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Abstract 

Lignocellulosic biomass is a renewable and abundant resource with great potential for bio-
conversion to value-added bioproducts. However, the biorefining process remains eco-
nomically unfeasible due to a lack of biocatalysts that can overcome costly hurdles such as 
cooling from high temperature, pumping of oxygen/stirring, and, neutralization from acidic 
or basic pH. The extreme environmental resistance of bacteria permits screening and isola-
tion of novel cellulases to help overcome these challenges. Rapid, efficient cellulase screening 
techniques, using cellulase assays and metagenomic libraries, are a must. Rare cellulases with 
activities on soluble and crystalline cellulose have been isolated from strains of Paenibacillus 
and Bacillus and shown to have high thermostability and/or activity over a wide pH spectrum. 
While novel cellulases from strains like Cellulomonas flavigena and Terendinibacter turnerae, 
produce multifunctional cellulases with broader substrate utilization. These enzymes offer a 
framework for enhancement of cellulases including: specific activity, thermalstability, or 
end-product inhibition. In addition, anaerobic bacteria like the clostridia offer potential due 
to species capable of producing compound multienzyme complexes called cellulosomes. 
Cellulosomes provide synergy and close proximity of enzymes to substrate, increasing ac-
tivity towards crystalline cellulose. This has lead to the construction of designer cellu-
losomes enhanced for specific substrate activity. Furthermore, cellulosome-producing Clos-
tridium thermocellum and its ability to ferment sugars to ethanol; its amenability to co-culture 
and, recent advances in genetic engineering, offer a promising future in biofuels. The ex-
ploitation of bacteria in the search for improved enzymes or strategies provides a means to 
upgrade feasibility for lignocellulosic biomass conversion, ultimately providing means to a 
‘greener’ technology. 
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Introduction 
The combustion of petroleum-based fossil fuels 

has become a concern with respect to global climate 
change due to accelerated carbon emissions [1]. 
Burning of fossil fuels has also created a concern for 
unstable and uncertain petroleum sources, as well as, 
the rising cost of fuels [2]. These concerns have 
shifted global efforts to utilize renewable resources 
for the production of a ‘greener’ energy replacement 

which can also meet the high energy demand of the 
world. The Canadian renewable fuel standard has 
been raised so that fuel will contain 5% ethanol by 
2010 [3]; the US Environmental Protection Agency 
raised their renewable fuel standard to 10.21% etha-
nol mixed fuels by 2009 [4]; while, the current man-
date for mixing ethanol in fuel for Brazil is 25% (set in 
2007) [5]. 
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Currently, the US and Brazil are leaders in the 
production of starch/sugar-based fuels from corn 
and sugarcane crops, respectively. This is the produc-
tion of first generation fuel from food-crop sugars 
using conventional technologies; however, starch raw 
materials will not be sufficient enough to meet in-
creasing demand and are a controversial resource for 
bioconversion [6]. Also the reduction in greenhouse 
gases is low for starch-based ethanol and thus, second 
generation fuels based on non-edible crops (lignocel-
lulosic biomass), is gaining immense global and sci-
entific attention.  

Lignocellulosic biomass, (‘plant biomass’), is a 
great potential resource for the production of biofuels 
because it is largely abundant, inexpensive and pro-
duction of such resources is environmentally sound. 
Agricultural residues are a great source of lignocel-
lulosic biomass which is renewable, chiefly unex-
ploited, and inexpensive. Such resources include: 
leaves, stems, and stalks from sources such as corn 
fibre, corn stover, sugarcane bagasse, rice hulls, 
woody crops, and forest residues. Also, there are 
multiple sources of lignocellulosic waste from indus-
trial and agricultural processes, e.g., citrus peel waste, 
sawdust, paper pulp, industrial waste, municipal 
solid waste, and paper mill sludge. In addition, dedi-
cated energy crops for biofuels could include peren-
nial grasses such as Switchgrass and other forage 
feedstocks such as Miscanthus, Bermuda grass, Ele-
phant grass, etc [6]. Approximately 70% of plant 
biomass is locked up in 5- and 6-carbon sugars. These 
sugars are found in lignocellulosic biomass, which is 
comprised of mainly cellulose (a homologous poly-
mer comprised of long chains of glucose); less so, 
hemicelluloses (heterologous polymer of 5- and 
6-carbon sugars); and least of all lignin (a complex 
aromatic polymer). The major component cellulose, is 
a homopolysaccharide comprised of glucose units, 
linked by β-(1→4) glycosidic bonds. Cellobiose is the 
smallest repeating unit of cellulose and can ultimately 
be converted into glucose. Hemicellulose is a hetero-
geneous polymer, which varies in composition from 
plant to plant and within different parts of the same 
plant. It is made up of mainly pentoses (D-xylose, 
D-arabinose), hexoses (D-mannose, D-glucose, 
D-galactose) and sugar acids. In hardwoods hemicel-
lulose contains mainly xylans, while in softwood 
mainly glucomannans are present. Hydrolysis of 
hemicelluloses requires various types of enzymes. 
Briefly, xylan degradation requires 
endo-1-4,-β-xylanase, β-xylosidase, α-glucuronidase, 
α-L-arabinofuranosidase, as well as acetylxylan es-
terases. In glucomannan degradation β-mannanase 
and β-mannosidase are required to cleave the poly-

mer backbone. 
There are several advantages for the production 

of biosolvent fuels such as bioethanol: 1) produced 
from a variety of raw materials; 2) it is non-toxic; and 
3) easily introduced into the existing infrastructure 
[7]. However, the path to sustainable and economi-
cally feasible biofuels is hampered. There are a few 
major bottlenecks with the current production of 
biofuels; one being, there is a lack of biocatalysts that 
can work efficiently and inexpensively at high tem-
peratures and/or low pH conditions used in the bio-
conversion of lignocellulosic material to bioethanol. 
Moreover, there is a great need for cost-effective fer-
mentation of derived sugars from cellulose and 
hemicellulose. Currently, industrial bioconversions of 
lignocellulose requires the application of high tem-
perature and acidic or sometimes basic conditions to 
break down lignin, decrease crystallinity, increase 
pore volume and solubilise cellulose and hemicellu-
lose to allow enzymatic hydrolysis of target polysac-
charides [8]. This process is both expensive and inef-
ficient. It is therefore important that enzymes be sta-
ble and active at high temperatures and/or low or 
high pH conditions.  

 Additionally, industrial bioconversion of lig-
nocelluloses to ethanol occurs in multiple steps, 
where hydrolyzing enzymes are added after 
pre-treatment of the lignocelluloses (saccharification) 
and then in an additional step, microorganisms capa-
ble of fermentation are added to the resulting mono-
saccharides generated during hydrolysis to ferment 
sugars to bioethanol. The multiplicity of the current 
biorefining process makes it both time-consuming 
and costly. By combining saccharification with fer-
mentation in a process referred to as consolidated 
bioprocessing (CBP) or saccharifica-
tion-co-fermentation (SCF), using a whole-cell(s) 
based approach, costs of fermentation and hydrolysis 
could be reduced [9,10]. Some additional rate-limiting 
steps in the bioconversion of lignocelluloses are the 
crystalline recalcitrance of cellulose and the limited 
number of cellulases. That is, all cellulolytic strains 
identified are low in one or more type of glycoside 
hydrolases (GH) required for efficient cellulose hy-
drolysis (endo-/exo-glucanases, β-glucanases). In 
attempts to improve the feasibility of the bioconver-
sion of lignocellulose to biofuel, enzymes must have 
high adsorption capabilities, high catalytic efficien-
cies, high thermal stability and low end-product inhi-
bition.  

