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Abstract: Cellulases have numerous applications in several industries, including biofuel production, 
food and feed industry, brewing, pulp and paper, textile, laundry, and agriculture.Cellulose-
degrading bacteria are widely spread in nature, being isolated from quite different environments. 
Cellulose degradation is the result of a synergic process between an endoglucanase, an exoglucanase 
and a,β-glucosidase. Bacterial endoglucanases degrade ß-1,4-glucan linkages of cellulose amorphous 
zones, meanwhile exoglucanases cleave the remaining oligosaccharide chains, originating cellobiose, 
which is hydrolyzed by ß-glucanases. Bacterial cellulases (EC 3.2.1.4) are comprised in fourteen 
Glycosil Hydrolase families. Several advantages, such as higher growth rates and genetic versatility, 
emphasize the suitability and advantages of bacterial cellulases over other sources for this group of 
enzymes. This review summarizes the main known cellulolytic bacteria and the best strategies to 
optimize their cellulase production, focusing on endoglucanases, as well as it reviews the main 
biotechnological applications of bacterial cellulases in several industries, medicine and agriculture. 
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1. Overview of bacterial cellulose 

Cellulose is one of the most important polysaccharides and the major component of plant cell 
walls. Bacteria also synthesize cellulose, which has higher purity and hydrophilicity than plant 
cellulose, containing no lignin or hemicelluloses (different degree of crystallization). Moreover, it 
has greater tensile strength, versatility and moldability. Due to its particular properties, 
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biotechnological industries require the use of bacterial cellulose for different applications (for review 
see Keshk, 2014 [1]) and novel studies report cellulose uses in novel applications in medicine, design 
of new materials or bioremediation [2–4]. 

Despite the proven importance of cellulose for the industry, the inner mechanisms of bacterial 
cellulose biosynthesis and its regulation are not fully characterized. Only the studies based in 
Gluconacetobacter xylinum, model bacterium for cellulose biosynthesis, are well described and 
clarified [5]. Recently, these matters are attracting the attention of the scientific community. Several 
studies reported cellulose-producing bacteria and alsothe characterization of cellulose biosynthesis in 
Pseudomonas spp., Rhizobium leguminosarum, Escherichia coli, Salmonella spp, 
Gluconoacetobacter hansenii and Rhodococcus sphaeroides [6–11]. Bacterial cellulose biosynthesis 
involves the participation of several enzyme encoding genes, including cellulose synthases, cyclic di-
GMP binding domain/protein and cellulases, which must be coordinated and tightly regulated. Those 
genes are usually forming an operon, called bcsABZ or celABC, depending on the microorganism [8]. 

First studies indentifying cyclic di-GMP as allosteric regulator of cellulose biosynthesis in 
bacteria were published years ago [5,12] using the model bacteria G. xylinum and A. tumefaciens. 
Nowadays, the role of this molecule in bacterial cellulose biosynthesis is fully accepted but further 
characterization of the entire bacterial cellulose biosynthesis regulation is necessary [13–15]. 

The biological significance of cellulose production by bacteria is still not well addressed [8], but, 
for example, it is well described how Rhizobium species produce cellulose microbibrills for 
attachment to biotic and/or abiotic surfaces [16,17]. Moreover, cellulose is one of the main 
components of biofilms, constituting the inner skeleton of the extracellular matrix [18,19]. The 
survival of the bacteria seems to be the main reason for bacteria to produce cellulose, but cellulases 
are also involved in the survival strategies. About a half of the existing bacteria have genes for 
degrading plant biomass, such as pectinases, cellulases and hemicellulases [20]. 

Cellulases are enzymes that degrade the ß-1,4-glucan linkages of cellulose microfibrills, which 
are present in plant biomass and also in microorganism cell walls, including pathogens. Recently, the 
sequencing of bacterial genomes revealed different kinds of enzymes involved in polysaccharide 
degradation, including cellulose. The present review is focused in bacterial cellulases, which degrade 
ß-1,4-glucan chains (endoglucanases). 

