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Abbreviations:

AA: alginic acid

BGS: sugarcane bagasse

CB: cellobiose

CFU: colony forming unit

GAC: granular activated carbon

LC: liquid (suspended) culture

LMA: low melting point agarose

NADH: nicotinamide adenine dinucleotide phosphate
PER: perlite

PBS: phosphate-buffered saline (20 mM K-phosphatieh 160 mM NacCl, pH 7.0)
PML.: pretreated maize leaves

PWS: pine wood shavings

SSC: sweet sorghum concentrat€’B%

STR: Silphium tripholiatum

SDS-PAGE: sodium dodecylsulfate polyacrylamideajettrophoresis
SSJ: sweet sorghum juice

SSP: sweet sorghum plant

TC: total carbon

TOC: total organic carbon

UML: untreated maize leaves

WST: wheat straw

YE: yeast extract



1. Overview of literature

1.1. Hydrogen biotechnology

1.1.1. General use and production of hydrogen

The popularity of hydrogen as a fuel source folldwbke energy crisis during the
1970s resulting from the excessive use of non-rab&vfuels. With the 1990s concerns
about the “greenhouse effect” a new crisis reighiteerest in hydrogen as a fuel. Nowadays
it is widely acknowledged that hydrogen is an ative@ energy source to replace conventional
fossil fuels, both from environmental and econostendpoint. When hydrogen is used as a
fuel it generates no pollutants but produces wateich can be recycled to make more

hydrogen (Figure 1).
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Figure 1.Hydrogen energy system. (Source: International éission of Hydrogen Energy,
USA).

Apart from its use as a clean energy carrier, hyelnocan be used for various other
purposes in chemical process industries. It is @sed reactant in hydrogenation process to
produce lower molecular weight compounds. It cao &le used to saturate compounds, crack

hydrocarbons or remove sulphur and nitrogen comgi®ulh is a good oxygen scavenger and



can therefore be used to remove traces of oxygeprdgent oxidative corrosion in the
presence of a catalyst. In the manufacturing of ama) methanol and synthesis gas, the use
of hydrogen is well known. The future widesprea@ w$ hydrogen is likely to be in the
transportation sector, where it will help reducdlyimn. Vehicles can be powered with
hydrogen fuel cells, which are three times moreieffit than a gasoline-powered engine. As
of today, all these areas of hydrogen utilizatime @&quivalent to 3% of the energy
consumption, but it is expected to grow signifitanh the years to come (Nath and Das
2003).

The currently commercially used hydrogen is exedcmostly from natural gas.
Nearly 90% of hydrogen is obtained by steam reftionaof naphtha or natural gas.
Gasification of coal and electrolysis of water #re other industrial methods for hydrogen
production (Tanisho et al. 1983). However, thesegsses are highly energy intensive and
not always environment-friendly. Moreover, the ibfigel (mainly petroleum) reserves of the
world are depleting at an alarming rate. Givendgbenomic uncertainties and environmental
hazards of fossil fuels, working out the technieald economic feasibility of hydrogen
production is becoming a major priority in the®2dentury. Biotechnology, in that aspect, is
uniquely poised to make a significant contributiorthat effort.

1.1.2. Biohydrogen generation and the role of bgdnases in fHmetabolism

Molecular hydrogen produced from renewable sour@®@smass, water, organic
wastes) either biologically or photobiologicallyaalled “biohydrogen”. It can be achieved by
the use of two main types microorganisms, photdstit (photoautotrophic and
photoheterotrophic) and fermentative. Reports omrobial H productions have been
periodically reviewed by various scientists (Paled Jollyman 1901; Harden 1901; Zajic et
al. 1978; Adams et al. 1981; Roychowdhury et al889Sasikala et al. 1993; Wu and
Mandrand 1993). The production o Hy different microorganisms is intimately linkeaol t
their respective energy metabolism. In aerobic otigganisms, released electrons from
substrate oxidation is transferred to oxygen as uhienate oxidant, while in anaerobic
microorganisms electrons released from anaerolbohsm use many terminal oxidants

such as nitrate, sulphate, or organic compoundsgetkfrom carbohydrates as carbon source.



Hydrogen metabolism in microorganisms is carrietl lmp metalloenzymes, namely
nitrogenases and hydrogenases. Nitrogenases religases a byproduct during nitrogen
fixation. Hydrogenases catalyze the simplest chalm@action: 2H + 2€ « H,. The reaction
is reversible, and its direction depends on theoxeplotential of the components able to
interact with the enzyme. In the presence gfaHd an electron acceptor, it will act as a H
uptake enzyme; in the presence of an electron dohlaw potential, it may use the protons
from water as electron acceptors and releas€el ke production of KHis one of the specific
mechanisms to dispose excess electrons throughctihaty of hydrogenases present in H
producing microorganisms. Hydrogenase activity lsamrmeasurecth vitro, using artificial or
natural electron carriers. Tha vivo function of the hydrogenases depends on the durren
redox status of the cell.

Hydrogenases have various physiological roles. Tieeye a different localization as
well as a different subunit composition in the c@&he first classification of these enzymes
was based on the identity of specific electron derend acceptors, namely, NAD. Until
2004, hydrogenases were classified according tartiials at their active sites. Three main
classes were recognized: iron-only ([FeFe] hydragen), nickel-iron ([NiFe] hydrogenases),
and "metal-free” hydrogenases. In 2004, Lyon esltadbwed that the metal-free hydrogenases
in fact contain iron. Thus, those enzymes previpuaalled "metal-free" are now named "iron-
sulfur-cluster-free" hydrogenases, since they d¢onta inorganic sulfide in contrast to the
Fe-only enzymes. In some [NiFe] hydrogenases, dnieo Ni-bound cysteine residues is
replaced by selenocysteine. On the basis of sequsingilarity, however, the [NiFe] and
[NiFeSe] hydrogenases belong to the same supeyfamil

The [NiFe] hydrogenases are heterodimeric protemssisting of small (about 30
kDa) and large (about 60 kDa) subunits. The smddusit contains three iron-sulfur clusters
while the large subunit contains a nickel-iron centPeriplasmic, cytoplasmic, and
cytoplasmic membrane-bound hydrogenases have hmerd.f The [NiFe] hydrogenases,
when isolated, are found to catalyse both é¥olution and uptake, with low-potential
multihaem cytochromes such as cytochramacting as either electron donors or acceptors,

depending on their oxidation state.



Figure 2. A scheme of [NiFe] hydrogenaséahanosarcina barkeri (Hedderich 2004).

The hydrogenases containing Fe-S clusters andhss otetal than iron are called Fe-

hydrogenases. Three families of Fe-hydrogenasezengnized:

I. Cytoplasmic, soluble, monomeric Fe-hydrogenasesnd in strict anaerobes such as
Clostridium pasteurianum and Megasphaera elsdenii. They are extremely sensitive to

inactivation by dioxygen (& and catalyse bothzevolution and uptake;

II. Periplasmic, heterodimeric Fe-hydrogenases frDesulfovibrio spp., which can be

purified aerobically and catalyse mainly ékidation;

lll. Soluble, monomeric Fe-hydrogenases, foundhlomplasts of green algécenedesmus
obliquus, which catalyse KHevolution. The [F&5;] ferredoxin functions as natural electron

donor linking the enzyme to the photosynthetic tetectransport chain.

Ni-Fe and Fe-only hydrogenases have some commaurdsan their structures: each
enzyme has an active site and a few Fe-S clugibesactive site is also a metallocluster, and

each metal is coordinated by carbon monoxide (G@)cyanide (CN ligands.



Nath and Das (2004) have summarized the processdated to biological H

production and have pointed out the advantageswelk as the disadvantages of such

processes (Table 1)

Process Type of Advantages Disadvantages
microorganism

Direct Green algae Can produce H directly from Requires light

biophotolysis water and sunlight
Solar conversion enerc O, can be dangerous for the
increased by tenfolds ¢ system
compared to trees, crops

Indirect Cyanobacteria  Can produce H directly from Uptake hydrogenase enzymes

biophotolysis water are to be removed to stop, H

dissociate

Has the ability to fix N from O, present in gas mixture,
atmosphere inhibits nitrogenases

Photo- Photosynthetic A wide spectral light energy ce Light conversion efficiency is

fermentation bacteria

Dark Fermentative

fermentation bacteria

be used by these bacteria

Can use different wasl
materials like distillery effluents
etc. and can produce;Hll day

without light

A variety of carbon sources c:
be used as substrates

It can produce Hall day without
light

It produces valuable metabolit
like butyric, lactic, propionic
succinic and acetic acids as [

products

very low — only 1-5%
O, inhibits some hydrogenases

Relatively lower achievable
yields of H,

As yields increase H
fermentation becomes

thermodynamically
unfavorable

Product gas mixture contains
CO,

O, is an inhibitor

Table 1. Comparison of important biological hydnogwoduction processes (modified after

Nath and Das 2004).



The hydrogen-producing microbes in a dark fermesrtaprocess can be classified
into two categories: facultative anaerobes (entebacteria, e.g.Escherichia cali,
Enterobacter, andCitrobacter) and strict anaerobes (clostridia, methylotrophethanogens,
and rumen bacteria). Enteric bacteria are rod-gshagem-negative facultative anaerobes,
less sensitive to oxygen and are able to recovEwimg air exposure (Nath and Das 2004)
the presence of oxygen, however, causes degradaitifmmmate — a major precursor for, H
production, without Hl formation. Clostridia are generally obligate awmhes and are rod
shaped with round or pointed ends in some case$ sRape can be either straight or slightly
curved with 0.5-2 um in diameter and up to 30 prtength. Clostridia form endospores — a
survival structure, developed when the environmerdgaditions become unfavourable (high
temperature, desiccation, carbon or nitrogen dafiy, chemical toxicity). When favourable
conditions return, the spores germinate and bec@yetative cells.

The H production pathway of enteric bacteria during di@tmentation is presented
in Fig. 3 (A). Carbohydrate-rich substrate is caoteg to pyruvate through glycolysis and
acetyl coenzyme A is generated by pyruvate formhatse. Formate is then converted tp H
and CQ by formate hydrogen lyase. An acidic condition sms1 induction of lactate
dehydrogenate, diverting some of the reducing paweryruvate to lactate. This results in
lower H, yields. The enteric bacteria produce other ferai@n products like lactate, ethanol,

acetate, formate, CQsuccinate and butanediol. The maximum yield nsa2 H,/mol glucose.
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Figure 3 (A). Hydrogen production pathway of erdgetacteria during dark
fermentation (adapted from Hallenbeck 2004).

The genus Clostridium has been widely studied foptbduction. Clostridia species
are capable of using different organic substrabef sis proteins (Thabet et al. 2004), starch
(Yokoi et al. 2001, cellulose (Levin et al. 200&)mal manure (Zhu et al. 2007) and sewage
sludge (Massanet et al. 2008). Some clostridiabate proteolytic and saccharolytic and
some are neither. The pathway of ptoduction using glucose as a model substratbas/is
in Fig. 3 (B). Glucose is metabolized to pyruvdieugh glycolysis. Pyruvate is broken down
into acetyl-CoA with the formation of ferredoxin eft) using pyruvate ferredoxin
oxidoreductase. The reduction of a proton by ferxéd (red) produces hydrogen through
hydrogenase activity. There are a variety of eradlpets (ethanol, acetate, acetone, butyrate,
butanol, propionate, propanol) that can be gengtayeacetyl-CoA depending on the species
and environmental conditions.,Hproduction occurs mainly during the acid (acetatel
butyrate) production phase. The fermentation payhvga highly dependent on pH. A
maximum of 2 mol Hglucose can be produced in butyrate-type fermematvhereas up to
4 mol H/glucose can be obtained by acetate-type fermentati

11
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Figure 3 (B). Hydrogen production pathway of clmb# during dark fermentation (modified

after Nath and Das 2004).

1.2. Hydrogen production from biomass

1.2.1. Biomass composition and methods fepkbduction from biomass

Biomass, as a product of photosynthesis, is a tiersaon-petroleum renewable

source that can be utilized for sustainable pradnaf hydrogen (Table 2).
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Source Maximum Comment

output

Regenerative source

Biomass 9 x 10?W For total world land coverage.

Wind power 6 x 10?2 W For total world land coverage.

Geothermal source Perhaps 10w Restricted to specific areas (for example,
mid-ocean ridges)

Nuclear power 10° W or more No more than 1 K rise in environmental
temperature. Problems of waste disposal and
safety.

Fossil fuel 10° W maximum Pollution abatement is essential for small and

allowable large-scale application.

Table 2.Some power sources and possible practical expeestatNath and Das 2003).

Major resources of biomass include agriculturalpsrqTable 3) and their waste
byproducts, lignocellulosic products such as woodl avood waste, waste from food

processing, aquatic plants and algae, and efflygontfuced in the human habitat.

Cereals
(1000 tonnes)
Wheat Maize Sorghum Rice Oats Rye
World 629 873 724 515 57 924 608 368 25 828 17 650

Table 3. World production of agricultural commoe#i(2004). (Source: FAO, Production
Yearbook Vol. 1/2, 2005/2006).

