), However, a reduction in QH2 was 
observed when EB-1 solution was employed compared to the modified DSM 640 
indicating that further nutrient optimisation is required.  

As previously stated, yeast extract can be omitted from Caldicellulosiruptor 
cultivations, albeit requiring substitution with a vitamin solution (Willquist & van 
Niel 2012). The current vitamin solution (with the exception of cobalamin) used 
in Papers I, II, III, IV and V is based on a non-optimised vitamin solution (Wolin 
et al. 1963). The Caldicellulosiruptor genus was previously stated to contain most 
of the metabolic pathways needed for vitamin synthesis with the exception of 
cobalamin (vitamin B12) pathways (Kridelbaugh et al. 2013, Willquist & van Niel 
2012). In Paper V, the cultivation of C. saccharolyticus with a cobalamin only 
vitamin solution resulted in cell wash out during continuous culture, indicating that 
in addition to cobalamin, at least one other vitamin is required. A further 
bioinformatic study indicated that incomplete metabolic pathways exist for folate, 
biotin and riboflavin synthesis (Paper V).  

As a sulphur source, cysteine can be replaced with sulphate for all 
Caldicellulosiruptor species except C. owensensis, C. obsidiansis and C. 
lactoaceticus which lack the sulphate assimilation pathway (Pawar & van Niel 
2014). Therefore throughout these studies cysteine continued to be supplemented.  

Interestingly, the absence of yeast extract resulted in a noticeable biphasic QH2 
during batch fermentation of C. saccharolyticus on sugar mixtures in Paper IV, 
with a more pronounced effect when wheat straw hydrolysate was employed. This 
biphasic QH2 behaviour has not been previously reported in studies that cultivated 
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C. saccharolyticus on mixed sugars or hydrolysates, however in these instances 
yeast extract was also supplemented (de Vrije et al. 2009, de Vrije et al. 2010, 
Pawar et al. 2015, VanFossen et al. 2009).  

4.2.4 Process coupling 

The biorefinery concept relies on the generation of a diverse range of higher value 
products from the lignocellulose substrate (see Chapter 1). During the cultivation 
of Caldicellulosiruptor, in addition to hydrogen, in optimum conditions the major 
by-product is acetate. At a YH2 of 4 mol H2/mol hexose, a maximum of 33% of 
electrons are used for hydrogen synthesis while the remaining electrons are 
contained within the acetate by-product. This acetate can be further fermented into 
additional products using sequential fermentation processes with a multiple reactor 
set-up. Acetate derived from dark fermentation has been studied in detail in 
attempts to further hydrogen evolution via coupled photofermentation (Argun & 
Kargi 2011, Tao et al. 2007, Özgür et al. 2010b). 

Alternatively, the acetate produced during dark fermentation can be used to 
yield methane. In the process of methanogenesis, acetate or CO2 and H2 can be 
biologically converted to methane by methanogenic archaea (Ferry 1992, Zeikus 
1977). Several studies have involved the addition of Caldicellulosiruptor to 
methanogenic consortia to enhance methane production (Bagi et al. 2007, Nielsen 
et al. 2007). The independent production of hydrogen and methane can be obtained 
by the implementation of a two-step process where initially a dark fermentation 
process yields hydrogen and acetate, whereas the second step relies on the 
conversion of acetate to methane by anaerobic digestion (Benemann 1998, Cooney 
et al. 2007, Willquist et al. 2012).  

