Chapter 18

Potential Enhancement of Biofuel Production
Through Enzymatic Biomass Degradation
Activity and Biodiesel Production

by Halophilic Microorganisms

Matthew B. Begemann, Melanie R. Mormile, Varun G. Paul,
and Daniel J. Vidt

18.1 Introduction

Biofuels hold great promise as a replacement for some of our demand for fossil fuel.
However, a number of environmental and economical costs have to be reduced
before biofuels can be a suitable replacement for fossil fuels. These costs include
the use of land, water and energy. Furthermore, these costs place the production
of biofuels in direct competition with food production (Pimentel et al. 2009). To
overcome some of these costs, solutions such as the efficient use of non-food
biomass have to be developed and conservation of water via recycling.

Non-food plant biomass is an abundant, renewable source of stored energy. This
material holds great potential for providing energy in the form of alcohols, hydro-
gen, and methane production, as well as electricity generation from microbial fuel
cells. Typical forms of biomass include switch-grass, corn stover and wood chips.
Biomass exists as cellulose and hemicellulose, encased by lignin. The purpose of
the cellulose, hemicellulose, and lignin matrix is to provide structural support for
the plant. Thus, this material is highly resistant to biodegradation. This also makes
harsh pretreatments, high temperature and extreme pH conditions, necessary to
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prepare biomass for subsequent fermentation reactions (Mosier et al. 2005). Alkali
pretreatment, such as lime, has been used to treat wheat straw, poplar wood, switch-
grass, and cornstover. Lime can be substituted by alkaline salts during alkaline
pretreatment. This can result in pH and salt concentrations similar to those found in
alkaline saline lakes. Thus, bacteria that thrive under these conditions can possibly
be used to further breakdown biomass after alkaline pretreatment and subsequent
biofuel production.

The use of halophilic microorganisms to reduce demand for freshwater usage is
not new (Woolard and Irvine 1995). To elevate the water costs of biofuel/biodiesel
production, water recycle will have to be utilized. However, as water is recycled,
the salts that are present will accumulate and become inhibitory to freshwater
biodiesel-producing algae. Halotolerant/halophilic algae present a solution to this
impediment.

18.1.1 Cellulose

Cellulose generally is a major component of biomass and exists in forms that are
exceptionally stable in terms of both conformational structure and chemical bonds.
This makes the molecules relatively recalcitrant due to limited solubility and high
heterogeneity (Schwarz 2001). Additional hindrances to biodegradation result from
the sheer size of cellulose molecules. The structure and size of cellulose preclude
uptake by cells and enzymes must be secreted into the medium or bound to the
outside of the cell (Beguin and Aubert 1994). However, the tremendous availability
of cellulosic biomass, estimated at 30 Gt per year in global terrestrial production,
has resulted in the development of very diverse, multi-faceted approaches of cellu-
lose biodegradation in the biosphere (Cox et al. 2000). Despite the awareness of
the array of cellulose biodegradative mechanisms, there have been very few
biotechnologies developed from cellulolytic organisms. It is estimated that of
all the microorganisms within the biosphere, only 1-2% have been transferred
into an industrial or commercial applications (Gomes and Steiner 2004) and even
this percentage appears to be a gross over-exageration. Given that context, there
are obviously vast, untapped reserves of cellulolytic biotechnology still awaiting
discovery.

18.1.2 Hemicellulose

Hemicelluloses are a broad group of heterogeneous branched and linear chain
polysaccharides that account for 20-40% of lignocellulose. Within the lignocellu-
lose complex, hemicellulose is covalently bound to lignin sheaths and interacts with
cellulose through hydrogen bonds (Biely et al. 1985; Joseleau et al. 1992). These
interactions aid in structural integrity and protect the cellulose from degradation by
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cellulases (Uffen 1997). Unlike cellulose and lignin, the composition of hemicellu-
lose varies greatly between plant species in backbone structure, branching, and modi-
fications. Hemicelluloses can be categorized based on the carbohydrate polymer
composition. These include xylan (p-xylose), xyloglucan (p-xylose and p-glucose),
glucomannan (p-glucose and Dp-mannose), galactoglucomannan (p-galactose,
D-glucose, and p-mannose), and arabinogalactan (p-galactose and L-arabinose).
A more comprehensive review of hemicellulose structure and biological function
can be found in Puls and Schuseil (1993).