Although the debate “Food vs Fuel” criticizes tlovgrnmental subsidies for biofuels
as they have raised the prices of grains drambtiead have led to deforestation in the
developing countries, a new generation of "cellglofiels (made from grasses, crop residue
or wood shavings) might deliver benefits. Modenathiied wastes such as wood residue,
wood scrap and urban garbage can be burnt dirastfyel. Energy from water-rich biomass

such as sewage sludge, agricultural and livestdftbeats as well as animal excreta is

13



recovered mainly by microbial fermentation. Woodrbass is composed of cellulose,
hemicellulose, lignin, ash and soluble substanceied extractives. Cellulose and
hemicellulose generally represent from two-thimshree-quarters of the dry weight of most
biomass materials. Cellulose is a polymer of glacasd is difficult to break down into
glucose because of its crystalline structure. Hethilose is composed of several different
sugars including the six-carbon sugars glucos@ctzde, and mannose, and the five-carbon
sugars arabinose and xylose. Hemicellulose is ivelgt easily broken down into its
individual sugars. Lignin is a complex material ttla@ts as glue to hold the cellulose and
hemicellulose together. Extractives can have anna@oac value depending on their
characteristics and cost of recovery. Figure 4 shithnve composition of maize (called corn in
US) and several other biomass materials. Wheaiv stamtains about thirty seven percent
glucose and another twenty one percent xylose tdlaésugars are comparable to those from

maize.

|! 6-Carbon A5-Carbon OLignin OAsh OExtractives

100.0 -

90.0

80.0

70.0

60.0

50.0

40.0

Weight Percent

30.0

20.0

10.0

0.0 -~

Wheat Straw Corn Stover Hardwoods Corn

Figure 4. Composition of wheat straw and sevetatobiomass materials (Saha et al. 2008).
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Hydrolysis is the step that breaks down the cedleiland hemicellulose polymers into
their basic sugars. The major technologies propdsedhydrolysis include dilute acid
hydrolysis, strong acid hydrolysis, alkaline hygsi and enzymatic hydrolysis. Dilute acid
hydrolysis is the most advanced technology, whileyeatic hydrolysis is viewed as an
environmentally — friendly technology for producirgofuels from biomass. Enzymatic
hydrolysis involves microorganisms that produceyemzs degrading cellulose into sugars. In
addition, using properly selected microorganismsnynagricultural feedstocks and their

residues can be exploited for hydrogen productowell (Saha et al. 2008).

Different production technologies of hydrogen frimomass are being available and
comparative analysis of different processes hawn brade on the basis of their relative
advantages and disadvantages (Das and Vezirogll).208&th and Das (2003) classified
hydrogen production from biomass by physicochenoc#liological methods as follows:

- thermochemical gasification coupled with wates ghift;
- fast pyrolysis followed by reforming of carbohgtk fractions of bio-oil;
- miscellaneous novel gasification process;

- microbial conversion of biomass.

1.2.2. Mechanism of microbial conversion of biomashydrogen

Despite its relatively lower yields of hydrogene tfermentative route is a promising

method of biohydrogen production due to its higtaée of H evolution in the absence of any

light source as well as the versatility of the $rdies used. Moreover, fermentative organisms

have a relatively high growth rate.

15
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Figure 5. A schematic pathway for conversion ofergables to hydrogen via fermentation
(Nath and Das 2004).

The generation of hydrogen by fermentative bactaisa accompanies the formation
of organic acids as metabolic products (Fig. 5}, thase anaerobes are incapable of further
breaking down the acids. Acid accumulation causesharp drop of culture pH and
subsequent inhibition of bacterial hydrogen promunc{Oh et al. 2002; 2003). Fermentative
mesophilic bacteria like clostridia cannot sustainh pH values less than 5.0 thereby
necessitating a way to reduce acid production aratoy out certain biochemical reactions
that reduce the proton concentration on the outsidbe cell proportional to the culture pH.
In addition to volatile fatty acids, anaerobic femmation also leads to the formation of
alcohols. These reduced end-products, such asadttiarh butanol contain additional H atoms
that are not liberated as gas (Levin et al. 200#grefore, alcohol production results in a

correspondingly lower hydrogen yield.
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1.2.3. Energy crops and their by-products as satiest for biofuels

Energy crops are grown specifically for their abilio generate energy. Crops such as
switchgrass, hybrid poplars (cottonwoods), hybrilows and sugarcanare being studied
for their ability to serve as energy crops for fudhe of their great advantages is that they are
short rotation crops; they re-grow after each hstrvallowing multiple harvests without
having to re-plant. Maize and sorghum serve a gugbose as they can be grown for fuel,

with the leftover by-products being used for otherposes, including feedstocks.

Biofuels are defined as solid, liquid and gas fuddsived from recently unviable
biological material or its metabolic byproductsganic or food waste) unlike the fossil fuels
which are derived from long unviable biological eva&l. In order to be considered a biofuel
the fuel must contain over 80 percent renewableenads. It is originally derived from
photosynthetic processes occurring in plants araften being referred to as a solar energy

source (Figure 6).
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Figure 6. Biofuel conversion process (modified raftee U.S. Department of Energy
Joint Genome Institute and DOE Office of Sciend$8).

Biofuels have been classified into 4 main typesdrst,f second, third and fourth
generation biofuels. The most common is the fisstegation, including biogas, bioalcohols,
biodiesel, syngas and solid biofuels like wood, cast, grass cuttings, domestic refuse,
charcoal, agricultural waste, non-food energy crapd dried manure. Biogas refers to a gas
produced by the biological breakdown of organic terain the absence of oxygen in
anaerobic digesters. One type of biogas is prodbgeahaerobic digestion or fermentation of
biodegradable materials such as biomass, manusevesige, municipal waste, green waste
and energy crops. This type of biogas comprisesaaily methane and carbon dioxide. The
other principal type of biogas is wood gas whiclersated by gasification of wood or other
biomass, comprised primarily of nitrogen, hydrogamd carbon monoxide, with trace
amounts of methane. For biogas and bioalcohols €k@mple bioethanol) production the

18



energy crops have to be pretreated since theyiahmeirr lignocellulose. The pretreatment
processes for bioethanol production involve hydsislyfermentation and distillation. For the

biogas production the hydrolysis is followed bydae| aceto- and methanogenesis.

Lignin is one of the drawbacks of using lignoceadkit materials in fermentation, as it
makes lignocellulose resistant to chemical and ogichl degradation. Lignocelluloses
(Figure 7) comprise not only energy plants, bub @darge fraction of municipal solid waste,
crop residues, animal manures and forest residtetreatment by physical, chemical or
biological means can enhance the bio-digestibitifythe wastes for biofuel production,
increasing the accessibility of the enzymes torttaterials (Table 7). The best method and
conditions of pretreatment depend greatly on tipe tyf lignocelluloses and an optimisation

of the process is usually implemented dependintherype of substrate used.

Bioethanol or biogas

4 { PO i FHOH with low vield and
e "\.__  productivity and high
residue
CHOH A&
[“'ithuui pl’en'eatmem]
Lignin
Llonocelluloses Henucellulose l st
Macrofibnl

Cellulose ﬁbel i

eﬁ

Municipal Solid Waste
(AISW)

Degrading
enzyvines

s

. , =
Bioethanol or biogas = Degrading
with h.i%h ?'ield :111(? « _— enzyvmes
productivity and fewer —_—_—
residues =

Figure 7.Effect of pretreatment on accessibility of degrgdemzymes (Taherzadeh and
Karimi 2008).
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1.2.3.1. Biofuel production from wheat and maizadees

There are reports on biogas and bioethanol pragludtom wheat straw. Somayaiji
and Khanna (1994) digested rice and wheat straadidyng cattle dung slurry, enhancing the
methane production, as well as the biodegradalblitgrganic matter. Ahring et al. (1996)
produced ethanol from pretreated wheat straw by tieevmophilic anaerobic isolates.
Schmersahl et al. (2007) generated biogas by wsitite manure and silages of wheat straw,
maize silage and grass. They concluded that theatibn of wheat straw via biogas and fuel
cells can make a contribution to the power supp§.4 kW/ha, whereas the exclusive use of
maize for biogas production might yield a consfaower of up to 1.8 kW/ha.

Only in the past few years some reports on ferntietaroduction of hydrogen from
wheat and maize residues appeared in the literatiussy et al. (2003) produced ffom
wheat starch co-product by using mixed microfloie@ & dark fermentation. Fan et al. (2006)
showed an efficient conversion of wheat straw wastéo biohydrogen gas by cow dung
compost. Pan et al. (2008) examined the degradatiomheat brans by mixed anaerobic
culture. Argun et al. (2008) demonstrated biohydrogvolution from wheat powder by
anaerobic sludge. The composition of the wheatsdaam the solubilised hemicellulose of the
wheat have been well studied (Fang et al. 1999tiMer-Perez 2007; Pan et al. 2008).

The distinctive features of biogas and biohydrof@mmation are well described by
Kovacs et al. 2004. It has been shown that by maetipn of process parameters like pH and
temperature of the anaerobic fermentation biogdsasrydrogen generation can predominate
(Kovacs et al. 2004; Ren et al. 2007).

Apart from being used as food and for heating, m&zurrently one of the two major
biofuel crops for bioethanol production (Farrelagt 2006; Hill et al. 2006, Hammerschlag
2006; Torney et al. 2007). It is the most domimgtarop for biogas production. Maize is
considered to have one of the highest yield paéofifield crops grown in Central Europe.
The production of hydrogen from maize and theinwdives is still being at an early stage.
There are few studies in that field, reporting ftr production using mixed microflora with

H, yield of 62.4 mL/g dry matter fodder maize withqre-treatment (Martinez-Perez et al.
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2007; Kyazze et al. 2008). Research on wheat andenw@onversion to K using pure
thermophilic or extreme thermophilic anaerobic ards has not been done so far.

1.2.3.2. Biofuel production from sweet sorghum #@sdlerivatives bagasse and sweet

sorghum juice

The genusSorghum is characterized by a vastly diverse germ plasnterms of
phenotypic and morphological traits. Many of thésee been exploited to give genotypes
suitable for grain and forage production as welhlsrnative uses, such as energy, pulp for
paper, food products, high grade chemicals anddimgil products. It is a C4 crop, with a
fibrous root system that branches profusely. Urfdeorable conditions, the above ground
nodes may produce strong adventitious roots that hedp anchor the plant and reduce
lodging The roots can be extended to a distanagpab 1 m and a depth of 1.8 m. Sweet
sorghum plants attain a height of up to 4 m. Wedl adapted to the warm southern regions of
Europe and moderately well adapted to several @eBtiropean regions with mild climates.
It is a cold-sensitive plant, so its adaptatiomanthern, cooler climates is poor. Historically,
syrup production was the main use of sweet sorgtwuinowadays this crop is being used as
animal fodder and is gaining attention as a paaéretiternative feedstock for energy and

industry, because of its high yield in biomass guadticularly, fermentable sugars.

Much of the work related to non-food agriculturabguction of sorghum has been
conducted on sweet sorghum because of the increasadst in sugar crops as potential
renewable resources that can be converted intm@thid has a shorter growing season than
sugarcane, and is therefore suitable to be growgeiwgraphical areas with a temperate
climate. It has a rapid rate of growth. In sevetallies, sweet types have been evaluated for
fermentable sugar production and theoretical ethgetds (Smith et al. 1987; Belletti et al.
1991), for the relationships between agronomictpras and yield (Broadhead and Freeman
1980), for optimal growth parameters (Shih et 8B1; Tarantino et al. 1992), for the pattern
of soluble carbohydrates accumulation (Ferraris @hdrles-Edwards 1986; Petrini et al.
1993), and for relevant physiological aspects @ thetabolic process (Vietor and Miller
1990). Sweet sorghum can be converted into eneagyecs through either one of two

pathways: biochemical and thermo-chemical. Throoigikhemical processes the crop sugars
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can be converted to biofuels (ethanol, hydroger)eriho-chemical processes such as
combustion and gasification can be used for the@mon of the sweet sorghum bagasse (the
residual cake from crop pressing) to heat and retégt (Claassen et al. 2004). Unlike sweet
genotypes, nonsweet, and especially those chamexddry stalk storage organ with high fiber

content, have had little attention so far.

Mamma et al. (1996) saccharified and fermented swesghum carbohydrates to
ethanol by a mixed culture dfusarium oxysporum and Saccharomyces cerevisiae in a
bioreactor.Fusarium oxysporum was grown aerobically for the production of theynes
necessary for the saccharification of sorghum kiand hemicellulose.

Although sweet sorghum has been thoroughly invatd) as an energy crop for
bioethanol production, it was just recently tesisch potential source for biogas and hydrogen
production. The technologies for production of lisgrom sweet sorghum is still on R&D
level but some results have been recently publisghedntonopolulou et al. (2007; 2008).
Their study showed that sweet sorghum extract cbeldised for hydrogen and methane
production in a two-stage process. They proved tirateffluent from the hydrogenogenic
reactor was an ideal substrate for methane pramuatiith approximately 107 L Cikg
sweet sorghum, 78 L of which come from the solsidees. The authors demonstrated that
biohydrogen production can be very efficiently cleapwith a subsequent step of methane
production and that sweet sorghum could be an idabktrate for a combined gaseous

biofuels production.