As stated in Chapter 3, the inability of Caldicellulosiruptor to grow in high 
substrate concentrations may lead to difficulty in downstream methanogenesis in 
a two-step process (Ljunggren et al. 2011b, Ljunggren & Zacchi 2010a). In Paper 
II, osmotolerant strains of C. saccharolyticus and C. owensensis were employed 
in a two-step dark fermentation and anaerobic digestion of wheat straw hydrolysate 
yielding both hydrogen and methane. The application of osmotolerant strains 
facilitated the utilisation of a 30% wheat straw hydrolysate solution, whereas wild-
type C. saccharolyticus is incapable of growth on 20% wheat straw hydrolysate 
(Pawar et al. 2013). Similar yields of hydrogen and acetate were observed with the 
fermentation of wheat straw hydrolysate and the wheat straw/lucerne hydrolysate 
mixture. However, in both cases the YH2 was below 2 mol H2/mol hexose, likely 
due to the presence of lignin based inhibitors. Conversely, the QH2 of the 
fermentation of wheat straw hydrolysate by C. saccharolyticus exceeded that of 
the defined medium (Paper I), confirming a similar observation by Pawar et al. 
(2013). The effluent from dark fermentation of wheat straw and the hydrolysate 
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mixtures was further utilised to yield methane via anaerobic digestion with a 
methanogenic consortium. The anaerobic digestion of both hydrolysates resulted 
in a 75% yield of methane (theoretical yield of methane from COD) and a total 
COD reduction of 89%. The analysis of effluent of the methanogenic process 
established that almost total consumption of acetate produced by the 
Caldicellulosiruptor co-culture occurred during anaerobic digestion. Although, the 
application of osmotolerant strains of Caldicellulosiruptor displayed reduced YH2 
and QH2 compared to wild type C. saccharolyticus, more concentrated hydrolysates 
could be used for the co-production of hydrogen and methane.  

This acetate can also be further utilised to produce the bioplastic PHB. Acetate 
has been previously demonstrated to be a potential substrate for PHB production 
(Shirai et al. 1997, Wang & Yu 2001). In Paper III, acetate containing effluent 
from Caldicellulosiruptor fermentation of wheat straw hydrolysate was further 
converted by Ralstonia eutropha (Cupriavidus necator) to yield PHB. R. eutropha 
is unable to directly utilise xylose; however, as xylose had been preferentially 
metabolised by the Caldicellulosiruptor co-culture both residual glucose and 
acetate were present. The Caldicellulosiruptor fermentation increased the amount 
of substrate available to R. eutropha as a majority of acetate arose from xylose 
fermentation. Nevertheless, throughout the combined hydrogen and PHB 
fermentation processes, approximately 30% of glucose and 85% of acetate 
remained unused. Therefore further optimisation of this process is required to 
increase carbon utilisation.  
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5. Future development of the 
Caldicellulosiruptor process 

In Chapter 4, techniques to enhance the Caldicellulosiruptor hydrogen production 
process were discussed. Although, these approaches did permit the generation of 
osmotolerant strains (Paper I), the integration of Caldicellulosiruptor into a multi-
product system (Paper II and III) and reduction of phosphate and other nutrients 
in the culture medium (Papers II and V), the primary barriers of 
Caldicellulosiruptor, such as low QH2, continue to restrict the applicability of this 
genus into a biorefinery system. Therefore continued research is needed to 
progress Caldicellulosiruptor to a point of industrial relevance. In this chapter the 
potential future approaches that could be undertaken to further enhance hydrogen 
production via Caldicellulosiruptor are presented. 

5.1 Process design 

Although, advancement towards biorefinery have been undertaken, there is still 
great capacity for further development and improvement of the 
Caldicellulosiruptor hydrogen process. Further investigation into processes such 
as biomass pretreatment, fermentation, process coupling and nutrient addition 
could potentially lead to increased QH2 and reduction of process costs. 

5.1.1 Consolidated bioprocess 

A consolidated bioprocess (CBP) is a single step-process where lignocellulosic 
biomass is simultaneously degraded and fermented within a single bioreactor. 
Unlike separate hydrolysis and fermentation (SHF), where separate enzymatic 
production, hydrolysis and fermentation of the lignocellulose material are required 
(Paper II), CBP relies on the fermenting organism to directly degrade 
lignocellulose by the production of cellulases (or hemicellulases), fermentation of 
hexoses and pentoses and yielding of product within a single process step (Fig. 9) 
(Lynd et al. 1996). A primary advantage of CBP is the reduced financial cost 
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associated with the production and addition of enzymes required for cellulose and 
hemicellulose degradation (Parisutham et al. 2014). 