Due to the diversity of these polysaccharides, microorganisms involved in their
degradation require the use of multiple enzymes with varying specificity and
function. A genome analysis of ten representative hemicellulose-degrading bacteria
revealed that each bacterium has between 4 and 14 annotated genes encoding
hemicellulases (Shallom and Shoham 2003). The inherent nature of hemicellulose
provides additional challenges including high molecular weight, insolubility, and
rigid structure. In order to cope with these challenges, multiple hemicellulases are
secreted to convert large polymers into smaller oligosaccharides, disaccharides, and
monosaccharides, which can then be internalized and further metabolized (Wong
et al. 1988). Total conversion of hemicellulose requires glycoside hydrolases to
break the sugar backbone and branched sugar residues as well as esterases to remove
acetyl and ferulic acid modifying groups (Shallom and Shoham 2003; Saha 2003).

18.1.3 Lignin

Lignin, a heterogeneous polymer made up of phenylpropanoid interunits linked by
covalent bonds, is the second most abundant raw material on earth. It is a major
component in the cell wall structure of many plants, providing strength and rigidity
to the plant structure and helps in water transport. There are several isomers of
lignin most of which are structurally complex and very resistant to microbial degra-
dation (Li et al. 2009). Enzymes capable of degrading lignin under aerobic con-
ditions are grouped into two main categories, peroxidases and phenol oxidases.
Phenol oxidases can be further divided to include two groups of enzymes, laccases
and polyphenol oxidases. On the other hand, anaerobic organisms primarily use
enzymes involved in the degradation of phenols such as phenylphosphate synthase
and phenylphosphate carboxylase. Many studies have focused on microbial break-
down of lignin and few have considered lignin degradation under extreme
conditions of pH, temperature or high salt concentrations.

18.2 Biodegradation of Cellulose

The degradation of cellulose is generally accomplished by an inducible system of
cellulolytic enzymes and proteins, working synergistically, comprising a distinct
cellulase system (Wood 1975). Commonly, the term cellulase is used to describe an
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entire system that attacks the cellulose molecule in an extremely coordinated
effort to synergistically hydrolyze cellulose within the environment and not the
organism. This is important because cellulolytic microorganisms are also capable
of degrading hemicellulose and coproduces xylanases along with cellulolytic
enzymes (Lynd et al. 2002). The specific activity of cellulases is the hydrolysis of
the B-1,4-glucosidic bonds between the glucosyl residues in cellulose (Beguin
and Aubert 1994).

Cellulases can function in three different ways. Exoglucanases, cellodextrinases
(1,4-B-p-glucanhydrolases) and cellobiohydrolases (1,4-B-p-glucan cellobiohydro-
lase) hydrolyze the glycosyl bonds at either end of the cellulose polymer chain
while endoglucanases, such as 1,4-B-glucan-4-glucanhydrolases cleave the cellu-
lose chain internally. The glycosyl bond of cellobiose can be cleaved by 1,4-3-p-
glucan cellobiohydrolases and B-glucoside glycohydrolases (Voget et al. 2006).
Along with the catalytic domains of the general cellulase complex, a fourth, non-
catalytic component is central to cellulose degradation. In general, a carbohydrate
binding module must be present in the cellulase complex to attach and position the
enzymes onto the cellulose and facilitate the removal of single molecules resulting
from enzymatic lysis (Schwarz 2001; Lynd et al. 2002).