2. Microbial Cellulases-Classification and Structure 

Bacterial cellulases are classified into the group EC 3.2.1.4, according to the IUBMB Enzyme 
Nomenclature. Cellulase (4-β-D-glucan 4-glucanohydrolase) catalyzes the endohydrolysis of ß-1,4-
D-glucosidic linkages in cellulose, lichenin and cereal ß-d-glucans. These enzymes also hydrolyse 
1,4-linkages in β-D-glucans, as well as containing 1,3-linkages. 

Cellulases are functionally organized in categories, which are included in the CaZy  
database [21]. Glycosil Hydrolases comprise the functional category in which cellulases are grouped. 
The protein structure and domains depends on the GH family [22, 23]. 

The number of GH families continuesto grow steadily over the years. In 1995, there were 22 
families of GHs [23] and the number increased until the creation of clans of related families, which 
shared catalytic machinery and folding. Nowadays, there are 133 GH families and thirteen clans are 
defined, according to CaZy database. In Supplementary Table 1, all of the bacterial cellulases 
belonging to the GH families, containing EC 3.2.1.4 valid cellulases, are listed. Moreover, there are 
2538 bacterial cellulases not yet assigned to any category. 
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Cellulase is a complex term to denominate a group of three enzymes: i) endo-1,4-β-D-glucanase 
(endoglucanase), exo-1,4-β-D-glucanase (exoglucanase) and β-glucosidase. These enzymes, in 
synergic combination, are the responsible of cellulose hydrolysis. Our interests are focused in 
endoglucanases, which cleave randomly linear cellulose chains. Specifically, this review deals with 
bacterial endoglucanases, which are susceptible of being applied to industry. 

3. Cellulase-Producing Bacteria 

3.1. Bacterial species known to produce cellulase 

The most common cellulolytic bacteria are Acetivibrio cellulolyticus, Bacillus spp., 
Cellulomonas spp., Clostridium spp., Erwinia chrysanthemi, Thermobispora bispara, Ruminococcus 
albus, Streptomyces spp., Thermonospora spp and Thermobifida fusca [24]. Nevertheless, nowadays 
there is an increasing interest in the search of new cellulolytic bacterial strains. 

In the last two years, at least 9 novel bacterial species were officially described directly as 
cellulose-degrading bacteria in the International Journal of Systematic and  
Evolutionary Microbiology (IJSEM), the official journal of record for novel prokaryotic taxa. 
Streptomyces abietis [25], Kallotenue papyrolyticum [26], Ornatilinea apprima [27],  
Bacteroides luti [28], Alicyclobacillus cellulosilyticus [29], Anaerobacterium chartisolvens [30], 
Caldicellulosiruptor changbaiensis [31], Herbinix hemicellulosilytica [32] and Pseudomonas 
coleopterorum [33] are the novel cellulolytic species, which were isolated from a huge variety of 
environments. Furthermore, species with cellulolytic activity are published in other journals. For 
example, Huang et al. [34] reported for the first time the cellulolytic activity of Siphonobacter 
aquaeclarae, Cellulosimicrobium funkei, Paracoccus sulfuroxidans, Ochrobactrum cytisi, 
Ochrobactrum haematophilum, Kaistia adipata, Devosia riboflavina, Labrys neptuniae, Ensifer 
adhaerens, Shinella zoogloeoides, Citrobacter freundii and Pseudomonas nitroreducens from the gut 
of Holotrichia parallela larvae. More recently, Hameed et  
al. [35] isolated and characterized a novel cellulose-degrading marine bacterium designated Oricola 
cellulosilytica, affiliated to the family Phyllobacteriaceae from surface seashore water. Whether or 
not those new species produce interesting cellulases, further studies will be mandatory. 