Caldicellulosiruptor is a promising candidate for integration into a CBP, given 
that numerous members of this genus are capable of degradation of both cellulose 
and hemicellulose via a host of glycoside hydrolases, unique tāpirins proteins for 
cellulose adhesion, along with the ability to co-metabolise hexoses and pentoses 
(Blumer-Schuette et al. 2015, Blumer-Schuette et al. 2010, VanFossen et al. 2009). 
This is exemplified by the capacity of C. bescii to solubilise and directly ferment 
unpretreated switchgrass with substrate concentration as high as 200 g/l, i.e., 
almost three-fold higher than discussed in Paper I. This CBP displayed less 
substrate inhibition compared to pretreated switchgrass through a SHF process, 
likely due to a lower osmolarity with non-pretreated biomass as most sugars were 
present in polymeric form. Additionally, the presence of lignin based inhibitors 
were mitigated as acid hydrolysis was substituted for CBP (Basen et al. 2014). It 
must be noted that the fermentation time required for CBP is considerably longer 
than that of hydrolysates. With C. bescii, the maximum solubilisation of poplar 
cellulose and hemicellulose required 10 days with hydrogen production continuing 
for 20 days (Yang et al. 2009). Product inhibition due to the formation of acetate 
during CBP arose with C. bescii, at concentrations of between 150 and 200 mM 
similar to those previously described for C. saccharolyticus (Basen et al. 2014, van 
Niel et al. 2003). Despite the higher reaction time required for CBP, a reduction of 
capital and operational expenditure could be as high as 50% compared to that of 
SHF as both pretreatment and enzyme production are avoided (Olson et al. 2012, 
Talluri et al. 2013). Future studies of CBP could focus on the use of C. 
kronotskyensis as it possesses the greatest array of glycoside hydrolases in the 
Caldicellulosiruptor genus (Blumer-Schuette et al. 2010). In addition, designed 
co-cultures of Caldicellulosiruptor could also be studied due to the potential for 
synergistic enhancement of QH2.  
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Figure 9 Illustration of a separate hydrolysis and fermentation (a) and consolidated bioprocessing (b) involving 
Caldicellulosiruptor. The dotted box indicates the processes and materials within a bioreactor. Compounds are 
denoted by blue colouration, processes are depicted in red and fermentation products are green. Adapted from 
Parisutham et al. (2014) 

5.1.2 Fermentation processes 

The optimisation of QH2 is an essential element of future development of processes 
involving Caldicellulosiruptor fermentation. Currently, a vast number of studies 
focusing on hydrogen production from Caldicellulosiruptor have relied on 
cultivations in continuous stirred tank reactors (CSTR). CSTRs are particularly 
susceptible to the supersaturation of hydrogen within the liquid phase as 
particularly high concentrations of hydrogen accumulate close to the liquid-gas 
interface (Ding et al. 2010, Kraemer & Bagley 2006). During the operation of a 
fermentation in a continuous configuration for hydrogen production, a balance 
must be made between QH2, substrate conversion and dilution rate (Ljunggren & 
Zacchi 2010a). It is recommended that to enhance QH2, a dilution rate of 0.1 h-1 or 
greater (hydraulic retention time of 10 h or less) should be employed (Martinez-
Porqueras et al. 2013). However, it must be recognised that fermentations 
conducted at elevated dilution rates will increase the rate of cell washout (Wang & 
Wan 2009). When C. saccharolyticus was cultivated in chemostat with 4.2 g/l 
glucose, the highest cell density was observed at a dilution rate of 0.1 h-1, whereas 
the highest QH2 occurred at a dilution rate of 0.35 h-1. A drawback of operating at 
this higher dilution rate is that greater quantities of glucose remain in the effluent, 
demonstrating incomplete substrate conversion (de Vrije et al. 2007). Cell wash 
out can be averted by the implementation of a reactor system that permits recycling 
of cell mass (Holst et al. 1997, Martinez-Porqueras et al. 2013). One such system 
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implemented with a mesophilic hydrogen producing consortium involved 
modifying a CSTR in a continuous mode to include cell mass retention by 
employing a microfiltration system for the reactor effluent. This resulted in a 
significant improvement in QH2, particularly at lower dilution rates (Bakonyi et al. 
2015). 