18.2.1 Biodegradation of Cellulose by Halophilic Bacteria

Formal cellulase research began with the United States Army where investigations
into cellulose degrading organisms were undertaken in response to alarming rates
of “rot” noted in the natural materials (mostly cotton) used by combat units in the
South Pacific campaigns of World War II (Reese 1976). By the time of the Vietnam
War, the first research results quantifying three, functionally distinct cellulase
components from crude filtrates of Trichoderma viride were published (Li et al.
1965). Since then, prospecting for relevant biotechnical resources has become more
focused on extremophiles since many of the cellulases with industrial relevant
characteristic have already been obtained from them (Voget et al. 2006). However,
little work has been done thus far with halophiles specifically for cellulase. The
current survey of biotechnical and enzymatic applications involving halophiles
denotes interesting applications from the development of soy and fish sauce to
holographic computer storage material to enchasing crude oil recovery (Oren 2002;
Sanchez-Porro et al. 2003; Pikuta et al. 2007). However, there is no mention in the
current literature of any cellulase biotechnologies developed from halophiles. This
isn’t surprising as limited research has been done to study the biodegradation of
cellulose by halophilic bacteria even though other extremophilic organisms, specif-
ically alkaliphiles and thermophiles, have long been employed for their cellulosic
properties (Bhat and Bhat 1997; Lynd et al. 2002; Fujinami and Fujisawa 2010).
However mixed cellulolytic cultures and a pure culture of Haloarcula
hispanica isolated from the Waste Isolation Pilot Plant were shown to attach to
and produce oxalacetic and pyruvic acids from cellulose (Vreeland et al. 1998).
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Recently, a carboxymethyl cellulose-degrading Marinimicrobium was isolated
from the Great Salt Lake, Utah (Mgller et al. 2010). Furthermore, the reported
incidence of enhanced enzymatic stability and activity with the addition of salt
to thermophilic cellulases has been known for some time (Bronnenmeier et al.
1995). For reasons directly related to the structure and composition their proteins,
halophilic enzymes systems have thus far demonstrated enhanced utility as they are
not only stable in high salt environments, but the enzymes are also found to be
thermotolerant and alkalphilic and thus can be considered “polyextremophilic”
(Setati 2010).

18.2.2 Uniqueness of Halophilic Cellulosic Enzymes

Enzymes produced by halophilic microorganisms possess an excess of acidic amino
acids providing extensive negative charges on the enzyme surfaces (Danson and
Hough 1997). This unique feature of the halophilic proteome allows these proteins
to remain flexible and resist aggregation that is common to non-halophilic proteins
exposed to high salt concentrations (Mevarech et al. 2000). In general, halophilic
enzymes actually require high salt concentrations (mainly Cl™) to stimulate tran-
scription and translation as well as transporter activity (Averhoff and Miiller 2010).
Furthermore, the solubility of halophilic enzymes at high salt concentrations has
allowed for unique applications whereby aqueous/organic and non-aqueous media
can be employed without substantially affecting the activity or the solubility of the
enzyme (van den Burg 2003; Fukushima et al. 2005; Karbalaei-Heidari et al. 2007).
While there has been a relatively long history of research and development of
cellulose degrading enzymes, those specifically sourced from halophilic organisms
have only come to the fore relatively recently (Huang et al. 2010). The most
exhaustive review of biotechnological applications of halophilic microorganisms
was undertaken by Oren (2002). Within this work, no mention was given to any
halophilic cellulolytic organisms thus highlighting the embryonic stage of cellulase
research and development within this particular group of extremophiles. However,
based on the many instances of other enzymatic types such as DNAases, lipases,
amylases, gelatinases, and proteases already employed commercially from halo-
philic organisms, there is great anticipation that cellulase derived from halophiles
will offer up disruptive technologies in the production of cellulosic based biofuels
and chemicals (van den Burg 2003; Setati 2010).

Screening for unique cellulases from extremophiles in general and halophiles
specifically has been hampered by the difficulty in culturing the organisms within
the laboratory in sufficient quality and quantity to perform adequate analysis. An
extreme example of this was documented in the 2 years it took for investigators
to culture samples of sufficient quantity for analysis (Vreeland et al. 1998).
Furthermore, standard chromatographic techniques are rendered ineffective as the
halophile enzymes generally exhibit high solubility in high concentrations of NaCl
(Eisenberg et al. 1992). Table 18.1 illustrates the specifically identified species of
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Table 18.1 Listing of halotolerant and halophilic cellulases detected from environmental DNA
libraries

Metagenome- Salinivibrio Halomonas Vibrio
Name derived™® sp.° sp.” sp.°
Species I.D. n/a NTU-5 S66-4 G21
Enzyme name Cel5A Cel8H Cel5A
Enzyme size (kDa) 42.1 29 36 47.8
Enzyme stability
Temperature range (°C) 30-50 10-40 20-50
pH range 5-9.7 6.5-8.5 6.4-8.4 5.5-10.5
Salinity range (M NaCl) 3f 0-4.3 0.9-3.4 0-4
Enzyme activity
Optimum temperature (°C) 45 35 45 508 (55h)
Optimum pH 6.5 7.5 5 6.5-7.5
Optimum salinity (M NaCl) n/a 0.9 1 1