3.2. Thermostable cellulases production 

Nowadays, most of the studies about production of thermostable cellulases are focused on the 
utilization of cellulase-producing thermo/alkalophiles and also, on the improvement of cellulase 
production by optimizing its nutritional and environmental necessities or by engineering new high-
producer recombinants or cellulase-producing transgenic plants, such as transgenic  
tobacco [36–38]. 

Thermo/alkalophilic cellulose-degrading bacteria have been isolated from various environments 
such as gold mines [39], marine plants [40], marine depth [41,42], composting plants [43], among 
others. Metagenomics is recently the most used strategy to discover new cellulases [44–48]. 

3.3. Cellulase efficiency 

Bacterial cellulases are inducible enzymes in the presence of cellulosic substrates such as pure 
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commercial substrates (i. e., carboxymethyl-cellulase or Avicel), residual substrates (agro-wastes) or 
lignocellulosic plant biomass. Attri & Garg [49] used agro-waste substrates to develop a medium for 
the isolation of cellulolytic, pectinolytic and xylanolytic bacteria. They obtained results using this 
low-cost isolation method, which can be compared to the results obtained with pure commercial 
substrates. Also, Singh and Singh [50] obtained good results by using residual bagasses (sugarcane 
pulp). 

Lately, there are many reseachers using classical methods for cellulose-degrading bacteria 
screening, such as the use of Congo Red and Gram´s Iodine [51, 52]. However, new techniques are 
being developed, increasing importance and usefulness for new cellulolytic strains screening. For 
example, Taha et al. [53] developed a microplate method based in Biolog plates, revealing its 
effectiveness and accuracy for screening native lignocellulosic-straw-degrading bacteria. 

There are several methods for measuring cellulolytic activity, most of them involved the 
measuring of the accumulation hydrolysis product or the reduction of the final product. Zhang et  
al. [54] and Sadhu & Maiti [24] reviewed some of the most useful techniques. Nevertheless, 
optimization of media and culture parameters are also used as mandatory for obtaining maximum 
yields, being relatively cheap alternatives for industrial uses [36].  

To obtain maximum cellulase yields, Sadhu et al. [55] performed random mutagenesis in a 
cellulolytic strain belonging to the genus Bacillus by using N-methyl-N´-nitro-N-nitrosoguanidine 
(NTG), which leads to transitional mutations between AT and GC nucleotides. They obtained a 
mutant strain with enhanced CMCase activity. Similar results were obtained in Cellulomonas sp, also 
employing NTG [56], but the characterization of these mutants is still unclear. 

Involving genetic modification, there are two major strategies for the improvement of cellulases 
or cellulase complex component: i) rational design and ii) directed evolution [57]. There are three 
kinds of cellulase systems: single cellulases, multifunctional cellulases and cellulosomes. The 
benefits and the modifications (classical, random mutagenesis or genetic modification) of each one 
are being tested and used for years to obtain maximum yield and cellulase efficiency. Above all the 
studies, the activity of the bifunctional cellulase system of Caldicellulosiruptor bescii is 
significatively superior to any known system of cellulose degradation [20]. 

4. Engineering of Bacterial Cellulase Production 

The production of recombinant enzymes involves a well-known technology and remarkably 
advanced processes are directed to an efficient development and scaling-up productions for 
industries [47], following a combination between directed evolution and rational design [58,59]. 
However, the still limited knowledge of cellulase substrates, relationships and regulation of 
cellulosic activity compromises rational design, leading to the use of directed evolution as a tool for 
higher rate of success [54]. Several authors reviewed and compared recombinant cellulases 
expression systems [24,60–63]. In this section, we will focus in organisms that are described to 
homo/heterologous express bacterial cellulases. 