Both fungi and bacteria have been heavily ex-
ploited for their abilities to produce a wide variety of 
cellulases and hemicellulases. Most emphasis has 
been placed on the use of fungi because of their capa-
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bility to produce copious amounts of cellulases and 
hemicellulases which are secreted to the medium for 
easy extraction and purification. In addition, the en-
zymes are often less complex than bacterial glycoside 
hydrolases and can therefore be more readily cloned 
and produced via recombination in a rapidly growing 
bacterial host such as E. coli. However, the isolation 
and characterization of novel glycoside hydrolases 
from Eubacteria are now becoming widely exploited. 
There are several reasons for these shifts, for one, 
bacteria often have a higher growth rate than fungi 
allowing for higher recombinant production of en-
zymes. Secondly, bacterial glycoside hydrolases are 
often more complex and are often expressed in 
multi-enzyme complexes providing increased func-
tion and synergy. Most importantly, bacteria inhabit 
a wide variety of environmental and industrial 
niches, which produce cellulolytic strains that are 
extremely resistant to environmental stresses. These 
include strains that are thermophilic or psychrophilic, 
alkaliphilic or acidiophilic, and, strains that are halo-
philic. Not only can these strains survive the harsh 
conditions found in the bioconversion process, but 
they often produce enzymes that are stable under 
extreme conditions which may be present in the bio-
conversion process and this may increase rates of en-
zymatic hydrolysis, fermentation, and, product re-
covery. Researchers are now focusing on utilizing, 
and improving these enzymes for use in the biofuel 
and bioproduct industries.  

This review will focus on aspects rarely covered 
by other reviews, such as bacterial screening tech-
niques, and new bacterial cellulases by comparing 
different cellulase-producing bacteria. Moreover, it 
will examine how these rare cellulases can help 
overcome some of the major bottlenecks in the biofuel 
industry. In addition, this review will address how 
some novel bacterial strategies in biotechnology can 
advance the growing field of biorefining.  

Bacterial cellulases 
Cellulases are comprised of independently 

folding, structurally and functionally discrete units 
called domains or modules, making cellulases modu-
lar [11]. A typical free cellulase is composed of a car-
bohydrate binding domain (CBD) at the C-terminal 
joined by a short poly-linker region to the catalytic 
domain at the N-terminal. There are only two modes 
of action for the hydrolysis of cellulose by cellulases, 
either inversion or retention of the configuration of 
the anomeric carbon. At least two amino acids with 
carboxyl groups located within the active site cata-
lyze the reaction by acid-base catalysis. The com-
monly described mode of action for cellulases on 

polymers is either exo- or endo-cleavage, and all cel-
lulases target the specific cleavage of β-1,4-glycosidic 
bonds [12]. Using this classification system, cellobio-
hydrolases (exoglucanases) were classified as 
exo-acting based on the assumption that they all 
cleave β-1,4-glycosidic bonds from chain ends. As 
well, those enzymes truly exo-acting often have a 
tunnel-shaped closed active site which retains a sin-
gle glucan chain and prevents it from re-adhering to 
the cellulose crystal [13-15]. While endoglucanases on 
the other hand, are often classified as endo-acting 
cellulases because they are thought to cleave 
β-1,4-glycosidic bonds internally only and appear to 
have cleft-shaped open active sites. Endoglucanase 
are active on amorphous regions of cellulose and thus 
their activity can be assayed using soluble cellulose 
substrates; i.e., the carboxymethylcellulase assay 
(CMCase). However, there is now supporting evi-
dence that some cellulases display both modes of ac-
tion, endo- and exo- [16]. Thus classification has 
changed; cellobiohydrolases (exoglucanases) are de-
scribed as active on the crystalline regions of cellu-
lose; whereas, endoglucanases are typically active on 
the more soluble amorphous region of the cellulose 
crystal. There is a high degree of synergy seen be-
tween cellobiohydrolases (exoglucanases) and en-
doglucanases, and it is this synergy that is required 
for the efficient hydrolysis of cellulose crystals. 

CBD is the most common accessory module of 
cellulases and there are 54 distinct families [17]. The 
major function of CBDs is to deliver its resident cata-
lytic domain to crystalline cellulose. Binding brings 
the catalytic domain into close contact with the crys-
talline cellulose for efficient hydrolysis. Binding of 
the cellulase via CBD is extremely stable, yet still al-
lows the enzymes to diffuse laterally across the sur-
face of the substrate and in some cases CBD has also 
been shown to catalyze the disruption of noncovalent 
interactions between cellulose chains of crystalline 
cellulose. Some other CBDs are preferential to bind-
ing noncrystalline cellulose [18-20].  

Interestingly, the family 9 cellulase of aerobic 
Thermomonospora fusca has a family IIIc CBD with a 
different function that gives family 9 cellulases their 
distinctive theme [21]. This unique CBD does not 
bind crystalline cellulose but instead directly assists 
the catalytic function of the cellulase by binding a 
single cellulose chain and ultimately feeding this 
chain into the active site of the enzyme [22,23]. This 
contributes to the overall processivity of the family 9 
cellulase, that is, the sequential cleavage of the cellu-
lose chain. Additionally, a second type of CBD must 
be associated with this cellulase to bind it to the crys-
talline cellulose. Moreover, the family 9 cellulase of T. 
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fusca provides strong evidence for enzymes that can 
exhibit both endoglucanase and exoglucanase activi-
ties accentuating the equivocacy of these terms.  

The products of exoglucanases and cellobiohy-
drolases, that are cellobiose and cellodextrans, re-
spectively, are inhibitory to their activity. Thus, effi-
cient cellulose hydrolysis requires the presence of 
β-glucosidases to cleave the final glycosidic bonds 
producing glucose. Typically cellobiose and cellodex-
trins are taken up by the bacteria and internally 
cleaved via cellodextrin phosphorylases or cellobiose 
phosphorylases to create glucose monophosphate, 
which is energetically favoured. Some bacteria also 
produce inter- or extra-cellular β-glucosidases to 
cleave cellobiose and cellodextrins and produce glu-
cose to be taken up by or assimilated by the cell. 

Screening and isolation of cellu-
lase-producing bacteria 

Over the years, culturable, cellulase-producing 
bacteria have been isolated from a wide variety of 
sources such as composting heaps, decaying plant 
material from forestry or agricultural waste, the feces 
of ruminants such as cows, soil and organic matter, 
and extreme environments like hot-springs, to name a 
few [24]. Screening for cellulase production can be 
done by enrichment growth on microcrystalline cel-
lulose as a sole source of carbon, followed by the ex-
traction of 16S rDNA/RNA to determine the mo-
lecular community structure of the environment and 
analyze whether families containing cellu-
lase-producing species are present. Strains with cel-
lulase potential can be isolated by subculturing from 
the enrichment culture on cellulose as a sole carbon 
source. This method was used to identify cellu-
lase-producing bacteria in the deep subsurface of the 
Homstake gold mine, Lead, South Dakota, USA [25].  