Ntaikou et al. 2008 uselduminococcus albus chemostat cultures at 3T to produce
H, from sorghum stalks, sorghum water extract, cainigi the free sugars, and sorghum
residues after the extraction process as substfdteshydrogen yield from sorghum water
extract was the same as the yield obtained fromogk batch experiments (approximately 2.5
mol Hy/mol glucose). The hydrogen productivity of sorghemiract plus that of sorghum
residues equalled the hydrogen productivity obthiinem the sorghum stalks, suggesting that
the process could be designed as a single-stepg®oavoiding the separate fermentation of
soluble and insoluble carbohydrates as well as dlk@action process, without any
compromise in the hydrogen productivity. Hydrogeroductivity was estimated to be
approximately 60 L of hydrogen per kg of wet somghbhiomass, proving thak. albus is
suitable for efficient hydrogen production from weorghum biomass.
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Bagasse is the fibrous biomass (cake) remainimgy afirghum or sugarcane stalks are
pressed to extract their juice. In a sugarcane, findshly harvested sugarcane is shredded,
mixed with water, and crushed between heavy rolierextract the juice, which is high in
sucrose (10-15%). The residue is used as a treefternative for making paper. The process
requires no bleaching, it is biodegradable, easgdycle and overall has less polluting affect

on the environment.

Bagasse is widely used for ethanol production ftbensugar in sugarcane in Brazil.
The cellulose rich bagasse is currently being tesbe production of cellulosic ethanol by
using yeasts and genetically modified bacteria {Maat al. 2002; Dien et al. 2003; Boopathy
2005; Dawson and Boopathy 2007; 2008). The majontdtions to efficient ethanol
production from bagasse come from the close phlysicd chemical associations between
lignin and plant cell wall polysaccharides, togethgth cellullose crystallinity. To convert
the biomass into ethanol, the cellulose must bdilseavailable for cellulase enzymes, which
can be made possible by removing the lignin. Mepbrts on lignocellulosic ethanol involve
acid hydrolysis followed by expensive enzymaticcbacification (Martin et al. 2002). The
enzymatic step has been omitted by using recombarash mutant bacteria (Dien et al. 2003,
Kim et al. 2007).

Bagasse has been extensively used in the pastfgedn®gas production (Dellepiane
et al. 2003; Chinnaraj and Rao 2006). Dellepianealet(2003) discuss the economic
advantages and disadvantages of using bagasseidenebgy in Latin America, a big
producer of sugarcane. Chinnaraj and Rao (2006yemyarding bagasse as a possibility to
reduce the methane and £@missions in the atmosphere by using it in upfeovaerobic

sludge blanket digesters to replace the converitamaerobically treated bagasse in lagoons.

Most of the hydrogen produced so far has been dgrsdeam methane reforming of
natural gas for fuel cell vehicles. At low natugas prices it is the least expensive way to
produce hydrogen but it relies on a non-renewabésif fuel. Bowen et al. (2003) made a
techno-economic analysis of hydrogen production dmsification of three biomass
feedstocks: bagasse, switchgrass and nutshellThiey concluded that Hcan be produced
economically from biomass gasification, with priéesm $6.50 to $10.00 per 1 GJ compared
to $5.50 — $7.50 per 1GJ,Hrom methane reforming. Chaudhari et al. (2003)dpced
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hydrogen and/or syngas from bagasse char andréwilts indicated that there was a strong
potential for H production using that method at temperatures 6t8@ °C and steam flow

rates of 1.25 to 10 g/h/g of bagasse char.

There are only few reports on biohydrogen productrom sweet sorghum bagasse
and sweet sorghum juice. Bagasse has been pretredlean acidic and alkaline catalyst for
increasing the biomass fermentability. The bestulteswere obtained after the alkaline
pretreatment where 37.1 g glucose, correspondir@®% cellulose conversion was obtained
from 100 g of original bagasse (Claassen et al4R@weet sorghum juice was also used for
biohydrogen production. Stalks were cut to 5-10pietes and then milled. Three different
procedures were tested in order to produce the which was used as substrate for hydrogen
production: 1) pressing; 2) pretreatment and pngss3) water extraction and pressing the
residue. For the pretreatment a central compostegd was applied with four design factors,
namely the temperature and the duration of thegaehent, the pressure and the amount of
water added to the sample before pressing. Thendepretreatment gave the best results.
Sweet sorghum juice supported the growth andpkéduction by the extreme thermophile
Caldicellulosiruptor saccharolyticus for about 60 hours with an average production oatE0
mmol Hy/L.h during the first 16 hours and a maximal prdducrate of 21 mmol kL.h 10
hours after the start of fermentation. The authoomcluded that the production of
biohydrogen had showed great promise to convernéss such as sweet sorghum and its
byproducts to a pure hydrogen stream. Future og#itimns of the micro-organisms and
system efficiency as well as research and developroé process parameters such as

bioreactors’ design are needed.

1.3. The extreme thermophile Caldicellulosiruptor saccharolyticus

1.3.1. Characteristics of the extreme thermophiles (extygmies)

Heat-loving microbes, or thermophiles reproducelifgan temperatures greater than

45 °C, and some of them, referred to as hyperthermeplidvour temperatures above 75-80
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°C, up to 10C°C or even higher. Thermophiles that grow at tentpeea up to 60C have
been known for a long time, but true extremophiese first discovered only 40 years ago in
1968 by Thomas Brock at the University of WisconsMadison, USA. He isolated
microorganisms growing at 80 and higher in hot springs at Yellowstone NatioRark.
Among them was the bacteriufimer mus aquaticus that later made possible the widespread
use of a revolutionary technology — the polymerekain reaction (PCR) (Madigan and
Marrs, 1997). Hyperthermophiles have been isolaletbst exclusively from environments
with in Situ temperatures between about 75-80 and 115°C. Natoi@opes of
hyperthermophiles on land are water containing afale areas, hot springs, with low salinity
and a wide range of pH values (around pH 0.5-8/&Yine biotopes are shallow submarine
hydrothermal systems, abyssal hot vents (‘Black I&rg), and active seamounts. These
environments contain high concentrations of satiuad 3%) and the pHs are slightly acidic
to slightly alkaline (pH 5-8.5). In addition, smelthg coal refuse piles and geothermal
power plants are man-made biotopes for hyperthehitesp(Fuchs et al., 1995). Communities
of hyperthermophiles have also been discoveredimwil-bearing deep geothermally heated
soils. Due to the low solubility of oxygen at hitggmperatures and the presence of reducing
gasses, biotopes of hyperthermophiles are mainlgxian Although unable to grow,
hyperthermophiles may survive for long times at Embtemperature. This ability may be
essential for dissemination through the cold atrhesp and hydrosphere. Hyperthermophiles
are well adapted to their biotopes. Within theibitets, they form complex ecosystems
consisting of a variety of primary producers andaeposers of organic matter. Primary
producers are chemolithoautotrophs using inorgafectron donors and acceptors in their
energy-yielding reactions. The 16S rRNA-based usalgphylogenetic tree shows a tripartite
division of the living world consisting of the domaBacteria, Archaea andEucarya (Woese

et al. 1990; Fig. 8). The root is derived from migdnetic trees of duplicated genes of ATPase
subunits and elongation factors Tu and G (lwabal.e1989). Short phylogenetic branches
indicate a rather slow distance of evolution. Déepnching points are evidence for early
separation of two groups. Surprisingly, all the met and shortest lineages within the
universal phylogenetic tree are represented by rtiypenophiles, includingAquifex and
Thermotoga within the Bacteria; Pyrodictium, Pyrolobus, Pyrobaculum, Desulfurococcus,
Sulfolobus, Methanopyrus, Thermococcus, Methanothermus, Archaeoglobus within the
Archaea (Fig. 8, bold lines). Based on these olasiemns, hyperthermophiles appear to be the
most primitive organisms still existing and thesficommon ancestor may have been a
hyperthermophile (Stetter 1994).

25



Eucarya

man
animals

microsporidia plants flagellates

fungi

ciliates

slime molds

diplomonads

green non-sulfur

bacteria
: Archaea
Bacteria
gram Sulfolobus Acidianus
positives Stygiolobus Metallosphaera
proteobacteria Desulfuro-
Thermotoga coccus Thermofilum
b;:i::r-ia . Pyrodictium Thermoproteus
cyanobacteria Pyrobaculum
Pyrolobus Pyrococcus

Methano- pjethanobacterium
thermus

Archaeoglobus
Ferroglobus

Halococcus
Methanopyrus
3 4 Halobacterium
. Methanoplanus
AqufeX Methanococcus Methanospiriﬁum
1 jannaschii
2 igneus

3 thermolithotrophicus Methanosarcina

4 varinielii
Figure 8. Hyperthermophiles within the phylogenetiee; schematically redrawn and

modified from Woese et al. 1990.

The biochemical basis of heat stability of hypenth@philes is still under
investigation. Membrane lipids dhermotoga maritima are based on n-fatty acids, diabolic
acids (15,16-dimethyltriacontanedioic acid) ando&eh glycerol ether lipid 15,16-dimethyl-
30-glyceryloxy triacontanedioic acid (De Rosa et1889). The presence of an ether lipid
with an unprecedented structure may significamigreéase stability of membranes against

hydrolysis at high growth temperatures.
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In view of an enormous, so far uncultivated varietyhyperthermophiles (Barns et al.
1994), a further strategy to obtain novel enzynmsddcbe based on DNA extraction directly
from the environment, followed by gene expressiomhot screening, and cloning in
production strains of (mesophilic) microorganisiReljertson et al. 1996). By comparison of
sequences of homologous enzymes, properties caassigned to specific gene segments

which may be important for future enzyme design.

The hyperthermophiles’ enzymes are gaining newdgiedf applications. A major
commercial application of a thermostable enzymdasas the polymerase- chain-reaction
(PCR) employing the DNA polymerase Tfermus aquaticus. In the future the whole variety
of hyperthermophilic isolates may serve as a soofemzymes with very different properties.
For example, the DNA polymerase Bf furiosus (Pfu) as well as that of. maritima
(UITma™) with their higher fidelity due to proofréiag, are already commercially available
now. Thermophilic hydrolases such as proteaseasd{p amylases, and xylanases are of
interest of several branches of industry for detetg, starch processing, paper mills, and
dairy products. Novel metabolites can give risenw pharmaceuticals. For example,
Thermococcus forms organic sulphur compounds related to leminiosome of which are
pharmaceutically active (Ritzau et al. 1993). Qgchding hyperthermophiles form
surfactants, suitable for oil recovery. In addititryperthermophiles are directly applied in
technical processes like bioleaching of sulphidesoand in coal desulphurization. In
biohydrometallurgy representatives &fifolobus, Acidianus and Metallosphaera are applied
in leaching processes. This includes the treatroéméfractory gold ores (by removing the
pyrite or arsenopyrite), the leaching of low grades (e.g. copper, zinc ores) or the removal
of pyrite from coal. The high turnovers, comparedrtesophilic leaching organisms (Huber
and Stetter 1991) recommend hyperthermophiles fraeactor leaching of ore concentrates
in continuous processes. High temperatures arigetalself-heating during the biological
leaching process. Within heaps temperatures u®t@ &ave been measured and in reactor
leaching the costs for cooling can be saved bygusia archaeal hyperthermophilic leaching

organisms.
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1.3.2. Properties dfaldicellulosiruptor saccharolyticus (C. saccharolyticus)

H, production by strict anaerobic, thermophilic andreme thermophilic bacteria has
not been fully elucidated yet. The number of repamh these topics continues to increase
(Adams 1990; Li and Borchardt 1995; Kengen et @86t Ueno et al. 1996 and Rainey et al.
1994).Caldicellulosiruptor saccharolyticus has been first discovered by Rainey et al. (1994)
and described as an obligately anaerobic, extremeembphilic rod-shaped bacterium,
isolated from thermal springs at 70-75. It has attracted considerable attention by gixiti
its ability to degrade various polysaccharide sabss (e.g. amorphous cellulose and starch),
disaccharides (e.g. cellobiose and sucrose) andsacnharides (e.g. glucose, fructose and
xylose) (Rainey et al. 1994; Van Niel et al. 20G) temperatures above 7C. The
multifunctional, multidomain organization of the oty of C. saccharolyticus B-glycanases
(e.g. B-glucosidase and endo-134mannosidase) (Bergquist et al. 2000), xylanasets an
cellulases (Bergquist et al. 1999; Gibbs et al.02@0d Sunna et al. 2000) makes this strain a
unique candidate for biotechnological exploitatibm.consequence of its ability to convert
various sugars to HC. saccharolyticus has been selected for the fermentative producifon
H, from sucrose (Van Niel et al. 2003), from indwdtnvaste paper sludge (Kadar et al.
2004), and from sources such as domestic orgarstewagro-industrial residues and energy
crops (Claassen et al. 1999). Its production raressuperior to those of the mesophiles
(Adams 1990). In anaerobic digestion-ptoducing bacteria usually function in syntrophy
with hydrogenotrophic methanogens, which consuméGthassen 2005). In this respect,
saccharolyticus can also be employed in biogas production teclyiedoon the basis of its
ability to utilize pentose and hexose sugars (Bagi. 2007).