As illustrated in Table 5, the highest QH2 by Caldicellulosiruptor have been 
reported when alternative reactor systems are used other than a CSTR. Reactors 
designs that facilitate high QH2 broadly depend on increasing the liquid gas surface 
area, thereby increasing the mass transfer rate and avoiding hydrogen 
supersaturation. In addition, reactor design that facilitate biofilm formation within 
the bioreactor results in cell mass retention and further increases QH2. The 
operation of a horizontal rotating cylinder reactor gave rise to higher QH2 with the 
mesophilic hydrogen producer Clostridium butyricum. This improvement in QH2 
was due to the combination of an increase in the liquid-gas surface area generated 
by continuous rotation and the facilitation of biofilm production (Beckers et al. 
2012). QH2 of an undefined hydrogen producing consortium can be enhanced by 
up to a factor of twenty with the implementation of an anaerobic fluidised bed 
reactor in comparison to a CSTR system, primarily through enhanced granule and 
biofilm formation (Zhang et al. 2008). A combined cultivation of C. 
saccharolyticus and C. owensensis, in an upflow anaerobic reactor produced a QH2 

of over 20 mmol/L/h. This high QH2 was facilitated by cell mass retention due to 
biofilm formation by C. owensensis and the addition of a sterilised granular sludge 
matrix for biofilm adhesion. This reactor configuration could be operated at a very 
high dilution rate (1.25 h-1), well beyond the critical dilution rate (Pawar et al. 
2015). Further study is required into hydrogen production by Caldicellulosiruptor 
with alternative reactor configurations. The developed osmotolerant strains of C. 
saccharolyticus G5 and C. owensensis CO80 could be implemented into 
alternative reactors allowing more concentrated hydrolysates to be utilised (Paper 
I, Pawar 2014). In particular C. owensensis CO80 could potentially be used for 
biofilm formation and hence cell mass retention in systems with high substrate 
concentrations. Additionally further study is required into mechanisms to promote 
biofilm formation by particular C. owensensis. 

 
 
 
 
 
 
 
 
 



43 

Table 5 Production of hydrogen by Caldicellulosiruptor in various reactor configurations 

 
Organism Substrate 

(g/l)* 
Reactor 
Type 

Fermentation 
mode 

Hydrogen 
productivity 
(mmol/L/h)** 

Hydrogen 
yield 
mol/mol 
hexose 

Reference 

C. 
saccharolyticus  
C. 
kristjanssonii 

G: 5 g/l 
X: 5 g/l 

CSTR Continuous 3.8 – 11.6  2.5 – 3.7 Zeidan et al. 
(2010) 

C. 
saccharolyticus 

G: 4.4 g/l CSTR Continuous 2.4 – 12.4 2.9 - 3.6 de Vrije et al. 
(2007) 

C. 
saccharolyticus 

G: 8.7g/l 
X: 3.4 g/l 
A: 0.4 g/l 

CSTR Batch 13.7 3.2 Paper IV 

C. 
saccharolyticus 

Miscanthus 
hydrolysate 

CSTR Batch 6.2 – 12.2  2.4 – 3.4 de Vrije et al. 
(2009) 

C. 
saccharolyticus 

Potato 
stem peels 

CSTR Batch 5.5 – 16.0  1.7 – 3.4 Mars et al. 
(2010) 

C. owensensis G: 10 g/l or 
X: 10 g/l 

CSTR Batch 9- 19 3.5 – 4.0 Zeidan and van 
Niel (2010) 

C. 
saccharolyticus  
C. owensensis 

G: 10 g/l UA Continuous 20 2.0 – 3.3 Pawar et al. 
(2015) 