Moreover, efficient plate-screening methods are 
a prerequisite. Screening for bacterial cellulase activ-
ity in microbial isolates is typically performed on 
carboxymethylcellulose (CMC) containing plates [26]. 
This method can be timely and zones of hydrolysis 
are not easily discernable. Recently, Kasana and col-
leagues found that Gram’s iodine for plate flooding in 
place of hexadecyltrimethyl ammonium bromide or 
Congo red, gave a more rapid and highly discernable 
result [27]. However, plate-screening methods using 
dyes are not quantitative or sensitive enough due to 
poor correlation between enzyme activity and halo 
size. This has sparked the development of short cel-
looligosaccharides possessing modified reducing 
terminal with chromogenic/fluorogenic groups due 
to achievement of higher sensitivity and quantifica-
tion. Several examples such as fluorescein, resorufin 

and 4-methylumbelliferone are well-established 
[28-33]. A major limitation of the incorporation of 
fluorescent substrates into agar plates is the tendency 
for hydrolysis products to diffuse widely and there-
fore these kinds of compounds are not as readily 
used. Today, new substrates, 
2-(2’-benzothiazolyl)-phenyl (BTP) cellooligosaccha-
rides with degree of polymerization (d.p.) 2–4 
(BTPG2–4) were synthesized for the screening of mi-
crobial cellulolytic activity in plate assays. The use-
fulness of the 2-(2’-benzothiazolyl)-phenyl substrates 
was shown during purification of the Bacillus po-
lymyxa cellulolytic complex, which consists of at least 
three types of the enzymes: cellobiohydrolase, 
endo-β-D-glucanase and β-glucosidase [34].  

Nonetheless, these methods are mainly limited 
to culturable cellulase-producing bacteria and the full 
cellulase-potential of the site (culturable and noncul-
turable microorganisms) is not being fully examined. 
Researchers have now focused on the identification 
and exploitation of cellulase genes from unculturable 
microorganisms found in more extreme environ-
ments in hopes that the enzymes isolated will be 
novel and have specific applications in the biorefin-
ing industry due to a higher resistance to harsh envi-
ronmental conditions. These enzymes may contribute 
to a decrease in the current cost of bioconversion of 
lignocellulose to ethanol by being more resistant to 
acids or bases used and by retaining activity at higher 
temperatures. To identify novel cellulases from all 
species present, culturable and nonculturable in a 
swift manner, a metagenomic clone library should be 
created and then functionally screened; the key fea-
ture of this technique is the functional screening. 
Screening requires knowledge or rather an objective 
for the isolation of a specific enzyme with specific 
activity whether it be exoglucanases with activity on 
microcrystalline cellulose or endoglucanases with 
activity on soluble cellulose such as carboxymethyl 
cellulose (CMC). Depending on the objective different 
assays can be used to screen the recombinant proteins 
produced in E. coli. This is a quick and efficient 
method to screen a wide population which has been 
used recently to identify novel cellulase-producing 
bacteria from the rumen of buffalo and from pulp 
and paper mill effluent sediments by screening for 
crystalline and soluble cellulase activity [35,36]. Using 
different screening methods, a variety of cellulases 
with novel characteristics have been identified and 
are still being identified to date.  

The isolation and identification of cellulases has 
been limited in the past to culturable microorgan-
isms. However, recent advances in molecular tech-
niques, such as the creation of metagenomic libraries 
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will widen the pool of cellulolytic enzymes available 
for biofuel research. This approach will allow exploi-
tion of cellulases and related enzymes from otherwise 
unculturable microorganisms which may produce 
enzymes with novel characteristics.  

 Novel cellulase producing bacteria 
Isolation, screening and selection have favoured 

the discovery of several novel cellulase-producing 
bacteria from a wide variety of environments as pre-
viously discussed. Due to the vast diversity among 
bacteria the identification of novel cellulases remains 
a currently explored route to the improvement of 
biorefining industries. Here will be discussed briefly 
some of the new bacterial isolates and/or newly dis-
covered and characterized cellulases, with potential 
use in the biorefining industry.  

Recently, the bacterial strain B39, previously 
isolated from poultry manure compost in Taichung, 
Taiwan, was identified through 16S rRNA gene se-
quencing and phylogentic analysis to be a novel cel-
lulose-degrading Paenibacillus sp. strain. A 
high-molecular weight (148 kDa) cellulase, possess-
ing both CMCase and Avicelase activities, was found 
to be secreted by this isolate into the media. The 
CMCase activity of the newly isolated cellulase was 
much higher than the activity on Avicel or filter pa-
per and this cellulase was found to have maximum 
CMCase activity at 60°C, pH 6.5. Due to the promis-
ing thermostability and slight acidic tolerance of this 
enzyme, it has good potential for industrial use in the 
hydrolysis of soluble cellulose as well as activity on 
microcrystalline sources of cellulose [37]. Further-
more a novel cellulase-producing Paenibacillus campi-
nasensis BL11 was isolated in 2006, from black liquor 
of brownstock at washing stage of the Kraft pulping 
process. This black liquor environment is strongly 
alkaline and therefore highly unfavourable to bacte-
rial growth, isolation of a cellulase-degrading species 
from this environment provides plausibility that the 
enzymes produced by such a species could be toler-
ant to some of the harsh conditions used in the dif-
ferent pretreatments of lignocellulosic biomass. P. 
campinasensis BL11 is a thermophilic, spore-forming 
bacterium which was found to grow between 25 and 
60°C over a wide range of pH. Optimal growth is 
around neutral pH, at 55°C. This isolate used a vari-
ety of saccharides and polysaccharides and produced 
multiple extracellular saccharide-degrading enzymes 
including: a xylanase, two cellulases, a pectinase and 
a cyclodextrin glucanotransferase. The physiological 
properties of this strain and the vast number of free 
glycosyl hydrolases produced give this strain poten-
tial for use in the biorefining industry [38].  

More recently, a thermostable cellulase was 
found in newly isolated Bacillus subtilis DR, extracted 
from a hot spring. The high temperature environment 
allowed for the production of a thermostable endo-
cellulase CelDR with an optimum temperature at 
50°C. It was found to retain 70% of its maximum ac-
tivity (CMCase) at 75°C after incubation for 30 min-
utes. This strain offers a potentially more valuable 
thermostable enzyme for the biorefining industry due 
to extreme heat tolerance [39]. Cultivation of ther-
mophiles offers several advantages, it reduces the 
risk of contamination, reduces viscosity thus making 
mixing easier, and leads to a high degree of substrate 
solubility while reducing the cost of cooling. This is a 
greatly sot after property for cellulases in industrial 
applications like the bioconversion of lignocellulose. 
Also recently, a novel thermophilic, cellulolytic bac-
terium was isolated from swine waste and identified 
as Brevibacillus sp. strain JXL. It was found to use a 
broad spectrum of substrates such as crystalline cel-
lulose, CMC, xylan, cellobiose, glucose and xylose. 
The enzymes appeared to retain 50% of their activity 
after 1h at 100°C, making them highly thermostable 
[40]. Furthermore, a salt-activated endoglucanase was 
recently isolated from another Bacillus strain, alka-
liphilic Bacillus agaradhaerens JAM-KU023 which was 
shown to have increased optimal thermostability 
from 50°C to 60°C with the addition of 0.2M NaCl 
and optimal pH range from 7-9.4 [41].  