4.1. Homologous overexpression in bacteria 

Some studies report the use of directed evolution techniques in combination with a rational 
design to overexpress cellulases in their own bacterial source. Genera such as Bacillus (B. subtilis) 
and Clostridium (C. thermocellum) were used as a homologous cellulases production system, due to 



167 

AIMS Bioengineering                                                                                                                  Volume 2, Issue 3, 163-182. 

their easy genetic modification and other proper features. However, the use of these bacteria has 
disadvantages such as low protein yields, high production costs or need of enriched media [63]. 

Munjal et al. [64] reported the use of an ethanologenic E.coli strain to express a ß-1,4-
endoglucanase and a ß-1,4-glucosidase from other E.coli strain under a constitutive promoter, with 
the potentiality for fermenting biomass hydrolysates. 

Chung et al. [65] engineered Caldicellulosiruptor bescii, a bacterium able to degrade 
lignocellulosic biomass by itself. They cloned and performed a homologous expression of a 
multimodular cellulase, called CelA, which contains GH9 and GH48 domains. This report gives light 
in the understanding of how transglycosilation is involved in protein functionality and structure. 
Remarkably, this particular work shows a successful way to improve and enhance the cellulolytic 
activity in this important thermophilic bacterium with a potential for biotechnologic applications in 
industry. 

Furthermore, a classical method to overproduce an interesting protein or enzyme by cloning its 
codifying genes in a high copy number plasmid, compatible with its host, is still commonly used. For 
example, Robledo et al. [66] performed this method to obtain a homologous overexpression of 
cellulase CelC2 from Rhizobium leguminosarum bv trifolii ANU843, which increased threefold its 
cellulolytic activity. 

4.2. Heterologous overexpression 

The strategies based in heterologous expression are focused in the use of non-cellulolytic 
micro/organisms that have high production ratio for expressing microbial cellulases [67]. Bacteria 
such as Escherichia coli, different species from the genus Bacillus, Pseudomonas fluorescens, 
Ralstonia eutropha and Zymomonas mobilis; yeasts such as Saccharomyces cerevisiae and Pichia 
pastoris and filamentous fungi from genera Aspergillus and Trichoderma genera are the most used in 
research and industry, considered as host systems for producing recombinant enzymes. Furthermore, 
cell cultures of mammals, plants or insects and transgenic plants and/or animals are used for protein 
expression [68]. 

4.2.1. Plants 

Plants are considered as non-expensive alternative systems for production of recombinant 
enzymes. The approaches to achieve an efficient recombinant enzyme expression involve their 
expression from the plant nuclear genetic material, plastidic genome or plant tissues harbouring viral 
particles. Also, there are several strategies to enhance recombinant enzyme production yields 
(reviewed in [69]). The most used plants for this kind of studies are model plants such as Arabidopsis 
thaliana, Zea mays, Medicago sativa/truncatula, Nicotiana tabacum and Populus alba. 

Several studies report the expression of cellulases in plants for research purpose, to elucidate the 
mode of action and effects of bacterial/fungal/plant cellulases in cellulose biosynthesis, but our 
interests are focused in the industrial applications. Ziegelhoffer et al. [70] expressed thermostable 
cellulases E2 and E3 from Thermobifida (former Thermomonospora) fusca in Medicago sativa, 
Solanum tuberosum and Nicotiana tabacum, obtaining low but promising expression patterns. 

Brunecki et al. [71] reported the expression of a GH5 family endocellulase (E1 endoglucanase) 
from Acidothermus cellulolyticus, in Zea mays and Nicotiana tabacum plants, resulting in a 
reduction of cell walls recalcitrance to chemical pretreatments in both plants, suggesting the 
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possibility of an application for improving plant biomass bioconversion. Petersen & Bock [72] 
reported the high expression of a thermostable cellulase cocktail in plastids of Nicotiana plants, also 
with the purpose of biotechnological application. 