“Voget et al. (2006)

"The cellulase was metagenome-derived; has 86% similarity and 77% to Cellvibrio mixtus
“Wang et al. (2009)

9Huang et al. (2010)

°Gao et al. (2010)

Halotolerance was tested by assaying residual activity towards carboxymethylcellulose after
incubation in 3 M NaCl. No optimum enzymatic activity in a range of salinities was conducted
was determined

EMaximum activity at 0 M NaCl

"Maximum activity at 0.4 M NaCl

halophilic bacteria strains that have undergone complete experimental assays for
cellulase activity.

18.2.3 Specific Halophilic and Halotolerant Cellulases

Halocella cellulolytica is recognized as the first true halophilic cellulolytic bacte-
rium identified within the literature (Bolobova et al. 1992). However, the advent
of genomic DNA libraries of cellulases from extremophilic environments has
accelerated the discovery of halophilic cellulases. Since the first metagenome-
derived halotolerant cellulase was described, there have been three other halophilic
cellulases defined (Rees et al. 2003). These techniques rely on recombinant expres-
sion of isolated clones to more easily produce the cellulase enzymes rather than
growing up whole cultures and isolating the enzymes from them (Rees et al. 2003).
Endoglucanases are often selectively screened (Voget et al. 2006). It should be
noted that the use of carboxymethylcellulose (CMC) is not ideal for enzymatic
studies of cellulase production as many organisms can hydrolyze CMC but cannot
degrade insoluble cellulose (Lynd et al. 2002). Such false positives are thought to
be an important issue since extremophiles tend to utilize of a very diverse range of
carbohydrates due to the small amounts of cellulose and few competing species in
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Table 18.2 Surveys of halophilic cellulase activities in extreme environments

Number

Location of species  Cellulase assay method References

The Waste Isolation Pilot 121 Coughlan and Mayer (1992) Vreeland et al. (1998)
Plant (WIPP), USA

Sereflikoghisar Salt Lake, 14 n/a* Birbir and Sesal (2003)
Turkey

Tuzkoy Salt Mine, Turkey 10 Prescott et al. (1993) Birbir et al. (2004)

Lonar Lake, India 6 Incubation with CMC Kanekar et al. (2008)

Sua pan evaporator ponds, 4° Bailey et al. (1992) Govender et al. (2009)
Botswana

Howz Soltan Lake, Iran 68 Zhou et al. (2004) Rohban et al. (2009)

“Method employed reported only as “standard” in reference (Birbir and Sesal (2003))
Estimated from xylanase assay

their native habitat (Lynd et al. 2002). Table 18.1 presents the known halophilic
endoglucanases so far presented in the literature.

Reports from surveys of hydrolytic enzymes from extreme habitats like
soda lakes, salterns, and mines have revealed that there may be many more species
of halophilic organisms awaiting formal review of their cellulolytic enzymes.
Table 18.2 provides reports of cellulase activities discovered from surveys of
hypersaline environments. Researchers using basic assays (also listed in Table 18.2)
as a proxy for cellulase activity have reported impressive numbers of halophiles that
express cellulase activity. It is apparent that cellulase activities occur in extreme
natural environments and halophilic organisms possess cellulolytic systems. How-
ever, the reports are fairly shallow in terms of useful biotechnical information. As
an example, the report of halophilic bacterial communities in a Turkish salt lake
reported that there were 14 strains collected that demonstrated cellulase activity
(Birbir and Sesal 2003). However, the report lacked any specific information of the
biochemical methods used to deduce the cellulase activities. While such surveys
could be construed to identify high incidence of halophilic cellulase, problems with
over generalized assays and techniques may be inflating the reported numbers.
Conversely, the identification of so many environmental isolates producing cellu-
lase indicates that there are opportunities to discover biotechnologies that have not
been demonstrated by culture collection strains (Sanchez-Porro et al. 2003).