In addition, bacteria are capable of producing 
more complex protein structures supporting enzymes 
for the hydrolysis of cellulose, such as the cellu-
losome, xylosome and bifunctional or multifunctional 
enzymes which are currently gaining a lot of atten-
tion. If these enzymes can be recombinantly produced 
on mass or produced in situ by the bacterial strains 
naturally encoding them, then they may have great 
potential in improving the cost of hydrolysis for the 
production of biofuels by reducing the need for pro-
duction of multiple enzymes for efficient hydrolysis. 
For example, a bifunctional endogluca-
nase/endoxylanase was isolated from Cellulomonas 
flavigena providing potential for use in different in-
dustrial processes such as biofuel production. This 
bifunctional enzyme was found to have optimum 
cellulase and xylanase activity at pH 6 and 9, respec-
tively, with a general optimum temperature at 50°C 
[42]. Similarly, in 2007, a multifunctional enzyme was 
found to be produced by Terendinibacter turnerae 
T7902, which is a bacterial symbiont isolated from the 
wood-boring marine bivalve Lydrodus pedicellatus. 
This CelAB was found to have two catalytic and two 
carbohydrate-binding domains. It binds both cellu-
lose and chitin and possesses cellobiohydrolase and 
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beta-1,4(3) endoglucanase activity allowing it to de-
grade multiple complex polysaccharides. This en-
zyme is marginally acid-tolerant at an optimum pH 
of 6 and mesophilic with a temperature optimum of 
42°C. Additionally, this enzyme was able to reduce 
viscosity of CMC approximately 40% after 25 min-
utes, displaying promising characteristics for the 
biofuel industry [43]. All of these recently isolated 
enzymes and many more provide the framework 
needed to characterize and build highly efficient hy-
drolysis systems to be used in the biorefining indus-
try. Isolation and characterisation of cellu-
lase-producing bacteria will continue to be an impor-
tant aspect of biofuel research. 

Improvement of bacterial cellulases 
Despite the broad spectrum of cellulases being 

isolated, no single enzyme is completely suitable as it 
is, for the hydrolysis of cellulose in the biorefining 
industry. However, these enzymes offer a good 
starting point for the improvement of cellulases in 
steps towards enhancing the overall economics of 
biofuel production. Typically, the use of protein en-
gineering technology has been directed towards the 
study of cellulase catalytic function. Mutagenesis has 
provided a means for studying the role of different 
amino acids within the catalytic domain. More re-
cently, modifications to bacterial cellulases through 
the use of protein engineering is taking a stage in the 
production of efficient hydrolytic enzymes used in a 
broad scope of industries and includes targeting 
structural amino acids, beyond amino acids in the 
catalytic site. There are two major strategies for the 
improvement of a cellulase or cellulase component: 1) 
rational design and 2) directed evolution.  

Rational design 
Rational design involves 1) choice of a suitable 

enzyme, 2) identification of the amino acid sites to be 
changed, based usually on a high resolution crystal-
lographic structure, and 3) characterization of the 
mutants [44]. The use of rational design requires de-
tailed knowledge of the protein structure: what 
makes the catalytic site active, a theoretical molecular 
structure-based model of the protein, and most ide-
ally structure–function relationship. With at least part 
of this knowledge, modification of amino acid se-
quence can be achieved using site-directed 
mutagenesis, in some cases elements of secondary 
structure can be altered and even exchange of whole 
domains and/or generation of fusion proteins [44]. 
However, the vast majority of enzymes do not have 
structural information available. Despite the fact that 
some target cellulases are well characterized, the mo-

lecular mutation required for the desired function 
cannot always be achieved [45]. To date, there are no 
general rules for site-directed mutagenesis strategies 
for the enhancement of cellulase activity and it there-
fore remains at present in a trial-like state. There is 
still limited knowledge about the properties of in-
soluble cellulosic substrates which differ based on 
pretreatment technologies; the interactions between 
cellulases and cellulose; and, the synergistic relation-
ship among cellulase components. These factors 
hamper the ability of using rational design for im-
proving bacterial cellulases for the biofuel industry. 

To date, there are a few reports where 
site-directed mutagenesis was used to increase the 
catalytic activity of a bacterial cellulase. Mahadevan 
et al. [46] subjected the amino acids around the active 
site of endoglucanase Cel5A from Thermotoga mari-
tima creating the N147E mutant which displayed 10% 
higher activity than the wild-type Cel5A. This group 
also showed a correlation between binding ability 
and the activity of the enzyme. By binding two CBDs, 
one from Trichoderma reesei and the other from Clos-
tridium stercorarium, to Cel5A this CBD-engineered 
Cel5A displayed 14 to18-fold higher hydrolytic activ-
ity towards Avicel [46]. In addition, the mutation of 
the conserved residue F476 to Y476 from Cel9A of 
Thermobifida fusca displayed 40% improved activity in 
assays with soluble and amorphous cellulose such as 
CMC and swollen cellulose. This was achieved 
through the integration of computer modeling with 
site-directed mutagenesis [47]. Furthermore, enzy-
matic activity was increased by 80% for a mutant 
Cel5Z endoglucanase of Pectobacterium chrysanthemi 
compared to the wild-type. However, this mutant 
enzyme was created by the use of a nonsense muta-
tion which removed the C-terminal region creating a 
truncated Cel5Z containing 280 amino acids com-
pared to the native Cel5Z which has 426 amino acids. 
Without the CBD this enzyme would not be efficient 
for hydrolysis of crystalline cellulose but could offer 
potential for solubilised cellulose [48]. Likewise, the 
Cel5Z::Omega mutant Cel5Z of P. chrysanthemi hy-
drolyzed CMC with 1.7-fold higher activity than the 
intact Cel5Z cellulase [49]. Similarly, a complex mul-
tifunctional enzyme Cel44C-Man26A secreted by 
Paenibacillus polymyxa GS01, was truncated from 1352 
amino acids down to 549 amino acids. The truncated 
enzyme maintained cellulase, xylanase, mannanase 
and lichenase activities but on the contrary activity 
was not enhanced, however truncation allows the 
recombinant production of this multifunctional en-
zyme with more ease [50].  

Furthermore, Baker and colleagues (2005) were 
able to design and mutate Tyr 245 of Cel5A of Acido-
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thermus cellulolyticus to Gly and this was found to de-
crease the inhibition of the endoglucanase by cello-
biose. Solubilised sugars were hydrolyzed 40% 
greater by the mutant Cel5A (with T. reesei cellobio-
hydrolase-I) compared to the wild-type. Structural 
and kinetic studies correlated increased enzymatic 
activity to reduced product inhibition [51]. In addi-
tion, mutation of a single active-site cleft tyrosyl 
residue to a glycyl residue significantly changed the 
mixture of products released from phosphoric 
acid-swollen cellulose (PSC) from the catalytic do-
main of the endoglucanase-I from A. cellulolyticus. 
The percentage of glucose found in the product 
stream was approximately 40% greater for the Y245G 
mutant they created compared to the wild-type en-
zyme [52]. Bacterial cellulases improved by rational 
design are summarized in Table 1. 