C. 
saccharolyticus 

G: 2.7 g/l - 
5.4 g/l 

Trickle 
bed 
reactor 

Continuous 22 2.8 van Groenestijn 
et al. (2009) 

* Glucose, G; Xylose, X; Arabinose, A. 
** QH2 during batch cultivation is denoted by the maximum value attained throughout cultivation 

In addition, further enhancement of a two-step process involving 
Caldicellulosiruptor could be investigated by recycling of effluent from the second 
reactor to the dark fermentation reactor to function as a diluent. Such recycling has 
been modelled to permit a significant saving in both water (up to 90%) and the 
energy requirements for heating in a coupled dark and photofermentation process 
(Foglia et al. 2010). A recycling system can enhance a process by facilitating the 
retention of nutrients within the system particularly at high organic loading rates 
(Aslanzadeh et al. 2013). This type of effluent recycling could be implemented 
into two-step processes, illustrated in Papers II and III. As osmotolerant strains 
were utilised in both studies, further concentration of hydrolysates could be 
explored. Further studies are required concerning whether the recirculation itself 
would affect the overall osmolarity of the system and if the accumulation of 
inhibitory compounds would affect overall efficiency. As the implementation of a 
recycling system with osmotolerant strains would permit the use of even more 
concentrated hydrolysates, a significant reduction in operating costs could be 
achieved (Foglia et al. 2010, Ljunggren & Zacchi 2010a). 
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5.1.3 Additional products 

The acetate product of Caldicellulosiruptor fermentation can be further fermented 
to generate additional products such as methane and PHB, as illustrated in Papers 
II and III. This acetate production platform can be expanded to yield additional 
compounds relevant for biorefinery purposes. One potential avenue of future 
research could focus on the production of lipids through a two-step process. 
Several species of fungi including Mortierella isabellina and Cryptococcus 
curvatus have been confirmed to accumulate high quantity of lipids when co-
utilising glucose and acetate (Gong et al. 2016, Ruan et al. 2013). This type of lipid 
producing system could be coupled with a Caldicellulosiruptor fermentation in a 
two-step process, permitting the simultaneous formation of hydrogen and lipids. 
Such a system would be compatible with Caldicellulosiruptor as acetate and 
glucose are both present in effluent from wheat straw hydrolysate (Paper II). 
Furthermore, since C. saccharolyticus preferably converts xylose (Paper IV) a 
sizeable glucose residue remains and therefore the hydrogen reactor can be 
operated to produce an effluent rich in glucose and acetate. Another product that 
can be produced from acetate is caproate (Steinbusch et al. 2011). Caproate is of 
interest to biorefinery due to its potential use as a precursor for high value products 
in chemical synthesis (Chen et al. 2017). Organisms such as Clostridium kluyveri 
can produce caproate by fermenting a mixture of acetate and ethanol (Barker et al. 
1945). In terms of biorefinery, ethanol could be derived from a parallel ethanol 
producing process or could be generated through a co-culture of 
Caldicellulosiruptor with a high yielding thermophilic ethanol producer such as 
Thermoanaerobacter J1 (Jessen & Orlygsson 2012).  

Additional products could be generated by a two-step cultivation process with 
Caldicellulosiruptor based on its sugar utilisation pattern as Caldicellulosiruptor 
shows a general preference for pentoses over hexoses (VanFossen et al. 2009). In 
Paper IV, it was demonstrated that during C. saccharolyticus fermentation on 
mixed sugars, xylose depletion in a batch cultivation occurs before glucose is 
consumed at its optimal uptake rate. The fermentation of hydrolysates described 
in Paper II, demonstrated that a large proportion of xylose was utilised by the 
Caldicellulosiruptor co-culture while a significant quantity of glucose remained. 
This residual glucose could be used as a carbon source to yield an array of 
additional products, thereby permitting production of hydrogen from xylose and 
additional products from glucose. A two-step process involving independent 
glucose and xylose utilisation was illustrated by sequential inoculation of 
Zymomonas mobilis and Pachysolen tannophilus on mixed sugars to yield ethanol 
(Fu & Peiris 2008). Alternatively, a three-step reactor system could be designed, 
in the initial fermentation glucose would be consumed, followed by a xylose 
fermentation with, followed by a xylose fermentation with Caldicellulosiruptor 



45 

yielding hydrogen and acetate and finally an acetate utilisation fermentation (such 
as methane or PHB).  