18.3 Degradation of Hemicellulose by Halophilic Bacteria

The diversity and mechanisms of hemicellulases has been studied extensively in
mesophilic bacteria and fungi as well as certain categories of extremophilic bacteria
(Gilbert and Hazlewood 1993; Shallom and Shoham 2003; Collins et al. 2005).
Recent interest in halophilic bacteria has resulted in the description of novel
hemicellulose degrading halophilic bacteria and archaea as well as the characteri-
zation of purified halophilic and halotolerant enzymes.
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18.3.1 Xylan Degradation

Xylan is the most abundant hemicellulose component in land plants (Joseleau et al.
1992). Xylan is a heterogeneous polysaccharide composed primarily of p-xylose
linked by B-1,4 glycosidic bonds. These xylopyranoside units are often substituted
by a variety of acetyl, arabinosyl, and glucuronosyl groups. The composition of
xylan varies greatly between plant species with regard to both backbone composi-
tion and side group residues. The degradation of xylan requires endo-B-xylanases
(EC 3.2.1.8) to fragment the chain, B-xylosidases (EC 3.2.1.37) to convert short
xyloogliomers into monomeric units, and auxiliary enzymes to remove side group
residues (Kulkarni et al. 1999).

Within the last decade, several species of halophilic and halotolerant micro-
organisms have been identified with the ability to degrade xylan and other
polysaccharides. These include bacteria of the genera Gracilibacillus, Chromoha-
lobacter, Bacillus, Halomonas, and Marinimicrobium, as well as the archaeon
Halorhabdus (Waing and Ingvorsen 2003; Wejse et al. 2003; Prakash et al. 2009;
Giridhar and Chandra 2010; Mgller et al. 2010; Wang et al. 2010a; Yang et al.
2010). Consistent characteristics of these organisms include the ability to grow in
broad ranges of NaCl as well as moderate to high alkalinity.

In addition to identifying new halophilic species capable of xylan degradation,
several xylanase and xylosidase enzymes have been characterized. The size of
xylanases isolated from halophilic bacteria ranged from 15 kDa in the case of
Chromohalobacter sp. TPSV101 to 62 kDa in the case of strain CL8 (Wejse et al.
2003; Prakash et al. 2009). Two xylanases of 45 and 67 kDa were identified in
the archaeon Halorhabdus utahensis (Waing and Ingvorsen 2003). As observed in
the archaeon, several xylanases were identified in many of the bacterial isolates.
The presence of several xylanases is consistent with findings in mesophilic and
as well as extremophilic bacteria (Wong et al. 1988; Collins et al. 2005). These
xylanases and xylosidases show activity under a wide range of physiological con-
ditions including temperature, NaCl concentration, and pH. Activity over a wide
range of NaCl concentrations in exemplified in the xylanase isolated from the
moderately halophilic bacterium Gracilibacillus sp. TSCPVG, that demons-
trated sustainable activity over 0—-30% NaCl (Giridhar and Chandra 2010). These
enzymatic properties would be essential for extracellular activity in the extreme
environments from which these organisms were isolated.

In addition to xylanases, xylosidase enzymes were either characterized or their
presence inferred from hydrolysate composition. B-Xylosidase was identified in
both the bacterium Gracilibacillus sp. TSCPVG and archaeon Halorhabdus
utahensis (Waing and Ingvorsen 2003; Giridhar and Chandra 2010). Due to the
complete degradation of xylan to p-xylose in other cultures, one can infer the pre-
sence of a xylosidase-like enzyme in other species. While none have been specifi-
cally identified, other enzymes may exist in these halophilic microorganisms
that are involved in breaking down side groups and modifications. Other potential
enzymes may include a-glucuronidase (EC 3.2.1.139), acetyl xylan esterase (EC
3.1.1.72), and ferulic and p-cumaric acid esterases (EC 3.1.1.73).
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18.3.2 Mannan Degradation

Mannan is a polysaccharide composed of p-mannose monomers linked by B-1,4
glycosidic bonds. The mannan homopolymer is a major component of cell walls in
certain species of algae and found in some seeds (Frei and Preston 1968; Whitney
et al. 1998). Frequent substitutions in mannan by D-glucose results in the hetero-
polymer glucomannan, a component of hemicellulose, particularly in soft trees
(Whitney et al. 1998). Mannan and glucomannan can be degraded by the enzymes
B-1,4 mannanase (EC 3.2.1.78), B-1,4 mannosidase (EC 3.2.1.25), and B-glucosi-
dase (EC 3.2.1.21). As with xylanases, mannanases are usually extracellular
enzymes that first break the polymer into smaller ogliomers, followed by hydroly-
sis to monomeric sugars (Dhawan and Kaur 2007).