Classical chemical mutagenesis does not require 
knowledge of the protein structure and selection of 
desired traits becomes a guiding force for the devel-
opment of improved enzymes. The maximum prod-
uct yield of an endoglucanase from Cellulomonas biaz-
otea mutant 51 was 1.5- to 2.5-fold more than was 
produced by the wild-type cells and was twice that 
reported by previous researchers on CMC [53]. Simi-
larly, the highest productivity of β-glucosidase by a 
mutant of C. biazotea was 2.5-fold more than that of 
the parent organism and the mutation stabilized the 
enzyme thermophilically [54]. This type of random 
mutation, although more crude, is indicative of the 
ideas directed evolution was based upon. 

Directed Evolution 
Contrary to rational design, irrational design or 

directed evolution is an approach to 
non-informational protein engineering which utilizes 
the power of natural selection to evolve proteins and 
select for those with desired traits. Specifically, di-
rected evolution requires the use of DNA techniques 
such as error-prone PCR (epPCR) and DNA shuffling 
to randomly generate a large library of gene variants. 
It has a great advantage over rational design because 
it is independent of enzyme structure and of the in-
teractions between enzyme and substrate. Nonethe-
less, a major challenge of this method is developing a 
means to accurately evaluate the performance of mu-
tants generated by recombinant DNA techniques and 
the selection of high-performance mutants. Screening 
methods typically include such tests as CMC agar 
with Congo red staining or the use of chromogenic or 

fluorogenic substrates, as previously mentioned. The 
more quantitative these methods are the greater 
chance of improving the directed evolution for im-
proving bacterial cellulases. The success of directed 
evolution relies on a large library of gene variants, the 
larger, the greater the chance of mutants with desired 
properties.  

The method of directed evolution was used to 
improve the thermal stability of Clostridium cellulo-
vorans cellulosomal endoglucanase (EngB) in vitro by 
DNA recombination with non-cellulosomal endoglu-
canase EngD. The screening was done using CMC 
agar and staining with Congo red [55]. Further, DNA 
shuffling was used to create a library of mutated en-
doglucanases from B. subtilis. Interestingly, a bacterial 
surface display method was used to selectively screen 
for variants with improved activity on CMC agar 
with Congo red staining. By fusing the genes with the 
ice nucleation protein (Inp) the resulting fusion pro-
teins would be displayed on the bacterial cell surface 
for easy screening [56].  

Furthermore, directed evolution using epPCR 
and family shuffling was used to successfully in-
crease thermal stability of β-D-glucosidases from Pae-
nibacillus polymyxa, desired mutants were screened 
using a chromogenic substrate [57,58]. Likewise, the 
catalytic activity of 1,4-β-D-glucan glucohydrolase A 
from Thermotoga neapolitana was improved using 
epPCR to generate the gene variant library [59]. 
While additionally, catalytic activity of a hyperther-
mostable β-glucosidase CelB from Pyrococcus furiosus 
was improved by family shuffling. Catalytic activity 
was increased by 3- and 5-fold compared to the 
wild-type; screening for successful mutants was ac-
complished by a chromogenic substrate [60]. Finally, 
directed evolution of a glycosynthase from Agrobacte-
rium sp. increased its catalytic activity dramatically 
and expanded its substrate usage, the successful mu-
tants were screened by fluorogenic substrate [61]. 
Continued advancements in technology may increase 
the ease of using rational design in attempts to im-
prove cellulolytic enzymes. However, irrational de-
sign or random mutagenesis will continue to be a 
dominant technique to alter cellulases because there 
is still much to be learned about predicting protein 
structure and function. Some bacterial cellulases im-
proved by rational design and directed evolution are 
summarized in Table 1. 
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Table 1. A list of bacterial strains and cellulases or related enzymes from these microorganisms which have been improved 
using rational design or directed evolution (Modified from Percival Zhang et al., 2006). 
Bacterial Strain Enzyme Property Altered Method Reference 

 Rational Design    

Acidothermus cellulolyticus Endoglucanase Type of products re-
leased 

Site-directed mutation [52] 

Acidothermus cellulolyticus Endoglucanase Product inhibition Site-directed mutation [51] 
Pectobacterium chrysanthami Endoglucanase Activity Nonsense mutation [48] 
Pectobacterium chrysanthami Endoglucanase Activity Insertional truncation [49] 
Thermobifida fusca Processive Endoglucanase Activity Site-directed mutation [47] 
Thermotoga maritime Endoglucanase Activity Site-directed mutation, CBD 

engineering 
[46] 

 Directed Evolution    
    
Agrobacterium sp. 
 

Mutated α-glucosidase Activity 
 

epPCR 
 

[61] 

Bacillus subtilis Endoglucanase Activity DNA shuffling [56] 
Clostridium cellulovorans Endoglucanase Thermal stability Family shuffling [55] 
Paenibacillus polymyxa α-D-glucosidase Thermal stability epPCR [58] 
Paenibacillus polymxa α-D-glucosidase Thermal stability epPCR + family shuffling [57] 
Pyrococcus furiousus α-glycosidase Activity Family shuffling [60] 
Thermotoga neapolitana α-D-glucosidase Activity epPCR [59] 

 

Hemicellulase-producing bacteria and engi-
neering hemicellulases 

Hemicellulose is the second most abundant re-
newable biomass, accounting for approximately 
25-35% of lignocellulosic biomass and therefore bac-
terial enzymes involved in its degradation have also 
been the focus of several hemicellulase engineering 
studies using either rational design or directed evolu-
tion.  

Rational design has been used to improve ther-
mostability and functionality of several hemicellu-
lases, however to date; rational design has not been 
successful in directly improving enzymatic activity. 
Disulphide bridges were constructed, using computer 
modeling, in the xylanase of Bacillus circulans and in 
GH-AA xylanase of Thermobacillus xylanolyticus. The 
half life of each mutant was 69°C for 120 mins and 
70°C for 80 mins, respectively. Disulphide bonds in-
creased thermostability but did not improve activity 
at elevated temperatures. The number of disulphide 
bonds was also shown to play a key role in thermo-
stability [62,63]. Increasing enzyme thermostability is 
one step towards lowering biofuel production costs. 

More so, increasing the versatility of a single 
hemicellulolytic enzyme will have a great reduction 
on enzyme production cost. Lu and Feng [64], created 
a bifunctional xylanase by creating an optimized 
flexible peptide linker between β-glucanase (Glu) of 
Bacillus amyloliquefaciens and the xylanase (Xyl) of B. 
subtilis. The catalytic efficiencies of Glu and Xyl moie-
ties increased 304-426% and 82-143%, respectively, 

compared to an end-end fusion of Glu and Xyl that 
they have previously created [65]. Similarly, Fan and 
colleagues [66], also using a flexible peptide linker, 
created a multifunctional xylan-degrading enzyme. 
The xylanase domain of the xylanase XynZ from 
Clostridium thermocellum, was fused to a dual func-
tional arabinofuranosidase/xylosidase (DeAFc; iso-
lated from a compost starter mixture). The resulting 
trifunctional enzyme was more active in the hydroly-
sis of natural xylans and corn stover and retained pH, 
temperature optima, and, kinetics of the parental en-
zymes [66]. Increasing the versatility of enzymes may 
increase activity through the synergistic action of 
fused enzymes and offer a greater production-cost 
savings.  