In contrast to mesophilic fermentative anaerokesaccharolyticus produces almost no
reduced end products, such as lactate or ethamdbl{ree amount of hydrogen approaches 4
mol Hy/mol glucose. The complete genome sequenc€.adaccharolyticus provides new
insights into the exceptional capacity of that baoin to degrade a variety of plant
polysaccharides and further reveals its plastiviith many transposases, sugar hydrolases
and transferases. Metabolic pathways for the degjadof residual components of cellulose,
hemicellulose, starch and pectin could be assigiegl 9 (A)). Reducing equivalents are
produced as NADH or reduced ferredoxin, which aeduo produce oy a soluble NADH-
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dependent Fe-only hydrogenase and a membrane-béemedoxin-dependent [NiFe]
hydrogenase (Fig. 9 (B)).
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Figure 9 (A). Central catabolic pathways @f saccharolyticus (van de Werken et al.
2008)

The ability to produce Kdirectly from NADH is not known for mesophilic agr@bes
and may be responsible for the relatively highprbduction rates b¢. saccharolyticus. In
mesophiles, reducing equivalents from NADH firsté&o be transfered to ferredoxin, which
requires input of energy, either by a sodium gnatdoe by coupling to an exergenic reaction
(Li et al. 2007). In extreme thermophiles, suchCasaccharolyticus, this is apparently not
necessary (van de Werken et al. 2008).
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Figure 9 (B). Hydrogenases model €rsaccharolyticus (Soboh et al. 2004).

The sequence identity @f. saccharolyticusgNiFe] hydrogenase (Ech subunits) has been
compared to other bacteria and it was concludetitigthe closest t@hermoanaerobacter
tengcongensis (Table 4).

Sequence identity to  Sequence Sequence
Thermoanaer obacter identity to identity to
tengcongensis (%) | Methanosarcina | Desulfovibrio

barkeri (%) gigas (%)

EchA 44 40 42
EchB 46 49 50
EchC 69 68 67
EchD 50 48 49
EchE 68 57 60
EchF 49 51 43

Table 4. Sequence identity to known Ech subumit€.isaccharolyticus (Hedderick
2004).
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The absence of catabolite repression by glucosanismportant characteristic for
biohydrogen producers since it allows them to pge@n array of biomass-derived substrates
simultaneously. Glucose did not repress the useylaise in C. saccharolyticus. The EM
pathway was not affected by the hexose or pentasstraite, in contrast to the transcriptome

analysis oE. coli (van de Werken 2008).

1.4. Rationale of whole cell immobilization and its application in biotechnology

1.4.1. Methods for immobilization of whole cells dantheir application in

biotechnology

Immobilized cell technologies have widely developgdce the early 1960s, and
thousands of such documents are currently availdmiobilized cell (IC) systems can be
separated into artificial and naturally occurringes. In the first category, microbial (or
eukaryotic) cells are artificially entrapped in atached to various matrices/supports where
they keep a viable state, depending on the dedrearm of the immobilization procedure.
Polysaccharide gel matrices, more particularly ©aate hydrogels (Gerbsch and Buchholz
1995), are by far the most frequently used matefiat cell entrapment. The main benefit
derived from the use of whole cells instead of emey was to avoid enzyme extraction and
purification steps and their consequences on enagtigty, stability and cost. As viable ICs
are able to multiply during substrate catabolismileviremaining confined within the
immobilization structures (polysaccharide gel mabf artificially gel-entrapped cells) high
cell densities may be expected in IC cultures,iteatb high volumetric reaction rates. The
ability to grow in an immobilized state makes tlegeneration of IC cultures possible after
having them incubated under hostile conditions sagtow-nutrient medium or presence of

toxic compounds.

Cell attachment to an organic or inorganic suppody be obtained by creating
chemical (covalent) bonds between cells and th@@tiusing cross-linking agents such as
glutaraldehyde or carbodiimide. The spontaneousratien of microbial cells to different

types of carrier gives natural immobilized cell teyss in which cells are attached to their
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support by weak (non-covalent), generally non-dmecdnteractions such as electrostatic
interactions. In suitable environmental conditiainss initial adsorption step may be followed
by colonization of the support, leading to the fation of a biofilm in which microorganisms
are entrapped within a matrix of extracellular poéys they themselves secreted. Owing to
the presence of this polymer paste, biofilms areenfiomly attached to their substratum than
merely adsorbed cells. Surface colonization to forafilms is a universal bacterial strategy
for survival, and undesirable biofilms may occur iaert or living supports in natural or
biological environments as well as in industriadtallations. The last 10 years have known a
burst in the number of published investigationstloemse natural immobilized cell systems
(Fig. 9B).

As detailed in Table 5, a large part of publishathdn artificial or natural IC systems
concerns their operation in bioreactors where thesform biosyntheses or bioconversions
leading to a variety of compounds, ranging frommany metabolites to high-value
biomolecules. IC cultures have also been widelyliappto the treatment of domestic or
industrial wastewaters containing different typdspollutants such as nitrate/nitrite ions,
heavy metals or organic compounds recalcitranticoldgradation. Together with brewing
and wine-making processes, biosensors for enviratahenonitoring, food quality analysis
and fermentation process control complete the nagiplication fields of ICs. Faced with
these dominant and prolific developments, reseamhthe physiological behaviour of

microbial cells in the immobilized state remainsgukxically limited.
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Biosyntheses, bioconversions

Enzymes

Antibiotics

Steroids®
Amino acids
Organic acids
Alcohols
Polysaccharides
Varia

Environment
Water treatment

Biofertilisation

Bioremediation
Altemative fuels

Food processing

Alcoholic beverages

Milk products

Biosensors
.
Electrochemical”

Optical

a-Amylases, cellulase and other cellulolytic enzymes, chitinolytic enzymes, cyclodexirin
glucosyltransferase, L-glutaminase, inulase, lipases, penicillin V acylase, peroxidases,
polymethylgalacturonase, alkaline and acid proteases, pullulanases, ribonuclease,
xylanase

Ampicillin, candicidin, cephalosporin C, clavulanic acid, cyclosporin A, daunorubicin,
divercin, kasugamycin, nikkomycin, nisin Z, oxytetracyclin, patulin, penicillin G,
rifamycin B

Androstenedione, hydrocortisone, prednisclone, progesterone

Alanine, arginine, aspartic acid, cysteine, glutamic acid, phenylalanine, sering, tryptophan
Acetic, citric, fumaric, gluconic, lactic, malic, propionic acids

Butanol, ethanol, sorbitol, xylitol

Alginate, dextran, levan, pullulan, sulfated exopolysaccharides

Pigments, vitamins, flavors and aroma

Carbon removal (COD), nitrogen removal (nitrification/denitrification, assimilation),
heavy metal removal (Au, Cd, Cu, Ni, Pb, Sr, Th, U, . ..}, pollutant biodegradation
iphenol and phenolic compounds, polyeyelic aromatics, heterocycles, cvanide
compounds, surfactants, hydrocarbons, oily products)

Soil incculation with plant growth-promoting organisms ( Azospivillum brasilense,
Bradyrhizobium japonicum, Glomus deserticola, Pseudomonas fluorescens, Yarowia
lipolvtica)

Degradation of pollutapts in contaminated soils (e.g. chlorinated phenols), aquifers and
marine habitats (e.g. petroleum hydrocarbons) by microbial inocula

Dihydrogen and methane productions, ethanol production, biofuel cells

Brewing, vinification, fermentation of cider and kefir; controlled in situ generation of
biotlavors
Continuous inoculation of milk (lactic starters), lactose hydrolysis in milk whey

Acetic acid, acrylinitrile, amino acids, BOD, cyanide, cholesterol, chlorinated aliphatic
compounds, ethanol, naphthalene, nirate, phenolic compounds, phosphate, pyruvate,
sugars, sulfuric acid (corresion monitoring), uric acid, herbicides, pesticides, vitamins,
toxicity assays

Herbicides, metals, genotoxicant, polyaromatics, toxicity testing

* Obtained by conversion of steroid parent compounds.
b Amperometric, potentiometric, conductometric.

Table 5. Main application fields of IC cultures ier and Jouenne 2004).

The use of biomass attached to or entrapped incpkate carriers ensures efficient
biomass retention in the reactor during continuptecesses, minimizing cell washout that
occurs at high dilution rates and limiting the waktric conversion capacity of classical, free-

cell-based continuous stirred tank reactors (ibenwostats). Continuous IC bioreactors can
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therefore be operated at high load, even whenetilf@eds are used: a definite advantage in
wastewater treatment. Easier downstream processing, in particular to facilitated
cell/liquid separation, represents another assdermfientation processes using IC cultures.
From the outset of IC technology, enhanced operatiand storage stabilities have been
presented as a key feature for practical developmiriable IC systems. These stabilities
involve both biological and mechanical charactassof IC biocatalysts. In order to explain
the increase in the biological stability of I@&rvakos and Webb (199pyoposed several
hypotheses based on IC’s ability to grow. Biologissabilization was explained by a
prolonged operational time and improved resistdancgorageperiods. Long-term biological
activities were allowed by alternate operations|©§ between growth and non-growth
conditions,adapted to non-growth-associated processes, agasveil periodic rejuvenation of

the biocatalysin nutrient-rich medium.

A major characteristic of ICs is their high resmta to environmental stresses, in
particular, the exposure to toxic compounds. Thedégradation of toxic compounds,
pollutants and xenobiotics also represents a mefiad application field of IC systems. The
high biodegradation efficiency and operational itgbof IC cultures, highlighted for
instance, during continuous biodegradation assdyphenol and phenolic derivatives is
typically ascribed to some protecting effect of th@nobilization support (Dervakos and
Webb, 1991), rather than to enhanced specific dagjean capacity that might involve
physiological modifications in ICs. In the casetbé widely investigated biodegradation of
phenol, several authors have implied reversibleomudi®n of the pollutant on the
immobilization matrix (Cassidy et al., 1997; AnngaiLet al., 2000).

The potential advantages of IC systems over corvalt fermentations can be

summarized as follows:

- Higher reaction rates due to increased cell diessi

- Possibilities for regenerating the biocatalyttivty of IC structures;

- Ability to conduct continuous operations at hdjlution rate without washout;
- Easier control of the fermentation process;

- Long-term stabilization of cell activity;

- Reusability of the biocatalyst;

- Higher specific product yields.
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The technological obstacles to a large-scale imdlisimplementation of IC systems
have also been regularly investigated, with paliclemphasis on the mass transfer
limitations inside immobilization matrices and tt@upled transport-reaction phenomena that
control the performance of IC cultures. Thereforgppears that the initial rationale for IC
development essentially concerned the engineeewgl,l with very few - if any - queries on
the physiological behaviour of microbial culturesthe immobilized state. This historical
prevalence of applications over more basic invasbigs may explain why our present
knowledge of IC physiology still remains fragmegtafA major physiological characteristic
of ICs is their high resistance to environmenteésges, in particular, the exposure to toxic
compounds. Some reports connect this resistandeatoges in structural features affecting I1C
permeability, namely the composition and organaatof the cell wall and the plasma
membrane (Jirku 1999). The high biodegradatiorciefficy and operational stability of IC
cultures, highlighted for instance, during continsdviodegradation assays of phenol and
phenolic derivatives (Table 5), is typically asedbto some protecting effect of the
immobilization support (Dervakos and Webb, 199Bther than to enhanced specific
degradation capacity that might involve physiolagienodifications in ICs. A variety of
bacteria at surfaces and within biofilms have b&®wn to display altered gene expression as
compared to planktonic organisms (Whiteley et &0 Schembri et al. 2003). Most
proteomic analyses of biofilm cells consists of paming the crude protein patterns of
organisms cultured in the sessile (immobilized) @hghktonic (suspended) modes. These
studies have revealed some alterations in the tacprotein profiles ranging from 3% to
more than 50% of the detected protein spots whiabsgevidence of significant physiological

differences between the two modes of growth.
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Microorganism Biofilm Number Number of modified spots® Change

Substratum Age o1 . | (%)
spots/gel
Bacillus cereus glass wool fibres 2h 345 19 4 7
18 h 26 8 10
Campylobacter olass beads 48h ng 12 7 —
Jefuni
Escherichia coli  glass fibre T days 600 14 3 3
membrane filters
E. coli olass beads 2h 38" 17 15 84
Listeria elass fibre T days 550 22 9 6
monocytogenes membrane filters
P aeruginosa glass wool fibres I8h 844 49 48 11.5
48 h B3R 182 47 27
P aeruginosa clay beads I8 h 816 48 130 22
48 h 841 62 78 17
P aeruginosa silicone tubing | day = 1500 375 60 29
6 days 765 o0 57
Pseudomonas silicone tubing 6 h 1000 15 30 4.5
putida
Streptococcus epon-hydroxyapatite 3 days 694 57 T8 19.5
Mtans rods

4] Overproduced; (—) underproduced.
" Outer membrane proteins.

Table 6. Number of proteins whose amount was redad be modified in biofilm cells as

compared to planktonic organisms, (Junter and Jeu2Q04).

Proteomic analyses of artificially immobilized baxtd are much scarcer. The total
protein contents of agar entrappédcoli cells incubated for 2 days in a minimal nutrient
medium were compared to those of suspended calgdtad during the exponential or the
stationary phase of growth (Perrot et al. 2000 fdsults showed that gel-entrapped cultures
cannot be likened to ordinary stationary-phase sygtems. The protein-based approaches to
IC physiology, suggesting that many genes are réiffially regulated during culture
development in the immobilized state, in contragtanscriptome analyses from which only a
few genes show altered expression as a conseqoérmcterial adhesion (Whiteley et al.
2001; Schembri et al. 2003). As discussed by G[2§03) in a recent review, however, this
modest overlap between results of proteomic angstrgptomic studies is not surprising,
since the relationships between mRNA and proteintesds are heavily dependent on time,

cellular localization and the stability of molecsié-urthermore, the thresholds used to define
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over - and down - regulations in both transcriptrnd proteomic analyses suffer from the
lack of standardization, which may contribute test discrepancies.