While not as thoroughly investigated as xylan degraders, several species of
halophilic bacteria have been isolated with the ability to metabolize mannan
heteropolymers. These include organisms of the genus Marinimicrobium, Pantoea,
as well an organism designated as strain NN (DSM 11805) (Waing and Ingvorsen
1999; Mgller et al. 2010; Wang et al. 2010b). Pantoea agglomerans was shown to
degrade both glucomannan and galactomannan substrates, while Marinimicrobium
haloxylanilyticum and strain NN were shown to only metabolize glucomannan and
galactomannan, respectively. As with the xylanases previously described, these
enzymes were shown to function over a broad range of NaCl, pH and temperature
ranges. As an insight into the physiology of these metabolisms, it was demonstrated
that the majority of mannanase and especially mannosidase activity was localized
to the cell wall and membrane of strain NN (Waing and Ingvorsen 1999). As more
mannan degrading enzymes are characterized, their ecological role will become
more apparent.

18.4 Lignin Degradation by Halophilic and Halotolerant
Microorganisms

The abundance of plants and therefore lignin in aquatic systems such as in coastal
regions and salt marshes has indicated that the majority of lignin in these environ-
ments is degraded by microbial activity (Benner et al. 1986). Since very little is
known about the lignin biogeochemical cycling in such ecosystems, the identifi-
cation and isolation of microorganisms from high salt environments would be of
ecological importance (Gonzélez et al. 1997a). Fungi and bacteria are the two main
groups of microorganisms involved in ligninolytic activity and both can act either
individually or together to cause complete degradation of lignin. From an industrial
standpoint, lignin and lignin-based derivatives are major components in the list of
waste materials generated by paper and pulp industries, tanneries, molasses-based
distilleries and textile mills, and can be a serious contamination problem due to
their low biodegradability and high color (Raghukumar et al. 2008). Ligninolytic
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enzymes have been shown to be among the best decolorizing agents for treating
these wastes. The waste streams in many of these industries generally have a high
salinity and hence using halotolerant or halophilic microorganisms and/or enzymes
would be a favorable choice for treatment. Also, in paper industries that recycle
water containing high concentration of salts like NaCl such as the pulp and paper
industry, it would be practical to use enzymes that are more salt tolerant so as
to have effective biopulping (converting wood chips into pulp) and biobleaching
(decolorizing by using enzymes) processes (Li et al. 2002).

18.4.1 Lignin Degradation by Fungi

Of the two microbial groups capable of ligninolytic activity, fungi are known to
possess powerful and extensive mechanisms of lignin degradation. By far, the most
commonly studied and successful lignin degradation activity has been
demonstrated in many species of white rot basidiomycetous fungi under aerobic
conditions. Many marine fungal species such as Digitatispora marina, Halocyphina
villosa, and Nia vibrissa grow on decaying lignocellulosic substrates. A particular
marine, hypersaline-tolerant isolate, Phlebia sp. strain MG-60, isolated from man-
grove stands in Okinawa, Japan, has been shown to produce many enzymes for
lignin degradation. One of its enzymes, manganese peroxidase, was specifically
screened for its expression under varying conditions of salt and nitrogen. Its expres-
sion is regulated by the presence of Mn** and a considerable increase in the level of
two gene transcripts was detected when more salt was added (Kamei et al. 2008).
Any excess addition of Mn®* or NH,4* inhibited the enzyme production but the
addition of salt reversed the inhibition partially or completely (Li et al. 2003). Other
activity included laccase and manganese peroxidase that were capable of effec-
tively decolorizing the dye Poly R-478, an indicator of delignification by fungi.
However, an increase in salt concentration decreased this decolorization property.
Furthermore MG-60 was able to whiten unbleached pulp more efficiently than
the commonly studied white rot fungus for lignin degradation, Phanerochaete
chrysosporium, under increased hypersaline conditions (Bucher et al. 2004). The
activity of laccases, in a similar study on marine fungi, seemed to be enhanced
by the addition of copper or a combination of copper and guaiacol in a nitrogen
rich medium.