Directed evolution, without the knowledge of 
enzyme structures, has been used to enhance thermo-
stability, pH optima and specific activity of hemicel-
lulases. A family shuffling technique referred to as 
degenerated oligonucleotide gene shuffling was cre-
ated by Gibbs and colleagues [67], to reduce regen-
eration of unshuffled parental genes. One round of 
this technique was used after epPCR to generate a 
gene variant library and ultimately improve thermo-
stability and pH optima (alkaline > 8.5 pH) of a fam-
ily-11 xylanase (XynB) from Dictyoglomus thermophi-
lum [67]. More recently, epPCR followed by 1 round 
of DNA shuffling was used to increase the melting 
temperature by 20°C for the xylanase XylA of B. sub-
tilis. Screening of efficient variants was done using 1% 
oat spelt xylan and Congo red staining [68]. Conse-
quently, epPCR has also been used to increase spe-
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cific activity of xylanase Xys1 from Streptomyces 
halstedii JM8. By the random mutagenesis, two struc-
tural mutations were created (G133D and N148D) 
outside the catalytic centre. This slight structural 
change resulted in a 22-25% increase in specific activ-
ity of Xys1 towards xylan compared to the wild-type 
[69]. This study not only displays results towards 
creating more efficient enzymes for use in lignocellu-
losic biomass conversion; it also lends insight to key 
residues that are not directly involved in the catalytic 
site but play a indirect role in the active site function. 
Some bacterial hemicellulases improved by rational 
design and directed evolution are summarized in Ta-
ble 2. 

Rational design and directed evolution are 
helping to improve not only cellulases, but also 
hemicellulases by providing important insights about 
enzyme structure and function. Each contribution, no 
matter how large, is a step closer to improving ligno-
cellulose biomass conversion. 

Table 2. A list of bacterial strains and hemicellulases from 
these microorganisms which have been improved using 
rational design or directed evolution. 
Bacterial strain Enzyme Property 

altered 
Method Refer-

ence 
 Rational design    

     
Bacillus circulans Xylanase Thermosta-

bility 
Site-direct
ed 
mutagene
sis 

[62] 

Bacillus amyloliq-
uefaciens Bacillus 
subtilis  

Bifunctional: 
xy-
lanase-β-gluco
sidase 

Substrate 
usage 

Peptide 
linker 
fusion 

[64] 

Clostridium ther-
mocellum Anaero-
bic digester un-
known 

Trifunctional: 
xylanase, ara-
binofuranosi-
dase/ xylosi-
dase 

Substrate 
Usage 

Peptide 
linker 
fusion 

[66] 

Thermobacillus 
xylanolyticus 

GH-AA xy-
lanase 

Thermosta-
bility 

Site-direct
ed 
mutagene
sis 

[63] 

 Directed evolu-
tion 

   

     
Bacillus subtilis Xylanase XylA Thermosta-

bility 
epPCR, 
DNA 
shuffling 

[68] 

Dictyoglomus 
thermophilum 

Xylanase XynB Thermosta-
bility Alka-
linity 

DOGS, 
epPCR 

[67] 

Streptomyces 
halstedii 

Xylanase Xys1 Activity epPCR [69] 

Cellulosomes 
Cellulosomes are multienzyme complexes pro-

duced mainly by anaerobic bacteria, many from the 
class clostridia. However, evidence suggests the 
presence of cellulosomes in at least one aerobic bacte-

rium and a few anaerobic fungi from species such as 
Neocallimastix, Piromyces, and Orpinomyces [70,71]. It is 
speculated that several other cellulolytic bacteria may 
also produce cellulosomes which have yet to be de-
scribed [40]. Production of cellulosomes by mainly 
anaerobic microorganisms is thought to be an evolu-
tionary advantage which may counteract the low en-
ergy production by fermentation. Therefore, anaer-
obes produce this highly efficient multienzyme com-
plex which allows for fine control over metabolic ac-
tivities.  

The cellulosome was first identified in 1983 from 
the anaerobic, thermophilic, spore-forming Clostrid-
ium thermocellum [72]. Unlike fungal cellulases, the C. 
thermocellum cellulase complex has very high activity 
on crystalline cellulose; this activity is termed “true 
cellulase activity” or Avicelase, characterized by its 
ability to completely solubilise crystalline forms of 
cellulose such as cotton and Avicel [73]. The cellu-
losome of C. thermocellum is commonly studied along 
with cellulosomes from the anaerobic mesophiles, C. 
cellulolyticum and C. cellulovorans. All cellulosomes 
share similar characteristics, they all contain a large 
distinct protein referred to as the scaffoldin which 
allows binding of the whole complex to microcrystal-
line cellulose via a nonspecific carbohydrate binding 
module (CBM). Also, the cellulosome scaffolding ex-
presses type I cohesins which allow binding of a wide 
variety of cellulolytic and hemicellulolytic enzymes 
within the complex via the expression of comple-
mentary type I dockerins on enzymes. Similarly, at 
the C-terminal the scaffolding expresses type II co-
hesins which allow the binding of the cellulosomes to 
the cell through type II dockerins on surface 
layer-homology proteins (SLH) (Figure 1). The struc-
ture and function of bacterial cellulosomes have been 
reviewed several times elsewhere and will not be 
discussed in greater detail here [74-77]. 

The cellulosome eliminates the wasteful expen-
diture of energy of microorganisms continuously 
producing copious amounts of free enzymes along 
with which, the products get diluted in the bulk solu-
tion. There are several other advantages for microor-
ganisms to naturally produce cellulosomes; specific 
characteristics of cellulosomes give rise to efficient 
cellulose hydrolysis. Firstly, synergism is optimized 
by the correct ratio between components, which is 
determined by the composition of the complex. Sec-
ondly, non-productive adsorption is avoided by the 
optimal spacing of the components working together 
in the synergistic fashion. Thirdly, competitiveness in 
binding to a limited number of binding sites in the 
biomass surface is avoided by binding the whole 
complex to a single site through a strong binding 
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domain with low specificity. Moreover, the close 
proximity of the cell to the substrate during enzy-
matic hydrolysis allows the close monitoring of in-
hibitory products and mediates the passage of cello-
biose and cellodextrins into the cell for metabolism. 
Finally, a halt in hydrolysis on depletion of one 

structural type of cellulose at the site of adsorption is 
avoided by the presence of other enzymes with dif-
ferent specificity [74]. With all these advantages in 
mind and the available knowledge of these struc-
tures, cellulosomes may provide great potential for 
use in the biofuel industry. 

 

 

Figure 1. A simplified schematic of general cellulosome composition, connection with cell surface and interaction with 
substrate based on knowledge of Clostridium sp. cellulosomes. (Modified from Shoham et al. [74]). 