1.4.2. Immobilization of whole cells by adsorption

Compared to the immobilization of cells by entrapmmto organic polymers, the
adsorption is a process, suitable mainly for viatdls. The binding of the cells is rendered
by Van der Waals forces and ionic or covalent atgons and sometimes microbial
exopolymers are involved in the process as wekk Mietabolic status of the adsorbed cells is
important. In identical environment different kimdl organisms show a different adsorption
behaviour (Ellwood et al. 1982). Hattori and Hatt@987) distinguished between strongly
and loosely attachefl. coli cells while before the adsorption experiment allscwere in the
same physiological state. A direct correlation lestw growth rate and adsorption was
observed withPseudomonas cells in continuous culture (Nelson et al. 1988gry high
adsorption rates have been obtained at a very iltrash rate, corresponding to low growth
rate.

The selection of the adsorption matrix should d&uémced by several parameters.
The material has to be cheap and available in langeunts and the immobilization process
must be simple and effective in regard to yield aathining the cell activities. Cheap
inorganic (fired bricks, sand patrticles, ceramitgtallic hydroxides and porous glass) and
organic carriers (charcoal, wood shavings and acgpanlymers like collagen, cellulose,
carrageenan, alginate, albumin, polyvinylchloridgmlypropylene, polysaccharides, ion
exchange resins, epoxides and polyurethanes) atelywavailable. Adsorption has to be
preferred, being the more simple immobilization Imoek That was proved by using porous
glass or lava-based fixed-bed reactors in the dielidaerobic (Bohnke 1981) and anaerobic
(Aivasidis 1984) waste water purification, for gasnination in the form of trickling filters

and biofilters (Ottengreaf 1987), or in environnanéchnologies and vinegar production.
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2. Aim of the study

Hydrogen has been accepted as an attractive, elednrenewable energy carrier.
Since it is unavailable in nature, inexpensive poin methods are to be established. In
order to replace the conventional fossil fuels,|eliepg at a fast speed, with environmentally
friendly and economically feasible resources fodregen production, new substrates and
new biological activities need to be found. Thise&ch has been urged by the need of
recognizing such resources - cheap, widely spreatiscarded as wastes, which are readily
degradable by the hydrogen-producing extremoghikgaccharolyticus.

In addition to identifying new substrates for, roduction, requiring adequate
enzymatic activities ofC. saccharolyticus, optimal conditions for the storage .
saccharolyticus on suitable immobilization support matrices wexeyéted. They were aimed

to preserve the hydrogen producing capacity angduinaval of the cells to the best extent.

More specifically, my study had the following magaoals:

1. To demonstrate tha. saccharolyticus has diverse fermentation pathways
for utilization of energy-rich biopolymers, discard as wastes in the
environment.

2. To select widely available and cheap polysaccharind cellulolytic
substrates, which are readily metabolizedXogaccharolyticus, producing
hydrogen.

3. To screen for suitable, non-toxic and cheap sahdobilization support
matrices to stabilize the hydrogen-producing system

4. To establish the optimal storage conditionsGosaccharolyticus.

To improve the productivity and prolong the stoligpof the immobilized
C. saccharolyticus cells.

6. To select for support matrices, which have a dugttion for the cells -
ones, which not only provide a solid surface fa tells, but also play a
role of a substrate, which maintains the viabiliyd preserve the

physiology of stored cells over time.
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3. Materials and methods

3.1. Microorganism, medium and culture conditions

C. saccharolyticus (DSM8903) was purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ) andopagated at 76C on DSMZ
medium 640 in anaerobic 50 ml hypovials (Supelat)l ©Dggo= 0.5 cn*, corresponding to
3x10 CFU mi*, was attained. Routine manipulations were perforrire an anaerobic
chamber (Bactron IV, Sheldon Manufacturing, Incan@da). The inoculum size was 3%
(v/v). LMA and AA were purchased from Sigma — Aldrj Germany. They were added in
concentrations of 0.1 to 0.7% (w/v) to the growtldim prior to sterilization at 12 for

30 min. Control batches were grown without any adeis.

3.2. Cell growth, viable cell counts and cell biomass

Viable cell counts were determined as colony fognimits (CFU) by plating on
DSMZ medium 640 solidified with 2.5% Gelrite Gell&um (Sigma-Aldrich, Germany)
(Rakhely and Kovacs 1996). Plates were incubat&® %€ in the anaerobic chamber for 3 to
4 days in order to develop the colonies.

Cell biomass was determined as cell dry weight (QDIWO-mI cell suspensions were
centrifuged at 15,000 x g for 15 min af@ (Heraeus Biofuge Stratos, Kendro Laboratory
Products GmbH, Germany) for biomass measuremerten\WMA was used as an additive,
centrifugation was carried out at 30 to avoid solidification. The pellets were waslvéth
phosphate-buffered saline (PBS), resuspended ieraatl dried at 78C to constant weight.
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3.3. Analysis of hydrogen production

35-ml aliquots of exponentially growing cultures rereplaced into 50-ml gas-tight
hypovials fitted with rubber septa and flushed wikhfor 10 min prior to incubation at ACT.
H, production was measured by injecting 280aliquots from the headspace into a gas
chromatograph (6890N Network GC System, Agilent hfetogies. Inc., USA) equipped
with a 5A molecular sieve column (L 30 m, I.D. 0.8@gabore, film 2%m) and a thermal
conductivity detector. The GC was calibrated withhgogH. This method measures only the
H, content of the gas phase; other gaseous compomregi<€CQ were not determined. The
vials were flushed with N after each daily measurement. Specifie ptoduction was
calculated by dividing the amount of volved by the cells by the CFU.

3.4. Characterization of the support matrices

The natures and physical characteristics of theiceat used in the experiments are
listed in Table 7.

Cell attachment pH of Bulk Water loading

Support matrix Type Particle size capacity 1% density, capacity of
(mm) (cells supportd  solution (gcm®  matrix (ml g%
Perlite (PER) Mineral 0.7-2 5.2x16 6.9 0.07- 10.0
support 0.10
Granular activatec Inorganic 1.5-4 4x 10 6.9 0.35- 2.5
carbon (GAC) support 0.45
Pine wood Organic 5:2:0.5 1.2x1d 6.8 0.15- 5.0
shavings (PWS)  support 0.18

Table 7. Characterization of support matrices.
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Perlite (PER) was obtained from Corax-Bioner CoHkbungary, granular activated
carbon (GAC) was purchased from Chemviron Carb@hgiBm, and the pine wood shavings
(PWS) were kindly provided by a local carpentryshOne gram of each matrix was placed
individually in a vial containing 10 ml of cell dufe in the stationary phase (0.63 X GFU
ml™Y) and the vial was sealed and flushed withfd¢ 10 min prior to gentle shaking at %0
for 1 h. The cell-binding capacity of each immatalion matrix was determined by
subtracting the initial CFU of the culture in thvfrom the CFU of the supernatant (Table
7).

3.5. Cell immobilization, storage and analysis of stored cells

The matrices used in the experiments were choseheohasis of previous reports on
their use for the immobilization of bacterial anghdal cells (Dervakos and Web 1991;
Razmovski and Pejin 1996Raihan et al. 1997). Tippads were washed in PBS, sterilized
and dried. The cell concentration was adjustesPto(v/v). 0.700 g of GAC, 0.175 g of PER
or 0.350 g of PWS was placed in 50 ml hypovialeshty grown liquid culture alone (LC), or
LC containing the additives LMA or AA was addedithe support matrices until the maximal
loading capacity of the support matrices was atthiihe vials were sealed, flushed with N
for 10 min and stored at 4Z for various periods of time. After storage fregtowth
medium, with or without additive, was added anamally to the hypovials, which were then
heated at 70C. LCs, grown with or without additives, were stbrender the same conditions
and sub-cultured in fresh growth medium to serveasrols. H production was measured

daily and the gas phase was replaced witlhftér each measurement.

3.6. Protein measurement

Protein was determined by an ND-1000 Spectrophderm&’3.1, (NanoDrop
Technologies, Inc., USA) at 280 nm, using bovineisealbumin as standard.
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3.7. One-dimensional SDS-PAGE analysis of proteins

For the analysis of crude extract proteins, c@ll§ k 10 CFU mI*) were harvested by
centrifugation at 12,000 x g, suspended in 50mMs-HCI, pH 8.0 and disrupted with a
French press (Thermo IEC, USA). Approximately eqarabunts of protein were loaded onto
each lane of 5-15% gradient sodium dodecylsulfaibagrylamide (SDS-PAGE) gels
(Sambrook et al. 1989).

For the analysis of extracellular proteins, cellsrevcentrifuged at 12,000 x g for 20
min and the supernatants were filtered throughlalose acetate membrane filter (Schleicher
& Schuell, Germany) with a 0.@gm cut-off. The proteins were concentrated by thetawe

precipitation method (Rosenberg 1996). SDS-PAGE peaormed as above.

3.8. Total organic carbon analysis

Total organic carbon was analyzed on an Apollo 9G@Mnbustion TOC Analyzer
(Tekmar Dohrmann, USA). Carbon in the injected dan(pO ul) was first converted to CO
in the combustion furnace for total organic carlfd@@C) and total carbon (TC) analysis at
temperatures from 680 °C to 1000 °C. The carrisrwas nitrogen. The standards used were
potassium acid phthalate and sodium bicarbonate. Viater used in the analyzer was

organic-free deionised water.

3.9. Total solids content analysis

Dry matter total solids as well as organic and gamic dry weight contents were
determined by the methods specified in VDI (VerBiautcher Ingenieure, 2006). Briefly,
samples were dried overnight at 70 C for deternonadf moisture content. Afterwards they
were burnt at 550 C for 4 hours in a furnace (Négem GmbH, Germany) and cooled down

for 1 hour in a desiccator before measuring theyhtei
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Substrate Dry matter ~ Organic dry- Inorganic

total solids, weight dry-weight

% content, % content, %
Sorghum leaves 29.81 90.71 9.29
Sorghum stem 20.94 95.47 4.53
Sorghum juice 15.06 75.89 24.11
Sorghum juice 65 °Bx 74.01 90.92 9.08
Sugarcane bagasse 94.88 92.73 7.27
Wheat straw 95.43 90.24 9.76
Maize leaves 95.45 84.6 15.4
Pretreated maize 46.83 91.02 8.98
Silphium 41.67 78.67 21.33

Table 8. Total solids content of the biomass fepkbduction.

3.10. Determination of glucose concentration

Glucose concentration in the medium was determinyeitie DNSA method as
described by Miller 1959.

43



4. Results and discussion

4. 1. Utilization of polymeric substrates by C. saccharolyticus

4.1.1. Agarose and alginic acid as a source fgpridduction byC. saccharolyticus

The freely suspended liquid cultures (LCs)@fsaccharolyticus retained hydrogen
evolving capacity for up to 8 days when the initiaédium contained cellobiose (CB) and
yeast extract (YE). The polymers of polysacchaddgavatives LMA and AA were found to
be consumed as carbon and energy sourc€s sgccharolyticus. The polymers were tested
in the concentration range 0.1-0.7% (w/v). In alma#i the experiments, 0.1% (w/v)
cellobiose (CB) was used, in addition to the stathdéE, as a readily metabolized carbon
source to facilitate the initial cell growth. Prgdion in the presence of LMA and AA caused

elevated H evolution (Fig. 10).
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Figure 10. Total Wproduction by liquid cultures grown on cellobid&B) and CB with low-

melting agarose (LMA) or alginic acid (AA) addedvarious concentrations.
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Figure 11 suggests that the improvement was dukeaat in part, to an increased biomass
production.
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Figure 11. Biomass production 6f saccharolyticus grown on cellobiose (CB) and CB with
0.5% agarose (CB + 0.5% LMA) or 0.5% alginic aciB(+ 0.5% AA).

The additive concentration corresponding to théhésg B production was 0.5% (w/v) for
both polymers (Fig 10). Theevolving capacity of the polymer-fed cells increasl.37-
and 1.92-fold relative to the LC controls (see dlable 9, rows 1-3).

Hydrogen production data (pL H, CEFU™Y)

Days of storac
Treatment 0 1 2 3 5 8 14 18 22 26 30 Sumnr
1.LC 14,211 | 14,199 | 14,184 | 13,765 13,585 | 11,628 0 0 0 0 0 81,573
2. LC+LMA 20,726 | 20,572 | 20,196 | 19,774 | 17,493 | 16,585 | 14,529 | 9,775 9,321 7,800 0 156,771
3. LC+AA 19,681 | 19,198 | 19,078 | 18,841 | 17,447 | 14,093 | 4,541 1,696 0 0 0 114,575
4. GAC 14,211 | 14,210 | 14,127 | 13,955 13,585| 12,293 | 11,138 | 10,139 | 8,689 0 0 112,348
5. GAC+LMA | 20,503 | 20,503 | 20,373 | 20,245| 19,326 | 18,805 16,403 | 18,525 | 14,793 | 13,515| 10,229 | 193,218
6. GAC+AA 19,681 | 19,188 | 19,121 | 19,065 17,657 | 14,795 | 5,498 2,673 0 0 0 117,678
7. PWS 75,110 | 75,110 | 74,813 | 74,813 | 63,492 | 54,051 | 42,995 | 32,618 | 26,749 | 16,763 | 11,801 | 548,315
8. PWS+LMA | 80,515 80,515 | 80,116 | 80,116 | 69,084 | 59,768 | 47,638 | 36,480 | 30,087 | 19,300 | 13,482 | 597,101
9. PWS+AA 80,579 | 80,108 | 79,700 | 79,880 | 68,381 | 56,501 | 37,450 | 25,261 | 26,751 | 16,760 | 11,800 | 563,171
10. PER 14,211 | 14,169 | 14,160 | 13,849 | 12,873 | 12,053 | 11,244 | 9,833 0 0 0 102,392
11. PER+LMA | 20,726 | 20,706 | 20,455 19,549 | 15,952 | 13,564 | 9,453 6,263 4,318 0 0 131,052
12. PER+AA 19,681 | 19,202 | 19,102 | 18,973 17,597 | 14,105 | 4,540 1,690 0 0 0 114,890

LC, liquid culture; LMA, 0.5% low melting agaroseA, 0.5% alginic acid; GAC, granular activated cambPER, perlite; PWS, pine wood
shavings.