5.1.4 Media optimisation 

In Paper II, a new trace element solution was determined based upon the 
composition of the biomass of C. saccharolyticus, however the implementation of 
this novel trace element solution resulted in lower QH2. Further evaluation of the 
trace element solution is required to determine the optimum concentrations of each 
compound to ensure that excess nutrients are not added while also preventing a 
reduction in QH2 by nutrient limitations. Essentially, studies are required to ensure 
that quantities of micronutrients used in a modified trace element solution do not 
reach inhibitory concentrations. Additionally, further investigation into the vitamin 
requirements of Caldicellulosiruptor is required with respect to the addition of 
folate, biotin and riboflavin, and if the elimination or reduction of vitamin 
quantities has an effect on QH2.  

One of the most expensive compounds used in Caldicellulosiruptor cultivations 
is cysteine. The function of cysteine is to act as a reducing agent and as the sulphur 
source in Caldicellulosiruptor fermentation processes (Pawar & van Niel 2014). 
However, in most cases cysteine can be substituted with either sulphate or yeast 
extract as a sulphur source with the exception of several Caldicellulosiruptor 
species, notably C. owensensis that lacks the sulphate assimilation pathway 
(Bredholt et al. 1999, Pawar & van Niel 2014). Further studies could focus on the 
survival of C. owensensis in a co-culture environment during cysteine depletion.  

5.2 Strain development  

In Paper I, several species of Caldicellulosiruptor were adapted to survive in high 
osmolarity conditions through an ALE process. Further strain improvement can be 
achieved by continued adaption or molecular engineering. 

5.2.1 Adaptive laboratory evolution 

Although, the developed osmotolerant strain C. owensensis CO80 was capable of 
growth on more concentrated glucose solutions, a reduction in QH2 was observed 
at elevated osmolarities (Paper I). Further improvement of this strain could be 
accomplished through ALE by a more prolonged adaption to elevated osmolarities. 
An alternative strategy to that investigated in Paper I, is to apply the principles of 
ALE to continuous cultivation as the population with the most appropriate fitness 
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will remain in the system. Moreover, additional ALE strategies could be 
implemented that enable production of strains with beneficial properties. A 
promising avenue of investigation could involve direct adaption of 
Caldicellulosiruptor to the lignocellulosic hydrolysates as was illustrated by 
adaption of Clostridium tyrobutyricum to higher concentrations of wheat straw 
hydrolysate (Baroi et al. 2015). Caldicellulosiruptor could be adapted via ALE to 
tolerate inhibitors commonly found within hydrolysates, similar to the approach 
taken to adapt the ethanol-producing bacterium Zymomonas mobilis, to elevated 
furfural and acetate concentrations (Shui et al. 2015). As noted previously, in CBP 
inhibition occurs due to the formation of acetate during Caldicellulosiruptor 
fermentation. To overcome this hindrance, Caldicellulosiruptor species can be 
adapted through ALE to tolerate higher acetate concentrations, which has been 
previously demonstrated with C. saccharolyticus (Pawar 2014). Further ALE of 
strains developed in Paper I could permit additional adaption to higher 
concentrations of hydrolysates and inhibitors. 

5.2.2 Genetic methods 

Metabolic engineering of Caldicellulosiruptor has been previously hindered by a 
general lack of genetic tools for thermophilic organisms Within the 
Caldicellulosiruptor genus only two species, C. bescii and C. hydrothermalis, have 
been engineered (Chung et al. 2013a, Chung et al. 2012).  