  

Mini-cellulosome chimeras 
The complete genome sequence is available for 

C. thermocellum and the well known sol-
vent-producing C. acetobutylicum, in the NCBI Gen-
bank (NC_009012 and NC_003030, respectively). Ad-
ditionally, several sequences for different cellu-
losomal scaffoldin are also now available. The se-
quencing of these genomes and various cellulosomal 
scaffoldin genes has opened the door for future en-
hancement of clostridia for cellulose hydrolysis and 
in some strains additionally fermentation. Research-
ers recognize the value of cellulosomes for the effi-
cient hydrolysis of microcrystalline cellulose and 
have begun to focus research on creating designer 
cellulosomes for recombinant expression for industry 
and to advance our knowledge of true cellulolytic 
activity. Murashima and colleagues [55] created the 
first in vitro recombinant minicellulosomes with a 
specific function, using the scaffoldin structure of C. 
cellulovoran and the knowledge of cohesion-dockerin 
self assembly. The mini cellulosomes contained the 

enzymatic subunit EngB and the scaffolding unit, 
mini-CbpA, cellulose binding domain, a putative cell 
wall binding domain, and two cohesin units [55]. The 
full-length EngB containing the dockerin domain was 
expressed by B. subtilis WB800, which is deficient in 
eight extracellular proteases, to prevent the prote-
olytic cleavage of the enzymatic subunit between the 
catalytic and dockerin domains that was observed in 
previous attempts to express EngB with Escherichia 
coli. The mini-CbpA and cohesins were expressed by 
E. coli. This paved the way for in vivo synthesis of the 
EngB enzymatic subunit and mini-CbpA scaffolding 
unit by co-expression in B. subtilis [78]. Moreover, 
Perret and colleagues [79] created an enriched, highly 
specific cellulosome by cloning and overexpression of 
the Man5K gene in C. cellulovorans. Due to the high 
expression levels, Man5K was heavily incorporated 
into the cellulosome resulting in an increased activity 
towards galactomannans and ultimately reducing 
specific activity on crystalline cellulose [79]. This is 
further evidence that the enzymatic composition of 
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cellulosomes can be altered towards a specific activ-
ity. 

Creating designer cellulosomes also allows us to 
examine properties of the cellulosome that may con-
tribute to its efficiency. In ‘bifunctional’ designer cel-
lulosomes, two divergent cohesion-dockerin devices 
from C. thermocellum and C. cellulolyticum of a CBD 
containing scaffoldin were compared to the function 
of similar minicellulosomes lacking CBD and free 
enzymes with and without CBDs. The result was 
higher cellulase activity on crystalline cellulose for 
minicellulosomes with CBD, however no apparent 
advantage over free enzymes on soluble substrate. 
The proximity of enzymes and the presence of CBD 
on the scaffoldin appear to contribute significantly 
and almost equally to the efficiency of the cellu-
losome on recalcitrant substrate [80]. Additionally, 
Fierobe and colleagues [81] used the same principle 
to create ‘trifunctional’ designer cellulosomes with 
the addition of a third divergent cohesin-dockerin 
device from Ruminococcus flavefaciens. The trifunc-
tional cellulosome chimera was found to be consid-
erably more active than their previous bifunctional 
cellulosome, in addition to free enzymes. Their work 
also suggests that the cellulases from family-48 and -9 
glycoside hydrolases are prominent and crucial for 
crystalline cellulose degradation. Also, co-operation 
and synergistic action between cellulases and hemi-
cellulases of different organisms within designer cel-
lulosomes, does exist and contribute to overall effi-
ciency [81]. The largest designer cellulosome created 
using CbpA of C. cellulovorans contained four co-
hesins and was compared with activities of designer 
cellulosomes containing one and two cohesins. The 
incorporation of endoglucanase EngB and endoxy-
lanase XynA enzymes in CbpA1234 again exempli-
fied the importance of clustering for efficiency of cel-
lulose degradation [82]. This research also provides 
evidence for the construction of more specific and 
larger designer cellulosomes with high activity. 

Moreover, fungal cellulases were recently fused 
with dockerin sequences matching bacterial cohesins, 
and shown to be incorporated in vivo into mini bacte-
rial cellulosomes alongside bacterial cellulases. These 
enzymes, despite species difference still showed in-
creased synergy when bound in minicellulosomes 
further demonstrating the importance of synergy and 
enzyme proximity [83]. Similarly, the activities of free 
exoglucanases from T. fusca were compared to the 
activity of these enzymes incorporated into minicel-
lulosomes. Incorporation showed a marked increase 
in cellulase activity due to increased synergy of the 
enzymes and close contact compared to free enzymes 
diluted in the bulk solution [84]. These cellulosome 

chimeras offer an opportunity to take efficient cellu-
lases or hemicellulases to further increase lignocellu-
losic hydrolysis.  

In contrast to these studies, Mingardon and col-
leagues [83] deviated from designing cellulosome 
chimeras based on the general native structure of 
cellulosomes. Instead, they designed novel cellu-
losome chimeras which exhibited atypical geome-
tries. Family-48 and -9 enzymes were modified to 
contain cohesins/dockerins and CBD’s, additional to 
the CBD and cohesins of the scaffoldin. This resulted 
in novel, oddly shaped cellulosomes. The number of 
protein-protein interactions within these complexes 
diminished the hydrolytic activity, due to the re-
duced mobility of the catalytic domains. Similarly, 
the presence of numerous CBD’s also restricted the 
activity and it appears that the native structure of the 
cellulosome is critical because it maximizes enzyme 
mobility [83]. 

 The recent development of designer cellu-
losomes has unlocked key knowledge for the exploi-
tation of cellulosomes in the bioconversion of ligno-
cellulose. Designer cellulosomes offer a means to cre-
ate specificity towards substrates and enhance en-
zyme activity with incorporation of efficient enzymes 
from a broad range of hosts. The next step is to find a 
means to develop cellulosome chimeras in a biologi-
cally and economically feasible manner.  

The potential for cellulosome-producing C. 
thermocellum 

Due to the production of highly versatile cellu-
losomes and the anaerobic, thermophilic, etha-
nologenic nature, of C. thermocellum, it is an excellent 
candidate for consolidated bioprocessing (CBP). CBP 
features the production of cellulases and hemicellu-
lases, hydrolysis of cellulose and hemicellulose, and, 
fermentation of hydrolysis products, all in one step. 
Using a strain such as C. thermocellum means less time 
for cooling and easy removal of ethanol at higher 
temperatures. It also means no addition of oxygen 
during the biorefining process and fermentation of 
glucose to produce ethanol and organic acids [85]. 
The compromise to using such a strain is the slow 
growth rate of anaerobic thermophiles; the possibility 
of spore-formation during biorefining; and, the fact 
that C. thermocellum does not metabolize the 5-carbon 
sugars it produces during hydrolysis. Albeit, this 
strain is highly amenable to co-culture and 
co-culturing would allow growth with second or 
third party strains to enhance fermentation by the 
utilization of 5-carbon sugars as has been suggested 
[86,87].  

Further, it has been observed that cellulase pro-
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duction in C. thermocellum is rapidly depressed by 
increasing concentrations of cellobiose [88]. However, 
the addition of exogenous β-glucosidase such as that 
purified from Aspergillus niger, can increase cellu-
losome activity up to 10-fold and offers a potential 
solution towards reducing cellulase inhibition [89]. In 
addition, the lower growth produced by anaerobic 
thermophiles can also be exploited as an advantage 
because it allows for higher ethanol production and 
less end-product inhibition to the hydrolysis enzymes 
because of a lack of overgrowth. 

An additional limiting factor to the exploitation 
of C. thermocellum for CBP for biomass conversion has 
been its recalcitrance to genetic modification. C. ther-
mocellum has a strict restriction endonuclease system 
and is described as having a Dam+ phenotype [90,91]. 
However, several breakthrough DNA recombinant 
technologies are being developed for genetic engi-
neering of the anaerobic clostridia. There are also 
DNA transformation protocols optimized specifically 
for C. thermocellum [92,93]. It has been shown that if 
DNA is Dam methylated it can provide protection to 
DNA from the restriction endonuclease system of C. 
thermocellum; therefore, if DNA is Dam methylated 
prior to electrotransformation a higher number of 
successful transconjugates should be seen [90]. A 
large number of plasmids have been developed for 
engineering thermophilic anaerobic bacteria [94-96]. 
The pIMK1 plasmid developed from the replicons of 
C. acetobutylicum and Escherichia coli, was used to 
successfully express kanamycin in Thermoanaerobacte-
rium saccharolyticum, an anaerobic, thermophilic strain 
and close relative of C. thermocellum. Therefore this 
plasmid offers great potential framework for recom-
binant gene expression in C. thermocellum [97]. 