Table 9. Hydrogen production data
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Neither polymer supported growth in the absenc€é®fand YE. A different picture emerged
when PWS were used as an additive polymeric substia the presence of PWE.
saccharolyticus needed only a small amount of YE to start growtld shen the culture
maintained its biological activity for almost 2 mbs producing a total of 14.3 times morg H
than the controls without PWS (Fig. 12), which proed H only during the consumption of
the YE in 6 days.
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Figure 12. Daily H production by a freely suspended liquid culturewgr on DSMZ Medium
640 without cellobiose (LC) and with 50 mg pine wWahavings (LC with PWS).

The addition of PWS led to increased total orgaaibon content in the medium (Fig.

13), indicating that soluble carbonaceous compowmts released from PWS by the cells.
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Figure 13. Changes of total soluble organic cansdeased in time by liquid cultures grown

on cellobiose as sole carbon source (LC CB) andetiobiose and pine wood shavings (LC
CB PWS).

Under these experimental conditions about 1% ofdte mass of PWS was converted to H
LMA and AA did not contribute significantly to the, production from PWS (Table 9, rows
7-9). Relative to the LGC. saccharolyticus cells on PWS displayed a remarkable increase in
H, production within 30 days, i.e. 6.72-fold and theras 3.80- and 5.21-fold increase for the
LMA or AA containing LC samples, respectively (Tald, rows 1-3 and 7-9).

4.1.2. Anaerobic storage @. saccharolyticus and hydrogen production by stored
cells

The observation of wood utilization . saccharolyticus prompted us to study the
survival of LCs and immobilize@. saccharolyticus cells during anaerobic storage. Aerobic
exposure of the cells for 5 hours caused a dragelbfactivity with about 50%, and 12 hours
aerial exposure inactivated the cells irreversilfhata not shown). Cells were stored
anaerobically at 36C, 37°C or 42°C for various periods of time and subsequentlyucat
in fresh growth medium with or without additives ander to determine optimal storage
conditions. The viability and Hproducing properties of the cells were best prexkiat a

storage temperature of 42. Storage at 3C led to complete inactivation.
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Accordingly, the LCs were stored anaerobically 2t°@, then transferred into fresh
medium containing LMA or AA and incubated at @ with analysis for daily Hproduction
and viability (Fig. 14a-c) until Hproduction ceased.
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Figure 14. Viability of storedC. saccharolyticus on matrices on the second day of
regeneration in fresh medium; (A) LC; (B) LC + LMAC) LC + AA. Cells were stored at 42
°C as given in Materials and Methods, data cornedipg to 2, 5, 8, and 14 days of storage

are plotted. Values are the average of three meamnts and are expressed in (CFUYmI
units.

Controls were treated identically, but without @ditives. Storage for up to 8 days
under these conditions did not greatly impair thk wability and H-production ability (Fig
14 and Table 9). Following this storage time, therter the storage time, the longer the
duration of active H production. Longer storage times were associatiéldl & progressive
loss of viability (Fig. 14). Cells grown in a mediusupplemented with LMA retained their
viability and H-production capacity longer than cells grown in Ad&ataining medium; the
cells without additives exhibited the poorest sual/(Fig. 15).
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Figure 15. Total K production rates of cells stored for various tina@sl then cultured in
standard liquid medium (LC CB) with 0.5% alginicidadLC CB + 0.5% AA) or 0.5%
agarose (LC CB + 0.5% LMA).

In LCs in the presence of LMA. saccharolyticus still retained metabolic activity
after 26 days of storage, which was 18 days lorigan for the control (Fig. 15). AA
contributed moderately to the preservation of gelbility and H,-production capacity (Figs.
14 and 15). These experiments demonstrated that Eipported the survival of stagnating
C. saccharolyticus cells and served as a moderately good substratd,fproduction, while
AA was less efficient.

The potentiating effects of LMA, AA and PWS on &lolution byC. saccharolyticus
were demonstrated. The LMA was presumably degragiexbarases, known in some bacteria
(Van der Meulen and Harder 1975; Kendall and Culli®84; Potin et al. 1993; Sugano et al.
1993; 1994; Ha et al. 1997; Vera et al. 1998) kptraesenting only a few phyla and classes.
Such isolates inhabit seawater, salt marshes, fwasér and soils (Michel et al. 2006) and the
agarases they produce are generally classifiedtimbogroups, according to their mode of
action, i.e.a-agarase anfl-agarase, which hydrolyze the agaros&,3 and(3-1,4 linkages,
respectively. With the exception of the enzyme frAlteromonas agaralytica (Ohta et al.

2004), all known agarases hydrolyze f¥¢,4 linkage of agarose, yielding oligosaccharides
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in the series related to neoagarobiose [O-3,6-amhyd -galactopyranosyl-(1 3)-D-
galactose]. It should be noted that galactose isxaellent carbon source for growth ©f
saccharalyticus, better than cellobiose (our observation, datashotvn).

There have been no reports on agarolytic extremenibphilic bacteria. Our studies
revealed that LMA is a good substrate forgdoduction (Fig. 15) and increases the viability
of C. saccharolyticus cells upon storage (Fig. 14b and Table 9). Thesestmong indications
of the presence of an agarose-degrading enzym@srbacterium. The addition of LMA to
the growth medium ofC. saccharalyticus also caused an elevated protein content in the
extracellular protein fraction, and a number of r®mds on an 8% SDS-PAGE gel (data not
shown), which is in line with the assumption tha tentative agarase Gf saccharolyticus
does exist and is an extracellular enzyme. Addaiamdirect evidence is the observation that
reducing sugars accumulate in the extracellulastiya only when the cells are grown on
agarose, a polymer of D-galactose, a reducing siggdéa not shown). Such activity was not

detected in the whole cell fraction or on cell frass grown without LMA.

Alginates, which have wide-ranging commercial aggiions (Velings and Mestdagh
1995; Ertesvag and Valla 1998; Edwards-Levy andyLE399) are found in great abundance
in brown seaweeds and in two families of heterdtirobacteria, th&seudomonadaceae and
the Azotobacteriaceae (Preiss and Ashwell 1962; Wong et al. 2000). Adge degradation,
catalyzed by alginate lyases (alginases and akyidepolymerases) isolated from numerous
microorganismgWong et al. 2000) involves @-elimination mechanism that has yet to be
fully elucidated. The alginases have been charaetéas either mannuronate or guluronate
lyases. Alginases synthesized by anaerobic exbites have not yet been reported and due
to the complex and undefined structures of algiraatd its purified derivative AA, it is
difficult to assume which type is active @ saccharolyticus. This extremophile degrades not
only alginic acid, but also sodium alginate. Themowercial alginate product was
heterogeneous, it might have contained mono-, dielgomers, which could serve as a
substrate for the cells. Therefore the commerdgihate was dialyzed overnight atGland
freeze-dried in order to get rid of the monomemnd aligomeric contaminations. Hydrogen
production and the degradation kinetics were vanjlar to that of the AA (data not shown).
Interestingly, both alginate and AA proved suitatds polymeric substrates foC.
saccharolyticus cells only when the cells were stored anaerobialg2 °C for not more than
8 days in the standard growth medium (Fig. 14cileDkultures lost the ability to degrade
AA, even after replacement of the growth mediumhvatfresh one. The explanation of this
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phenomenon and the nature of the change in metatialus of the cells are unknown, but the
effect was observed systematically in both LCs emochobilized systems, regardless of the
immobilization matrix used except for PWS (Fig. drtd Table 9, rows 3 and 9). Analysis of
the protein pattern of alginate-treated cells watspossible by SDS-PAGE in consequence of
the strong interference of the reagents used wiém @xtremely minor amounts of alginate

left on extensively washed cells.

The cellulolytic activity of anaerobic extreme timaphiles has been known for some
time (Bergquist et al. 2000; Sissons et al. 1981ddon et al. 1990; Hudson et al. 1991), and
C. saccharolyticus was originally described as a cellulolytic baateri (Rainey et al. 1994)
though this property has not been studied in detdisequently. Soft wood shavings from the
pine are degraded by the extremophilic anaerobleerabsence of any other carbon source in
the growth medium. Attempts to hydrolyze wood shgsifrom oak trees (hard wood) were
not successful, presumably because of the distastposition of this lignocellulosic raw
material (Iranmahboob et al. 2002). The bacteriarblysis of lignocelluloses is usually
preceded by physical and/or chemical pretreatmemtrder to break up the well-organized
and recalcitrant structure (Van Niel et al. 2002agir et al. 2004; Iranmahboob et al. 20D2.
saccharolyticus can apparently use soft wood as carbon and energges for biohydrogen
production without any pretreatment (Fig. 12). lish perform the hydrolysis via its own
cellulolytic apparatus, probably solubilizing thenhicellulose fraction of the wood, which
might explain the increased total organic carbameat in the growth medium (Fig. 13) and
considerably elevated,Hbroduction (Fig 12 and Table 9, rows 1-3 and 7Fdg extracellular
protein concentration of the spent medium aftemmginoon CB and PWS as carbon sources
was higher than that of a growth medium contair@®) alone as carbon source. This may
suggest the presence of induced (hemi)cellulaséseimxtracellular space (data not shown).
Recent reports on the architecture of the celltilolgnzymes of certain anaerobes indicate
that these enzymes are multiprotein complexes swongi of many subunits, e.g. the
cellulosome of Clostridia (Newcomb et al. 2007). Wan further analysis on the molecular
structure of the cellulases i€. saccharolyticus, which is phylogenetically related to

Clostridia.
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4.1.3. Immobilization studies

The use of various zeolites (Naand NH'-exchangers, silicate powders) as
immobilization matrices did not support the surVighC. saccharolyticus (data not shown).
Immobilization of C. saccharolyticus on GAC, PER or PWS had a beneficial effect on the
survival of the cells stored at 4Z relative to the LCs, in the sequence PER<GAC<PWS
(Table 8). In the following experiments, the effecf using these immobilization matrices
alone or in combination with LMA and AA on the sival during storage andzproduction
from CB or from CB supplemented with LMA or AA westudied. The positive effect of
LMA on the stored immobilized cells was observegrathe cultures had consumed the YE
and CB, i.e. after about 8-13 days of storage. Agbldyed the same modest effect as seen
before: cells which had been stored for up to &daypduced significantly elevated amounts
of H, after replacement of the medium with a fresh cotaining YE, CB and AA, but the
H. production of cells stored for a longer periodtiaie rapidly decreased when the same
substrates were applied (Table 9, rows 3, 6, 9, TBp total H production of GAC-
immobilized and LMA-treated stored cells was 2.Bides higher than that of stored LMA
supplemented LCs (Table 9, rows 2 and 5). For tedtie raise was 1.60-fold (Table 9, rows
8 and 10).

C. saccharolyticus immobilized on PWS displayed an outstandingly bigh,
productivity than that of the LCs, with improvemenboth in storage survival and,-H
evolving capacity. It should be noted that PWS-irbitiwed C. saccharolyticus did not need
CB to survive and it retained its biologicaj-production activity for up to 56 days (Fig. 12).
The total H produced in these samples during the first 30 daas 6.72-fold higher than the
control samples without PWS, clearly indicating thest significant contribution of PWS
(Table 9, rows 1-3 and 7-9). PWS in combinationhwitMA resulted in a 7.32-fold
intensification in the K evolution relative to LC. It should be emphasizkdt shavings of
hardwood, e.g. oak, behaved completely differertiythe presence of hard wood shavings
neither the stabilization @. saccharolyticus cells upon storage nor an enhanceekeblving

capacity was observed (data not shown).

In any practical application @. saccharolyticus in biohydrogen producing systems,
optimal working conditions for a high productiorel and a long cell lifetime are critical.

Accordingly, LCs were compared wit@. saccharolyticus cells immobilized on various
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matrices from two aspects. First, we tested howy l#lls remained viable upon storage at 42
°C without replenishment of their growth medium.c&=, the regeneration of the,-H
evolving capacity of stored cells was followézi.saccharolyticus cannot grow at 42 °C, and
lower storage temperatures were found to be dedetefor the survival of the cells. On each
day, throughout the storage experiment, a setad$ was opened and analyzed for CFU and
H, productivity and the recovery of;Hbroduction was followed in fresh medium at 70 °C
until H, evolution ceased completely due to the exhaugifotine substrates in the growth
medium. The growth medium always contained a saralbunt of YE, which was required
for starting the culture, and in many cases CB wlas added. In some experiments this
carbon source was supplemented with LMA, AA, or PVIBIA was used for practical
reasons as this type of agarose does not hardeorattemperature.