The lignin degrading mechanism can be applied towards bioremediation efforts
as shown by the halotolerant fungus, Pestalotiopsis sp. SN-3. An efficient lignin
degrader, SN-3 produces laccase and possessed a significant potential for the
degradation of toxic substances in marine environments. This laccase was extre-
mely tolerant to high salt conditions and also had high enzymatic activity. Two
novel thermo-halotolerant laccase isoforms were produced by Pycnoporus
sanguineus. The purified laccases showed high thermal stability and hence can
have a longer shelf-life (Gonzalez et al. 2008). An advantage of using laccase over
other enzymes is that laccase does not require components such as manganese or
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hydrogen peroxide and hence preferred in environmental applications. Several
researchers are actively exploring fungal species that can grow under hypersaline
conditions while simultaneously breaking down lignin and dye products. For exam-
ple, a fungal species of mitosporic taxa, Ulomyces chlamydosporum and two from the
ascomycetes taxa, Emericella nidulans and Aspergillus phoenicis, isolated from the
Dead Sea, showed very high potential as decolorizing agents (Molitoris et al. 2000).
Certain marine species such as Ascocratera manglicola, Astrosphaeriella striati-
spora, Cryptovalsa halosarceicola, Linocarpon bipolaris and Rhizophila marina,
have also shown significant amounts of lignin solubilization.

18.4.2 Bacterial Lignin Degradation

Bacterial ligninolytic activity has not received much focus until recent times. In
environments such as anaerobic sediments, waterlogged wood, coastal seawater
and sediments and salt marshes, bacteria dominate fungi in terms of biodegrad-
ing lignin and its polymers (Gonzalez et al. 1997b). A marine, aerobic species,
Sagittula stellata was identified and shown to be capable of breaking down lignin
(Gonzalez et al. 1997a). In addition to looking for bacterial species that possess
ligninolytic activity, much effort has been undertaken to purify and characterize
specific enzymes as in the case of a halophilic archaeon, Haloferax volcanii
(Uthandi et al. 2009). Laccase (LccA), purified from this archaea, was able to oxi-
dize a variety of organic substrates such as bilirubin, syringaldazine, etc. and was
tolerant of high salt (0.1-1.4 M NaCl), mixed organosolvents and high temperature
(55°C). Laccase has also been isolated and purified from halotolerant bacterial
species such as Streptomyces psammoticus (Niladevi et al. 2008).

Cloning and expression of ligninolytic genes are the next step in the further
study of lignin degradation by halotolerant/halophilic microorganisms. For
example, a marine Bacillus sp., was successfully cloned and expressed with
genes encoding for protocatechuate 3,4-dioxygenase. The enzymes isolated
from such a bacterium were very efficient in cleaving the bonds within the lignin.
The search for novel microorganisms and enzymes that can degrade lignin, along
with the potential applications that this naturally occurring process holds, has
lead to an improved understanding of the properties and functioning of lignin
metabolism and the biogeochemical flow of complex organic molecules in
hypersaline ecosystems.

18.5 Biodiesel Production by Halophilic/Halotolerant Algae

As enumerated previously, many halophilic prokaryotes have developed enzy-
matic moieties for utilizing polysaccharides central to biofuel development.
Conversely, there are several primary producers of such polymers within highly
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saline environments that are of equal if not more importance in potential to supply
feedstocks for biomass derived chemicals and fuels. Considerable development
pressures on arable land around the globe have resulted from unsustainable
development for first generation biofuel crops such as palm, sugarcane, soybeans,
and corn. Combined with finite arable land, the problems with unsustainable crop
derived feedstocks for biofuels has led to the coining of the term “peak soil”
(Schenk et al. 2008). Microalgal culture aims to reduce the arable land and
freshwater requirements of biomass for fuel and chemicals and thus thwart the
“peak soil” issue. As a result, more emphasis has been placed on prospecting
for phototrophic and heterotrophic halophilic primary producers that not only
create unique feedstocks but also to provide an avenue for more sustainable
cultivation (Mutanda et al. 2011). Central to the sustainability of industrial algal
production for biofuels is utilization of marginal or even polluted sources. Halo-
philic cyanobacteria and algae are compatible with the effluent from pickling and
tannery industries (Oren 2010), saline aquifers, produced water from oil and
gas extraction, and the utilization of abandoned mine pools as water sources
(Alleman 2009).