One final limiting factor for use of C. thermocel-
lum in CBP is the inhibition of cell growth and me-
tabolism by toxic by-products such as the production 
of acetic and lactic acids during fermentation to pro-
duce ethanol. Blocking or knocking out genes in-
volved in acetic and lactic acid production (e.g. ace-
tate kinase and phosphotransacetylase), could help 
solve this problem. However, again the recalcitrance 
of clostridia to genetic modification has impeded this 
development. Nonetheless, a new very recent tech-
nology has been developed for efficient gene knock-
out in clostridia: The ClosTron. The ClosTron utilizes 
Targetron technology which is a mobile group II in-
tron originating from Lactococcus lactis L1 (LtrB in-
tron). The LtrB intron allows a double-cross over 
event which is highly stable compared to previously 
used single-cross over events [98,99]. Successful 
transformants are selected based on erythromycin 
resistance and can be made in as short as 10 to 14 

days for a variety of clostridia tested. Six knockout 
mutants of C. acetobutylicum were created and five 
knockout mutants of C. difficile were created, exceed-
ing the number of mutants ever published for these 
species. Genes were also inactivated for the first time 
in C. botulinum and C. sporogenes [98]. These results 
make the ClosTron universally applicable to the clos-
tridium genus and should therefore be of use in cre-
ating knockout mutants of C. thermocellum. 

With recent great advancements in genetic 
technologies, overcoming the stumbling blocks of 
using C. thermocellum for a CBP process in the bio-
conversion of lignocellulosic biomass is a good con-
cept with great potential. It may one day offer the 
most economically feasible means to create lignocel-
lulosic derived ethanol.  

 

 

Figure 2. Simplified process using C. thermocellum and T. 
saccharolyticum in co-culture for ethanol production. C. 
thermocellum produces the cellulases and hemicellulases for 
hydrolysis of lignocelluloses to sugars such as cellobiose and 
xylobiose. In addition, C. thermocellum can utilize hexose 
sugars derived from celluloses to produce ethanol. While, 
the hemicelluloses derived pentoses can be utilized by T. 
saccharolyticum. T. saccharolyticum also contributes to cel-
lobiose reduction and is a good ethanol producer (modified 
from Demain et al. [85]). 

 

Co-culture 
Bacterial co-cultures can offer a means to im-

prove hydrolysis of cellulose as well as enhance 
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product utilization and thus increase desirable fer-
mentation products. Clostridium thermocellum has 
gained special interest for co-culture with organisms 
capable of fermenting pentose sugars to ethanol be-
cause C. thermocellum can only ferment hexose sugars. 
Hence, C. thermocellum has been co-cultivated with 
other anaerobic thermophilic clostridia or close rela-
tives such as Clostridium thermosaccharolyticum (now 
classified as Thermoanaerobacterium saccharolyticum) 
[100-102], Clostridium thermohydrosulfuricum 
[86,102,103], Thermoanaerobacter ethanolicus [104] and 
Thermoanaerobium brockii [105]. These organisms can 
share a syntrophic relationship with C. thermocellum 
which exploits its cellulases and hemicellulases to 
hydrolyze cellulose to cellobiose and cellodextrans, 
and hemicelluloses to mainly xylobiose, arabinoxy-
lans and xylooligosaccharides. C. thermocellum will 
then convert cellulose breakdown products to ethanol 
while the latter strains will utilize hemicellulose hy-
drolysis products to produce ethanol; this avoids the 
competition for substrates between species and 
maximizes product formation (Figure 2). The current 
challenge with this type of co-culture application is 
the increased production of by-products such as ace-
tate and lactate which decrease ethanol production by 
slowing the growth rate of cells [106].  

 Developing bacterial co-cultures can be a tedi-
ous task. To establish a stable co-culture, media and 
growth requirements, such as temperature, atmos-
phere and carbon source, must be fine-tuned to per-
mit equal growth of each strain. Stable co-cultures 
may not only depend on the media and growth re-
quirements of each strain, but may also be controlled 
more specifically by metabolic interactions (i.e. syn-
trophic relationships or alternatively competition for 
substrates) and other interactions (i.e. growth pro-
moting or growth inhibiting such as antibiotics). Cri-
teria for structurally stable bacterial communities 
have been established, where 1) all the members must 
persist over more than 20 times subculturing and 2) 
the abundance ratio of members does not change 
even after subculturing. This is represented by re-
producible growth, that is, subsequent subcultures 
without overgrowth or growth failure [107,108]. 

The alternative of bacterial co-culture would be 
to engineer one microorganism to complete an entire 
task from start to finish itself. In the case of C. thermo-
cellum, this would mean metabolically engineering 
this strain to ferment pentose sugars in addition to 
hexose sugars. This is a difficult task as far as mo-
lecular engineering goes in clostridia due the recalci-
trance of clostridia to genetic manipulation. Also to 
consider, if one could successfully engineer C. ther-
mocellum to utilize pentose sugars, would this have an 

alternative effect on the ethanol yield produced from 
hexose sugars? Co-cultivation has advantage because 
it reduces the number of exogenous elements pro-
duced by a single bacterial population and therefore 
reduces the chance of metabolic imbalance for host 
cells. Additionally, division of labor will simplify the 
optimization of each reaction pathway [109]. Al-
though bacterial co-culture is not an uncommon con-
cept, its use in the bioconversion of lignocellulosic 
biomass is still premature and offers great potential. 

Closing comments 
Bacteria present an attractive potential for the 

exploitation of cellulases and hemicellulases due to 
their rapid growth rate, enzyme complexity and ex-
treme habitat variability. The development of rapid 
and reliable methods for the screening of cellulases 
from microorganisms within inhospitable environ-
ments will allow a greater number of novel bacterial 
cellulases to be isolated with purpose for industrial 
use. None of the enzymes isolated to date, are fully 
resistant to the harsh environmental conditions used 
in the bioconversion process such as high tempera-
ture, acidic and or alkali pretreatments. However, 
these novel enzymes can be further engineered using 
available knowledge of enzyme structure and func-
tion through rational design. Or, they can be im-
proved using random mutagenesis techniques with 
focus on selection of ideally augmented traits through 
directed evolution. Furthermore, novel or improved 
enzymes can be incorporated into designer minicel-
lulosomes, which can further enhance the hydrolytic 
activity of individually efficient enzymes through 
synergy. Beyond free bacterial cellulases is the op-
portunity for whole cells in bacterial co-culture and 
the use of strains with multiple exploitable character-
istics to reduce time and cost of current bioconversion 
processes. The future may hold great prospects for 
lignocellulosic biofuel; by combining our knowledge 
of excellent cellulolytic and hemicellulolytic systems 
such as the cellulosome of C. thermocellum with tech-
nologies such as directed evolution and co-culture, 
the future of lignocellulolytic biofuel looks potentially 
feasible. 
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