One of the main difficulties with the development of genetic methods for 
Caldicellulosiruptor is the restriction-modification system, where non-methylated 
DNA is degraded by endogenous restriction enzymes (Chung et al. 2012, Pawar 
2014). All studied Caldicellulosiruptor species possess a minimum of three 
different restriction-modification systems (Chung et al. 2013b). In addition, only 
C. bescii and C. kristjanssonii are known to possess native plasmids (Blumer-
Schuette et al. 2011, Clausen et al. 2004). Further advances in engineering of other 
Caldicellulosiruptor species could involve a similar approach as previously 
described, whereby endogenous methylases are expressed in E. coli, purified and 
used to methylate plasmids to be transformed into a Caldicellulosiruptor species 
(Chung et al. 2012). After this initial process is designed, the deletion of restriction 
enzymes with in the genome as was previously undertaken C. bescii, thereby 
removing the restriction-modification barriers for future engineering (Chung et al. 
2013b). This approach has also been attempted with C. saccharolyticus (results not 
shown), however the C. saccharolyticus methylases expressed in E. coli did not 
demonstrate any functionality and were unable to methylate plasmids. Significant 
research is required to allude the methylation systems, clone and produce 
endogenous methylases to undertake in vivo methylation and demonstrate if 
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existing plasmids present in the Caldicellulosiruptor genus are capable of 
replication in other members of the genus.  

The metabolic engineering of Caldicellulosiruptor could be implemented to 
enhance hydrogen production through numerous mechanisms, such as the 
expression of additional glycoside hydrolases to enhance lignocellulose 
degradation and alteration of sugar uptake by ABC transporters. In addition, 
genomic sequencing of osmotolerant strains developed in Paper I, could discern 
the osmotolerant mechanism in Caldicellulosiruptor and be used to enhance other 
strains through metabolic engineering. Furthermore, the application of genetic 
methods can permit the understanding of the metabolism of Caldicellulosiruptor. 
The prime example of this was that the deletion of the glycoside hydrolase CelA 
in C. bescii, revealed the essential role of this enzyme in cellulose degradation 
(Young et al. 2014). 

5.3 Co-cultivation 

Co-cultures of varying Caldicellulosiruptor species can enhance QH2 by synergistic 
effects and biofilm formation (Pawar et al. 2015, Zeidan & Van Niel 2009). The 
selection of additional organisms, both within and outside the Caldicellulosiruptor 
genus for co-cultures could permit improvement of hydrogen fermentation 
processes. One potential candidate for co-culture within the Caldicellulosiruptor 
genus is C. kronotskyensis. C. kronotskyensis is noted for possessing the most 
diverse range of glycoside hydrolases of the Caldicellulosiruptor genus and its 
ability to solubilise cellulose and lignocellulose. (Blumer-Schuette et al. 2010, 
Zurawski et al. 2015) Therefore, C. kronotskyensis would be particularly well 
suited for development of a Caldicellulosiruptor based CBP. Future studies should 
focus on the performance of C. kronotskyensis in co-culture with other members 
of the Caldicellulosiruptor genus. 

The addition of Co. proteolyticus to a cultivation with a mixture of sugar and 
peptone, increased YH2 (Paper V) compared to a C. saccharolyticus mono-culture. 
One possibility would be to implement a co-culture of Caldicellulosiruptor species 
with Co. proteolyticus with lignocellulose hydrolysates or as part of a consolidated 
bioprocess. In the case of a consolidated bioprocess, a symbiotic relationship could 
be formed, whereby Caldicellulosiruptor degrades cellulose yielding glucose that 
in turn can be utilised by Co. proteolyticus. Complementary, Co. proteolyticus 
would degrade protein yielding ammonia that would be utilised by 
Caldicellulosiruptor as a nitrogen source. This approach could be used to degrade 
protein to provide cysteine as a sulphur source to C. owensensis, permitting the 
omission of cysteine from the culture medium. Future studies in this area would 
also need to be focused on temperature optimisation to ensure high QH2. 
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An alternative approach to the addition of vitamins to Caldicellulosiruptor 
fermentation processes could rely on co-cultures where one member would 
produce the lacking vitamins. This was previously demonstrated in mesophilic 
cultures where co-cultivation of Clostridium thermocellum, lacking the ability to 
synthesise cobalamin, and Thermoanaerobacter, capable of de novo cobalamin 
synthesis, demonstrated higher ethanol productivity than in mono-culture, 
indicating that the synthesis of cobalamin by Thermoanaerobacter stimulated Cl. 
thermocellum (He et al., 2011). It was also revealed that although cobalamin was 
produced, it remained a limiting factor for C. thermocellum. Therefore, further 
studies are required in this area to optimise the process such as molecular 
engineering of Thermoanaerobacter to yield higher quantities of cobalamin, 
thereby meeting the vitamin requirement of Cl. thermocellum.  