NH,'- and Na-exchanger zeolites and mesozeolites (e.g. siljgateler) proved to be
poor immobilization supports (data not shown). Gtated activated carbon (GAC), perlite
(PER) and pine wood shavings (PWS), however, weoel gupport matrices and had no toxic
effects onC. saccharolyticus. GAC performed better than PER. The experimdmbsved that
the matrix-related effects were advantageous ferceil physiology, prolonging the viability
of stored cells by about 10-12 days relative to (Cable 9 and Fig. 14). GAC presumably
allows a favourable distribution of the cells iresithe pores and/or supplies an active surface
to maintain a fraction of the cell population withetabolic activity even after 30 days of
storage (Table 8). The regulation of the cellulatabolism of cells immobilized on solid
supports might be influenced by physical interaxiat the cell surface, which may enhance
and/or reduce the cellular metabolism or some ity Karel et al. 1985; Van Loosdrecht et
al. 1990). It has also been suggested, though xpErienentally proven, that GAC contains
structured water, and the close vicinity of thelscehay constitute an environment with
reduced water activity (Mattiasson and Hahn-Hadet€82). The experimental data on cells
immobilized on PER or GAC confirmed that they diot mndergo growth during storage.
Hence, the living cells could be regarded as rgstinstarving cells, and the number of dead
cells obviously increased in time (Fig. 14).

A completely different picture emerged from the emmental data onC.
saccharolyticus cells immobilized on PWS, which was shown to be thest support
properties forC. saccharolyticus immobilization. Under anaerobic storage conditiaonshe
presence of PWS the cells survived for up to 5&adyd2 °C. This is excellent endurance as
compared with the 14-26 days on the other matrice$-10 days in LC (Table 9 and Fig.
14). Besides providing a superior surface for ahchment, PWS also supplied carbon and
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energy for the immobilized cells. Although no deddde cells growth was observed during
storage, a minuscule fraction of this immobilizatimatrix could have been used by the cells
for maintenance under storage conditions therebpraming their survival. This is
corroborated by the extended ptoduction when only PWS were present as carbaorcean
the system (Fig. 12). The addition of CB facilithiell growth and Kproduction, but it was
not essential, as revealed by the fact thasaccharolyticus could grow and producetbn
PWS as a sole carbon source.

Alternative polymeric carbon sources such as LMA aA were utilized by both LC
and immobilized cells. This extends the range ofeptial substrates for biohydrogen
production byC. saccharolyticus and demonstrates the metabolic versatility of éxgeme
thermophile. The data presented in this paper sidgeatC. saccharolyticus is best used for
biohydrogen production in an immobilized form orsw@table matrix as both its endurance
and biological activity are affected positively bymobilization (Table 9). From practical
point of view it is particularly promising th&t. saccharolyticus can efficiently utilize various
polymeric substrates for biohydrogen production imgkthis extremophile an excellent
candidate for use in large scale operations as Wgpleriments have been performed to test
other agricultural waste sources as possible satbstor economically feasible biohydrogen

generation by this system.

4.1.4. Agarose-induced changes in the protein jpatte

In an attempt to acquire preliminary experimentatadfor characterization of the
agarase synthesized Ky saccharolyticus, 5-15% gradient SDS-PAGE of a crude bacterial
extract was performed. The protein pattern of LMéated cells differed from that of cells
grown in medium with CB as sole carbon source. Sneve bands appeared in the range 35-
40 kDa, whereas those at 48 kDa and 100 kDa disappdFig. 16). New enzyme activities
were therefore induced in the presence of added LMAther studies are needed to identify
the proteins involved in this process. A prelimn&LAST search in the genomic DNA data

base did not reveal specific agarase or alginaggesees.
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Figure 16. SDS PAGE of 5-15% gradient geCofaccharolyticus crude extract.
Lane 1 — 0.5% agarose-amendeédsaccharolyticus cells; M — marker Fermenta#661
(10kDa — 200 kDa), lane 2 — contf@l saccharolyticus cells (LC CB).

4.2. Utilization of energy plants as a substrate for H, production by C.

saccharolyticus

All plants and their derivatives, used in the ekpents, were dried before use,
homogenized and added in different percentagegatbwth medium prior sterilization. No
other carbohydrate source was used in the growitiume For comparative studies, 0.1%
cellobiose was used in the standard DSMZ 640 medisithe only energy and carbon source.
Wheat straw, sweet sorghum and its concentrateg jderivatives, maize leaves, silphium
and bagasse were shown to be utilized as a carmbersergy source b§. saccharolyticus.
The biomass was added in the concentration rarfig2.8% (w/v) to establish the optimal
percentage, resulting in the highestpgtfioduction (Table 10 and 11).
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Substrate Concentration, % (w/v)

0.1 0.25 0.5 0.6 0.7 0.8 0.9 1. 1.1 1.5 2
WST n. d. n. d. 16,358 n.d. n. d. n. d. 35,4886,692 | 34,861 | 33,505| n.d.
UML 6,363 n. d. n. d. n. d. 6,202 6,421 6,658 6,465 n. d. n. d. n. d.
PML 2,386 6,363 7,231 | 8,201 | 8,101 n. d. n. d. n. d. n. d. n. d. n. d.
STR n. d. 5,610 n. d. n. d. n. d. n.d.| 5912 n. d. 5,425 5,243
10A.
Substrate Concentration, % (w/v

0.25 | 0.5 0.7 0.9 1.1] 15 1.8 1.9 2 2.1 2.2 2.
SSP nd.| nd| nd| n.d nd. n.d. 13%81 7&[]9n.d. | 28,743| n.d. | 27,050 n.d.
BGS n.d | 1,820 2,731 4,0965,591 4,538 n.d. n. d. n.d| n.d. n.d n.d| n.
10B.
Substrate Concentration, % (w/v

0.01 | 0.03 | 0.05| 0.07| 0.1 0.15 0.19 0.2 0.21 0.2b
SSC 2,311 3,466 3,6273,779| 2,993 | n.d. n. d. n. d. n. d n.d.
SSJ n. d. n. d. n. d. n.d 1,180 4,754 5,08%,123 | 5,085| 4,886
10C.

Table 10. Total specific hydrogen production rdfsH, CFU?Y) of various biomass sources.

THPR H, yield
(pL H, CFU?) H. productivity (mol mol* glucose

Substrate (L H, kg dry biomass consumed)
ssc* 3,779 131.93 2.98
SSI** 5,123 55.08 2.63
WST* 36,692 44.68 3.80
PML* 8,201 38.14 3.67
Ssp* 28,743 30.17 1.75
BGS* 5,591 18.21 2.30
UML* 6,658 15.33 1.80
STR* 5,912 8.14 0.48
PWS* 71,253 4.32 0.57

Table 11. Total hydrogen production rate (THPRdpictivity and yield ofC.

saccharolyticus grown on dry biomass. (*) dry solid biomass; (fiuid biomass.
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4.2.1. Wheat straw as a carbon source fopidduction

Propagation ofC. saccharolyticus in the presence of wheat straw in concentrations
from 0.5% to 1.5% (w/v) brought about elevategéadolution (Fig. 17). Maximal production
rate of H was observed when 1% wheat straw was used as ancaooirce. Concentrations
higher than 1% caused a reduction ip éVolution probably due to substrate inhibition.
Hydrogen production began on the first day and tmaaied at high level for 11 days, when
the optimal performance was reached. TheeMolution lasted for 45 days, with a rapid
decrease from the T1ito the 2% day, after which a low constant production rateswa
maintained. The Hevolution ceased on the 8lay, presumably due to the unavailability of
any fermentable substrate left.
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Figure 17. Daily hydrogen production rate Gysaccharolyticus grown on wheat straw as a
carbon source
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The H production rate was almost twice as much (1.9d-Fogher) when 0.5% (w/v)
wood shavings were used as a sole energy and cadooce relative to the wheat straw (Fig.
12 and Fig. 17, Table 10 and 11). The highepkbduction rate of PWS was coupled with a
prolonged fermentation time of 56 days, 11 daygéorhan the fermentation on wheat straw.
However, wheat straw yielded about 6.7-fold higherount of H for a unit of consumed
glucose and the Hproductivity was about 10-fold higher (Table 1lindicating that the
lignocellulosic composition of the wheat straw wasre easily accessible for enzymatic
hydrolysis byC. saccharolyticus than PWS under the same fermentation conditions.

Fan et al. 2006 reported on a maximal hydrogerlyé€b8 mL H/g total solids when
HCI pretreated wheat straw wastes have been deyeadeerobically by cow dung compost at
36 °C and that yield was 136-fold higher relativettie raw wheat straw. In our study we
report on a maximal hydrogen yield of 50 mlk/¢itotal solids when raw wheat straw was
used without any pretreatment By saccharolyticus, indicating that the extremophile was
about 100-fold more efficient than the mesophilixed enrichment used by Fan et al. 2006.
On the other hand, Pan et al. 2008 showed thataaetl sludge of paper mill was about 2.6-
fold more efficient in producing biohydrogen fromheat brans in comparison 1G.
saccharolyticus, but again they have employed time and energy wuimgy pretreatment
processes.

So far there are no reports in the literature oahyulrogen production by an
extremophile, growing on wheat straw as an energg aarbon source without any
pretreatment. It meets the increased needs fomattee energy resources. In that respect,
wheat straw, being a cheap, widely available anmtewable resource, can be considered
advantageous for Hproduction over other alternatives like energwisive chemical

processes (pyrolysis, gasification), or low-effigi®io-photolysis processes.

4.2.2. Sweet sorghum plant and its extracts aoasburce for Bproduction

Fresh sorghum plant§grghum bicolor) were homogenized, air dried and used as an
energy and carbon source in different concentrafigielding the highest Hroduction when
2 % (w/v) was applied (Fig. 18). Concentrationshieigthan 2% caused a decrease i H
evolution. At the optimal concentratior§. saccharolyticus, grown on sweet sorghum

produced H for 34 days, yielding only about 22% less Hlative to the wheat straw
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substrate (Fig. 17 and Fig. 18, Table 10 and 1hg Aydrogen production rate varied very
little, with a decrease from 1,300 pL, I€FU* day' to 1,000 pL H CFU? day*in 23 days,
which may indicate a more homogeneous distributiotihe accessible substrate compared to
the wheat straw. A fast decrease inpfloduction followed due to depletion of the avaliéa

substrate (Fig. 18) and that was coupled with @ dfdhe cell viability (data not shown).
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Figure 18. Daily hydrogen production I8} saccharolyticus grown on sweet sorghum as a

carbon source

In a different experiment, sweet sorghum plant stapped into leaves and stems and
water extraction at 30 °C of the available sugaas werformed according to the method of
Ntaikou et al. 2008. The extract, containing thedily extractable sugars accounted for 7.5 %
of the overall H production, the leaves contributed by 53.2% amdstiems by 39.3%. The
sum of K evolution, coming from the three treatments e@uaithat one of the homogenized
whole plants (data not shown).

Reports on the use of sweet sorghum plants $gorbiduction started to emerge in the

literature recently. Ntaikou et al. 2008 used médappure culture oRuminococcus albus to
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produce hydrogen from wet sweet sorghum biomassy Téported Kl productivity of 58 L
H, kg* wet sorghum biomass which is in a good agreeméhtour studies of 30.17 L +kg

! dry sorghum biomass (Table 11) ang Vield of 2.5 mol H mol* consumed glucose for
sorghum residues, which is consistent with ourdyiEl1.75 mol H mol* consumed glucose.
Our data fit very well to the Hyield, reported by Martinez-Perez et al. 2007, widicated
1.7 mol H/mol hexose converted in sweet sorghum in anaehesters.

We report for the first time onjproduction by an extremophile using sweet sorghum
plants as a growth substrate. We have proven thatdtluction from sweet sorghum by the
extremophileC. saccharolyticus without any pretreatment of the substrate is fdssand
stable for a period of 24 days under batch fermemaonditions, with an average production
rate of 1000 pL bl CFU* day’, the second best among the other utilized sulesti@igure
18). In terms of K productivity, sweet sorghum comes in the fifthgalaas the most suitable
H, substrate after its derivatives SSC and SSJ, vdtieat and pretreated maize leaves (Table
11).