4.2.2. Fungi 

The most used fungal expression system is Saccharomyces cerevisiae, but Pichia pastoris and 
Kluyveromyces sp., especially this last one, are raising importance due to their high yields in 
heterologous cellulase productions. However, nowadays comparisons between those systems are 
difficult, because there is not enough knowledge to overcome the low cellulolytic activity of the 
expressed cellulases [61]. It is quite common to express fungal cellulases in Saccharomyces, such as 
T. reseei and other fungal sources [61], but there are some studies reporting the expression of 
clostridial mini-cellulosomes in this yeast [73]. Indeed, Clostridium species possess cellulosomes, 
cell-bound complexes of cell wall-degrading enzymes, which actsynergistically, being yeasts their 
used platform for expression [for review about cellulosomes and related information see 20, 74, 75, 76]. 

4.2.3. Bacteria 

E. coli and Bacillus are vastly the most used as bacterial systems for expressing recombinant 
proteins. Moreover, other bacteria are also used as platforms, including Zymomonas mobilis and 
Streptomyces lividans. 

E.coli is a commonexpression system for cellulases in industry and has several advantages, such 
as its well-characterized genome, its availability in commercial forms and kits and its ease for 
modification. However, there are some disadvantages that must be taken in account such as its 
limited secretion (thick outer membrane, incorrect transportation across membrane), degradation of 
linker sequences, reduction in cellulolytic activity and the possibility of formation of inclusion 
bodies. Zymomonas mobilis presented itself as an alternative to the use of yeast due to its versatility, 
fermenting a wide range of sugars; and also, as an alternative to E. coli due to its higher yields and 
the ability to express recombinant proteins intra- and extracellularly. Streptomyces lividans has 
proved its potentiality for large-scale biopharmaceutical production and can secrete recombinant 
proteins [62].  

Nevertheless, the vast majority of authors selected E.coli as expression systems. Liu et al. [46] 
report the expression of an endoglucanase, Cel5G, indentified by metagenomics and presented the 
closest similarity with the myxobacterium Plesiocystis pacifica. Shinoda et al. [77] isolated a strain 
of Paenibacillus cookii that produced a novel endoglucanase with chitosanase activity and cloned 
into an E.coli strain. This study aims to understand the underlying mechanisms of degradation of ß-
1,4-glucan linkages for potential applications. Shi et al. [78] reported the heterologous expression of 
the novel thermo-halotolerant endoglucanase Cel5H from Dyctioglomus thermophilum in E. coli. 
More recently, Wei et al. [79] cloned an endoglucanase from a Bacillus subtilis strain, isolated from 
termite gut, in E. coli. 

All of these studies try to characterize and overproduce new bacterial cellulases with special 
features such as thermostability, halotolerance and synergy with other enzymes, among others, which 
will have high potential for industrial applications. 
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5. Biotechnological Applications 

Over many decades, microbial cellulases have shown their potential applications in several 
fields of industry, being the most frequently used enzyme group in various industrial processes, such 
as biofuel production, food and wine biotechnology, pulp and paper production, bio-de-inking, 
textile and laundry industry, conversion of cellulosic biomass and applications in research and 
development and also, in medicine and agriculture [24, 80–82]. In this review, we aim to show the 
latest advances in all of these fields. 

5.1. Industrial applications 

Industry searches for low-cost mechanisms of cellulase production and maintenance, but more 
specific applications are needed depending on the biotechnological process in which they will be 
involved. For that reason, the study and characterization of new specific and improved cellulases is 
totally required. Amongst other features, their applications in industry demands the identification of 
proper bacterial producers and highly stable enzymes, which remain active at extreme pHs and 
temperatures, without forgetting the primacy for obtaining economically low-cost production 
cellulolytic enzymes. 

5.1.1. Textile and detergent industries 

Generally, cellulases are used in textile industry for biopolishing of fabrics and producing a 
stonewashed-look in denims, as well as they are used in household laundry detergents for improving 
softness and brightness of fabrics made of cotton. Features as color care, cleaning and anti-
redeposition are a pursued in a proper washing powder or detergent. Moreover, compatibilitywith 
other ingredients present in formulations, temperature stability, andactivity under alkaline conditions 
are all important performance characteristics for cellulases, which are to be employed in textile and 
detergent applications [47,59]. 