Future studies of Caldicellulosiruptor could focus on the use of designed mixed 
consortia that would allow for the generation of biofilm and nutrients, permitting 
higher QH2 through enhanced cell mass retention and a more efficient and cost-
effective fermentation process. This could also be coupled with CBP to allow for 
an efficient system, whereby a limited amount of inexpensive input material, other 
than the lignocellulose, is added.  
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6. Conclusions 

The main conclusions of this thesis are: 
• The application of ALE permitted the adaptation of five Caldicellulosiruptor 

species to elevated osmolarities (Paper I) 
• Strain improvement through ALE has various degrees of success for the 

improvement of Caldicellulosiruptor species with C. owensensis capable of 
adaption to 80 g/l glucose while C. kristjanssonii could only be adapted to 30 
g/l (Paper I) 

• The strain C. owensensis CO80 developed via ALE can grow in concentrations 
of 80 g/l glucose, albeit with reduced QH2 at elevated substrate concentrations 
(Paper I). Further research is needed to enable both high substrate 
concentrations and high QH2 

• Osmotolerant strains of Caldicellulosiruptor can produce hydrogen from more 
concentrated hydrolysates than wild type species (Paper II) 

• The developed trace element solution EB-1 enables a phosphorus reduction of 
90%, although this also results in a lower QH2 than the previous modified 
DSM640 medium (Paper II) 

• Co-cultures of osmotolerant strains C. owensensis CO80 and C. 
saccharolyticus demonstrated that C. saccharolyticus was the dominant 
species in the co-culture, with only a low C. owensensis CO80 population 
remaining (Paper I), however, significant biofilm was observed indicating 
that C. owensensis CO80 may have been localised to the biofilm. 

• The critical osmolarity of C. owensensis CO80 increases with higher 
osmolarity (Paper I) 

• Maillard reactions at 70°C results in inhibition of Caldicellulosiruptor (Paper 
I) 

• Cultivation of Caldicellulosiruptor on hydrolysates results in a higher QH2 than 
on defined medium (Paper II) 

• Significant concentrations of glucose remain after continuous cultivation with 
hydrolysates while xylose is depleted (Paper II) 

• Caldicellulosiruptor effluent can be further fermented into methane and PHB 
and coupled into a two-step process (Papers II and III) 

• A coupled process with Caldicellulosiruptor and Ralstonia eutropha can allow 
the indirect utilisation of xylose by R. eutropha through the formation of 
acetate by Caldicellulosiruptor 
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• A diauxic pattern in hydrogen production is observed when C. saccharolyticus 
is cultivated on a sugar mixture (Paper IV) 

• This diauxic-like effect is more pronounced with hydrolysate than artificial 
medium (Paper IV) 

• Co-culture of C. saccharolyticus and Co. proteolyticus can potentially provide 
a nitrogen source to C. saccharolyticus through protein degradation by Co. 
proteolyticus (Paper V) 

• A significant metabolic shift to lactate is observed by reduction of cultivation 
temperature from 70°C to 60°C, while YH2 is decreased to 1.75 mol H2/ mol 
hexose (Paper V) 

• Although QH2 did not significantly increase with the addition of 
Coprothermobacter proteolyticus, an increase in hydrogen yield was observed 
(Paper V) 
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