18.5.1 Microalgae

As true eukaryotes, the principal microalgae present in moderately high salinities
(1-3.5 M NaCl) are from the genus Dunaliella (D. salina, D. parva, and
D. viridis) as well as Asteromona gracilis and they form the basis of the food
chain for higher animals such as brine shrimp and brine flies (DasSarma and
Arora 2002). It is also likely that these algae are one of the primary sources of
polysaccharides for non-marine, hypersaline environments because they com-
monly contain cellulose, and to a lesser extent mannans and xylans as fibrillar
constituents of their cell walls (Barsanti and Gualtieri 2006; Lee 2008).
While Dunaliella have traditionally been a commercial source for B-carotene
(Ben-Amotz and Avron 1983), this halophilic green alga has also been the subject
of much research in relation to biofuels. Under normal growth conditions,
Dunaliella has shown promise of producing a high quality hydrocarbon from
the pyroloysis of the protein fraction of the biomass (Ginzburg 1993). Under
stressed conditions, such as osmotic and nitrogen deficiency, Dunaliella can
produce significant quantities of carbohydrates that are ideal for methane and
ethanol production (Feinberg 1984).

Diatoms from the Amphora, Nitzschia and Entomoneis genera have also been
widely found in environments up to 3 M NaCl, but not in the abundance as
Dunaliella (Clavero et al. 2008). Furthermore, the research on the specific
polysaccharides found in halophilic diatoms is limited. However, some species
have been reported to produce proline and oligosaccharides under different osmotic
and nutrient stress (DasSarma and Arora 2002).
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18.5.2 Cyanobacteria

These are the dominant organism in most all moderate to extreme saline impound-
ments and most often are comprised of Aphanothece halophytica, Dactylococcopsis
salina, Phormidium ambiguum and many members of the order Oscillatoriales
(0. neglecta, O. limnetica, and O. salina) (DasSarma and Arora 2002). Cellulose
biosynthesis has been confirmed in many cyanobacteria including members of
Oscillatoriales, but not in any specific halophilic species (Nobles et al. 2001).
Furthermore, with genetic modification, it has been demonstrated that the produc-
tion of osmolites may be manipulated in such a way to favor production of useful
feedstocks like sucrose. Engineered mutants of organisms that typically produce
glucosyl glycerol have been made to produce a simple carbohydrate like sucrose
(Miao et al. 2003). Further development into the enhancement of quality and quan-
tity of yields of both carbohydrates would create a distinct advantage for current
fermentative biofuel technologies like bioethanol and biobutanol.

18.6 Conclusions

Though little work has been done to demonstrate the use of halophilic organisms for
biofuel production, these organisms can be applied in this manner in two distinct
ways. Halophilic algae can possibly be used to produce biodiesel and other biomass
feedstocks while lowering the amount of water required for this process. Halophilic/
halotolerant bacteria can possibly be used to breakdown non-food biomass that
has been exposed to alkaline pretreatment for subsequent fermentation to biofuel
products such as alcohols and hydrogen. Furthermore, the cellulolytic enzymes
these organisms possess possibly can be used as a less harsh pretreatment of ligno-
cellulosic biomass. Significant amounts of information have been discovered
about extremophilic lignocellulolytic systems. However, investigations of halo-
philic lignocellulolytic degradation are nascent by comparison. For example, there
have been very few studies on strict halophiles that possess cellulase complexes
(Bolobova et al. 1992). Additionally, modern recombinant screening techniques and
data mining of genomes has the potential to yield many halophilic lignocellulytic
enzymes. This is an exciting period as there is still much to learn about these
enzymes in halophilic microorganisms. Furthermore, there is great potential for
developing biotechnologies with halophilic lignocellulytic enzymes in regards to
treating biomass, leading to innovations in fields such as bio-fuel production.
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