Fungal cellulases from T. reseei are the most used, but some bacterial alternatives are already 
available. Actinomycetes from the genera Streptomyces and Thermobifida and other genera of 
bacteria, such as Pseudomonas and Sphingomonas, are susceptible to be used for decolourisation and 
degradation of textile dyes [83] 

Cellulases, in combination with other enzymes, are added to detergents to catalyze the 
breakdown of chemical bonds in presence of water under thermophilic and/or alkalinophilic 
conditions, as well as in the presence of the rest of detergent components [47]. Since alkaline or 
neutral conditions are preferable for enzymatic processing of denim fibers, Anish et al. [84] reported 
the use of an alkaline-stable endoglucanase of Thermomonospora sp, in contraposition of the use of 
fungal commecial cellulases. Furthermore, the genus Bacillus showed a high potential to produce 
cellulases and/or endoglucanases directly applied in these industries. Ladeira et al. [85] reported the 
production of a cellulase by the thermophilic bacterium Bacillus sp. SMIA-2. This enzyme retained 
the major part of its activity after incubation at different temperatures and conditions and in the 
presence of several brands of commercial detergents. Moreover, there is a study that applies the use 
of a recombinant endoglucanase from a species of the genus Bacillus to soften cotton fabrics [86]. 
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5.1.2. Food/animal feed processing industries 

Cellulases are widely used in food processing and animal feed production, mainly in 
combination with hemicellulases and pectinases. Their uses are varied; for example, they are used in 
production of fruit and vegetable juices, carotenoids and degradation of plant cell walls for wine and 
beer industries, among others. 

In fruit juice production industry, cellulases produced by bacteria, such as Bacillus and 
Paenibacillus, besides other cellulases of fungal origin, are used as accessory enzymes for clarifying 
fruit juices [87]. Moreover, cellulases in combination with pectinases, degrades orange, sweet potato 
and carrot cell walls, so indirectly, cellulases are involved in the extraction of carotenoids, which are 
susceptible to be used in food indrustry as colouring substances [88] or degrades grapefruit peels to 
produce sugars for different industrial applications, including food industries [89]. Also, cellulases 
participate in the extraction of phenolic compounds from grape pomace [90]. 

Cellulases applications in wine and beer industries are also registered. In this sense,  
Bamforth [91] reported that several endo-1,4-ß-D glucanases, from unknown origin, are important in 
plant cell wall degradation and they are involved in the malting of barley. 

Other application involves the use of cellulases in animal feed to enhance digestibility of cereal-
based food and to increase nutritive values for a higher quality of forages [92–94]. Bacillus subtilis 
cellulases can be applied for soya grain hull degradation to enrich its nutricional value for 
monogastric animals feed application [95]. 

Gathering all of these studies in the application of cellulases in food and animal feed processing 
industries, we can conclude that there are opportunities to satisfy unmet needs for developing new 
approaches to identify bacterial cellulases instead of fungal-origin cellulases. One of the best 
alternatives is focused on the use of metagenomics for searching new glycosyl hydrolases [96]. 
Using metagenomics, Voget et al. [44] cloned and identified an endoglucanase with halotolerance 
properties from soil, which belongs to the GH5 family, showing high similarity to a Cellvibrio 
mixtus cellulase. Other metagenomic studies characterized cellulasesfrom aquatic communities of a 
botanical garden and soil samples, which belonged to GH5 and GH9 families and presented high 
similarities with cellulases from Cellvibrio japonicas [97] 

Nowadays, none of the cellulases commonly used for food processing have a bacterial origin. 
Nevertheless, food industry needs the discovery of new cellulases adapted to each different process. 
The application of metagenomic tools will probably identify new bacterial candidates for being 
applied in food processing, among other biotechnological applications. 