Preliminary studies have been carried out by Ceass al. 2004 and Antonopoulou et
al. 2008 on biohydrogen production from sweet songhderivatives like extracts and
bagasse. We also demonstrated @adaccharolyticus was able to produce;Hrom SSJ and
SSC (Table 10, Figures 19 and 20). The highespidduction for SSJ was reached when
0.2% SSJ was used with concurring batch fermemtatio34 days. For SSC the optimal
percentage for Hproduction was 0.07% and the fermentation wasay® @ghorter. Claassen
et al. reported on 4 molJnol G; which is close to our data of 3 mop/khol glucose when
C. saccharolyticus was grown on SSJ (Table 11). Antonopoulou et @082reported on
yield of 0.86 mol H/mol glucose consumed which is half of the valueS8P and over 3-fold
lower for SSJ and SSC relative to our studies. THgproductivity for SSJ was about 5-fold

lower than our results (Table 11).
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Figure 19. Daily hydrogen production By saccharolyticus grown on sorghum juice as
carbon source
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4.2.3. Maize leaves as carbon source fpptdduction

The use of maize leaves for, lgroduction byC. saccharolyticus was shown to be
successful. The highest late was reached at 0.9% (w/v) and the fermemddisted for 48
days (Fig. 21). The hydrogen production rate wasutli1-fold lower compared to wood
shavings and about 5.5-fold lower than that ofiiheat straw fermentation. In an attempt to
improve the yield of KW production, maize leaves were enzymatically pedte withBacillus
amyloliquefaciens. 10% biomass (w/v) was added to 50 mM phosphafterband incubated
with B. amyloliquefaciens at 30 °C on a rotary shaker for 3 days. The swgtant was
removed and the remaining biomass was dried and @se H, fermentation byC.
saccharolyticus. The H rate improved by 23% when 0.6% pretreated mairecte were used
and the fermentation was prolonged with 4 days.(Ey Table 10). Addition of more than
0.6% pretreated maize biomass decreased tharddluction rateC. saccharolyticus, grown
on PML, yielded about 2.1-fold higher,h comparison to the Hyield on sweet sorghum,
and had 1.3-fold higherproductivity related to SSP (Tables 10 and 11 PML H, yield
was the second best among the tested substragesVa®T, while that of UML ranked"6
(Table 11). Our results for Hyield for UML are consistent with the data, repdrtby
Martinez-Perez et al. 2007, who indicated 1.9 mghtdl hexose relative to 1.8 mok#hol
glucose in our studies (Table 11). Furthermore,plstreating the maize leaves we have
improved the Hyield, reaching 3.6 mol #mol consumed glucose and we have obtaingd H
yield of 81.5 ml H/g dry matter for PML, which is higher by 31% comgzhto the H yield
of Kayazze et al. 2008 (62.4 mbAg dry matter). UPM yielded only 16 mlxg dry matter,
almost 4-fold lower than the yield reported by Kzz@et al. 2008. The use of maize leaves or
fodder for B production has been acknowledged just recentlplyapm anaerobic mixed
microflora. Kyazze et al. 2008 concluded that thajamnty of the complex structural
carbohydrates of fodder maize were not accesslenktabolism by the anaerobic mixed
culture judging by the low increase of the neusirad acid detergent fibers, hemicellulose and
holocellulose of the fodder maize before and afterfermentation. That might be one of the

reasons for the lowerHileds in comparison to wheat straw.
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Figure 21. Daily hydrogen production By saccharolyticus grown on maize leaves as carbon
source.
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4.2.4. Sugarcane bagasse and silphium as carboresou H production

Sugarcane bagasse was also shown to be utilize@. bsaccharolyticus for H,
production. Sugarcane bagasse and sweet sorghwa joi 1% (w/v) concentrations
respectively had the highest Hroduction rate (Fig. 19 and 23, Table 10 andaht) showed
a similar H rate for a similar duration of fermentation — 388 days with about 30% and

50% drop of H production rate in about 20-25 days, respectively.
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Figure 23. Daily hydrogen production By saccharolyticus grown on bagasse as a carbon
source.

Sugarcane bagasse is as a byproduct of etharligiron in Latin America. Bagasse
is either burnt, or used for biogas production. 8amports on hydrogen production from
bagasse through steam gasification are availaldev¢B et al. 2003; Chaudhari et al. 2003)
and only few on biohydrogen production (Pattra let2808). Optimisation of biohydrogen
production from bagasse is at an early stage. trstugly sugarcane bagasse was successfully
utilized by C. saccharolyticus and had a Krate similar to silphium (Table 11). BGS had a
higher H yield of 2.3 mol H/mol glucose consumed compared to the yield, regobky
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Pattra et al. 2008 fa€lostridium butyricum grown on sugarcane bagasse (1.73 mgainil
total sugar).

Silphium &lphium trifoliatum) as an energy plant has not been used so far for H
production. The addition of 1% silphium led to thighest H production which lasted 38
days. (Fig. 24, Table 10). Thus we have showntti@extremophil€C. saccharolyticus was
capable to degrade silphium, resulting mnykelds, similar to those of PWS (Table 11).
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Figure 24. Daily hydrogen production 6} saccharolyticus grown on silphium as carbon

source.

The contribution of silphium as a substrate forgfoduction byC. saccharolyticus
was similar to that of sugarcane bagasse (Fig.T2Ble 10 and 11), thus possessing a
potential to be used as a renewable energy sokucthermore, it can be grown in territories
with moderate climate, which makes it possible ¢éognown as an energy crop in Europe.
Still, silphium was not as good substrate for ptoduction as bagasse, because the BGS
productivity was 2.2-fold higher and the Meld was about 5-fold higher than those of STR
(Table 11).
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4.2.5. Changes in TC, TOC and reducing sugars ocbraten

During the course of fermentation, the changethefcarbon content of the substrates
was followed, both in the solid and liquid phaskeTotal carbon (organic and inorganic) of
the solid compounds of three energy plants, i.eeawlstraw, sweet sorghum and pretreated
maize leaves decreased in time with the highesedent of about 24% over the first 15 days
for wheat straw and 18% and 11% for sweet sorghuni pretreated maize leaves,
respectively. After the 5day of the fermentation only 5-6% decrease wasruks for the
three substrates (Fig. 25).
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Figure 25. Total carbon of total solids.

The changes in the solubilised carbon of all usdaktrates have also been analyzed.
There has been a gradual increase in the totahimrgarbon for all solid substrates and only a
very little one for sweet sorghum juice and sweeglsum concentrate 65 °Bx (Fig. 26). The

highest increment for wheat straw, bagasse andeptetl maize leaves has been reached 27
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days after the onset of the fermentation. For sweeghum that occurred by the™8ay.
After that a slow decrease followed due to decomtiposprocesses.
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Figure 26. Changes of total soluble organic carl®eased in time b{. saccharolyticus

grown on biomass.

The concentration of the reducing sugars in théiome with and without cells has
also been analyzed. The concentration of wateaetdble sugars of the biomass in medium
without cells was between 13 % and 20 % (data Inaiva). Hydrolysis of the lignocellulosic
material by the enzymatic apparatus@fsaccharolyticus presumably took place after, or
together with the consumption of the readily extbte sugars, causing accumulation of
sugars in the extracellular fraction on the secamd third day of fermentation, with a gradual
decrease over time, due to their consumptionChysaccharolyticus (Fig. 27). The two
sorghum juices had a higher initial concentratiérrealucing sugars relative to that of the
solid biomass substrates, and were readily consuloypéide bacterial cells, causing a decrease

in the free sugar concentration in time (Fig. 27).
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Figure 27. Glucose concentration in the extracatltriaction during the course of

fermentation.

In conclusion, we have shown th@ saccharolyticus is able to degrade waste

biomass materials of plant origin, producing hya@mgOur data on fHproduction from wheat

straw, sweet sorghum plants, pretreated maize $eané sugarcane bagasse are comparable

to the data published in the literature so faradidition, we report for the first time om, H

production from silphium. The results demonstratg €. saccharolyticus is an excellent and

reliable biocatalyst indeed with direct practicalplcation in the biohydrogen-production

technologies.
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drawn:

5. Summary

Based on the data, presented in this thesis, dih@ving main conclusion can be

. | demonstrated tha€. saccharolyticus possesses an agarolytic activity in the

presence of cellobiose, with a possible practiggplieation in biohydrogen
production, involving inexpensive and simple way wutflizing agarose as a

discarded waste.

. | performed preliminary studies on the protein peofof agarose-induced.

saccharolyticus cells, cultured in the presence of cellobiose @etegcted a number
of newly synthesized proteins due to the use ofcsgaas an additional carbon and

energy source.

. | proved thatC. saccharolyticus has the ability to catabolise alginic acid and

alginates in the presence of cellobiose, and preglbigdrogen from this substrate.

. | confirmed the cellulolytic activity ofC. saccharolyticus using pine tree wood

shavings, demonstrating the metabolic versatilitthat extremophile.

. | have selected cheap, widely available and norcteypport matrices for the

stabilization of the hydrogen-producing systemyniobilization.

. | selected for a support matrix, which has a duekfion for the cells — on one

hand, providing a solid surface for the cells, andhe other, playing the role of a
substrate, which maintains the viability and presdhe physiology status during

storage.

. The optimal storage conditions Gf saccharolyticus cells have been established

and their storability has been improved by immabiion. The hydrogen
productivity of immobilized cells has been presenfer a period of 30 days

compared to 8 days of their freely suspended copares.
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8. | demonstrated that energy plants and agricultweaste resources were suitable
for use byC. saccharolyticus for hydrogen production, making that extremophile
an excellent candidate for large scale operatiohseanomically feasible

biohydrogen generation.

71



6. Publications

Ivanova, G., Rakhely, G. and Kovacs, K. L. Hydrogen produttipom biopolymers by
Caldicellulosiruptor saccharolyticus and stabilization of the system by immobilizatidmt J
Hydrogen Energy 2008; doi:10.1016/j.ijhydene.208868.

Ivanova, G, Rakhely, G. and Kovacs, K. L. Thermophilic biohygen production from
energy plants bZaldicellulosiruptor saccharolyticus. Submitted to Int J Hydrogen Energy.

Ivanova, G., Meredith, W., Dickinson, M. J., Kovacs, K. L. ande®{, H. M. Relationship
betweenn-alkane length and fungal contribution to diesefrddation in an acidic sandy
loam. Submitted to Bioresour Technol.

Ivanova, G, Meredith, W., Dickinson, M., Kovacs, K.L. and We¥/. M. The contribution
of species richness to diesel degradation. Intenmait Conference on Biotechnology, Leipzig,
Germany, 9-13 July 2006.

Ivanova, G. Physiological studies on hydrogen-evolving and seli@egrading

microorganisms. Acta Biologica Szegediensis 200@83(:151.

Krysteva, M. Fyrtzov, K., Kodjabashev, I. amdanova, G. A substratum for hydrogen
production. Patent utility model N: 681 / 03.09.20(Patent Office of the Republic of

Bulgaria.

Ivanova, G. Photobiological hydrogen production from vinabgdRhodobacter sphaeroides.
4™ International Conference on Biohydrogen, Ede Nbtherlands, 21-24 April 2002, pp.82.

Krysteva, M, Lalov, |. andvanova, G. Energy from food wastes - the energy of thé& 21

century (in Bulgarian). 3 National Chemistry Confernece, Sofia, Bulgaria;2®7September
2001, pp.153.

12



7. Aknowledgements

| am deeply indebted to my supervisor Prof. KoeVacs, who has been supporting
me throughout my PhD studies, giving me valuabtédgssional advice and care. His utmost
dedication to science and his remarkable abilityriderstand and solve not only research, but

also every day’s life problems have made him ahbnigle model for me.

| thank Assoc. Prof. Gabor Rakhely and Dr. Pereial@a for their practical and
theoretical consultations, which improved my expemtal set-up, as well as my thesis’ and

articles’ structure.

I’'m grateful to my Mother, who'’s been giving me hér love and comfort at difficult

moments of my personal life and scientific career.

I'll always keep a dear memory for Zsiros Szilvihnais been by my side not only in
the labs, but also in my private life at all timés;Molnar Erika, who's been cheering me up
on hard days during my stay in Hungary; to BalimlaZs, Bagi Zoli, Safar Zsolti, Takacs
Mari and Toth Andras, who have been always helpiegwhen | was in any need, keeping

my scientific enthusiasm and devotion alive.

73



8. Summary in Hungarian (Osszefoglalas)

A dolgozatban bemutatott kisérleti eredmények alapja kovetkez

kovetkeztetéseket vonom le:

1. Kimutattam, hogy C. saccharolyticus agar bonté enzim aktivitassal
rendelkezik cellobioz jelenlétében. A baktériumeaka tulajdonsaga nem volt
ismert korabban és leléseget nyujt arra, hogy agar tartalma hulladékokbol
biohidrogént allitsunk él

2. A sejteki®l készitett fehérje extraktum gélképében eltérésedaltam attol
fuggéen, hogy cellobi6z mellett agar is jelen volt aftdgadékban vagy sem.
Ez arra utal, hogy a polimer szubsztrat jelenléiélag fehérjék, enzimek
indukalédnak, melyek pontos jellemzését Ujabb lesgkkel kell elvégezni.

3. Kimutattam, hogyC. saccharolyticus képes lebontani cellobi6z jelenlétében a
guluronsavat, ami a természetbensfaiduld biopolimer alginat egyik
komponense és bontja az alginatot magat is. Etekipolimerekidl szintén
hidrogeént allit ej.

4. Megebsitettem azt a korabban leirt, de Vvitatott ténypgyh a C.
saccharolyticus sejtek cellulézbonté aktivitAssal rendelkeznek. @.
saccharolyticus sejtek hidrogéntermelés mellett hasznositottak uhafa
forgacsban lel cellulézt és lignocelluldzt termofildmérsékleten.

5. Olcs6 hordozokon hatékony fellleti immobilizalagaest dolgoztam ki &.
saccharolyticus sejtek szamara.

6. Az immobilizalasi kortlmények optimalizalasaval ejtsk életképességéenek
jelentbs novelését és bioldgiai aktivithsanak hatékony drmsget lehetett
elérni aC. saccharolyticus szamara kedvéten életfeltételek mellett is.

7. Teszteltem kulonféle mégazdasagi hulladékot és mellékterméketCa
saccharolyticus rendszerben és azt taldltam, hogy a legtobb ajagan
megfeleb szubsztrat a biohidrogén termelés szamara. Ez é<. a
saccharolyticus extrém termofil természete arra utal, hogy a \a#s¢przs
kivdléan alkalmas ipari lépték biohidrogén termél rendszerekben valo

alkalmazasra.
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