5.1.3. Paper and pulp industries 

The use of cellulases in paper and pulp industries are mostly based in the capacity of de-inking 
of papers, but is still an emerging application. The presence of cellulases in pulp and paper 
preparation is not desired, due to the possibility of fiber degradation and loss of viscosity; however, 
several patents and studies specify the use of cellulases, particularly alkaline cellulases, for paper 
deinking, especially in deinking of office waste paper, drainage improvement, fiber modification 
and/or paper recycling [98–100]. 

Cellulases applied in this kind of industry are fungal cellulases, mostly commercial 
formulations with enzymatic cocktails derived from Trichoderma reseei and Aspergillus niger. To 
the best of our knowledge, there is only one study in which a bacterial cellulase, named CelB and 
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indentified in Paenibacillus sp. BP-23, is used for improving paper properties due to an improvement 
of the drainage process [101]. In conclusion, it seems that the use of bacterial cellulases is still not 
yet a reality in this field. 

5.1.4. Biorefineries and biofuels 

The degradation of plant biomass is an expensive process, which currently requires 3 steps: i) 
physicochemical pretreatments, ii) enzymatic hydrolysis and iii) fermentation. Cellulases have a 
potential central role in the bioconversion of renewable lignocellulosic biomass involving the 
hydrolysis of this biomass. Apart from the other two enzymes neccessary for hydrolyzing cellulose, 
endoglucanases (cellulases) randomly hydrolyzes ß-glycoside bonds of internal amorphous regions 
in cellulose to produce simple chains of oligosaccharides with various degrees of polymerization and 
generate new chain ends [60]. It is estimated a 40% of reduction in costs by using cellulolytic 
microbes for bioprocessing and eliminating pretreatments [102]. Currently, a significant reduction in 
costs is required to ensure the permanence and viability of commercial cellulase production. 
Therefore, the use of bacterial cellulases or direct use of cellulolytic bacteria constitutes a low-cost 
alternative, provided that they are compatible with bioreactor and processing environments. 

Fungal strains have been used widely for bioconversion of lignocellulosic biomass into biofuels 
and derivatives, being Trichoderma reseei the main industrial source of cellulases and hemicellulases 
used to depolymerize plant biomass to simple sugars [47]. However, a report showed that an extreme 
thermophilic bacterium, identified as Caldicelluloseruptor bescii [103] produces a cellulase, 
combined in a system with a hemicellulase, which has higher activity than T. reesei cellulase in 
degrading different substrates [104]. Thermophilic bacteria become proper sources for identification 
and characterization of efficient cellulases for lignocellulosic material bioconversion to bioethanol 
and biofuels. Recently, Scully and Orlygsson [105] published a comprehensive review, addressing 
the recent advances in this field and reporting a vast number of thermophilic strains with high 
cellulolytic potentiality. However, there are more studies reporting the effective production of 
cellulases by other thermophilic isolates, such as Bacillus sp. SMIA-2 [85], Geobacillus sp. T1 [106], 
clostridia consortium [43], marine extremophiles (reviewed by [42]), the anaerobic thermophilic 
hydrogen-producer Thermosipho sp. [41], among others. Moreover, solvent-thermoestable-
alkalophilic cellulases produced by strains such as Bacillus vallismortis RG-07 [107] should be taken 
into consideration for future applications in this field. Those examples will help to fulfill the 
expectations and the use of novel bacteria for a more efficient lignocellulosic biomass bioconversion, 
using different substrates such as straws, baggasses or other agro-waste residues. 

Recently, microalgal biomass showed its potential as alternative biofuel source; however, 
biofuel production cannot compete with traditional fuel output. The solution remains in reducing the 
cost of microalgal biomass production [108]. Muñoz et al [109] presented an interesting study 
involving the action of bacterial cellulases isolated from marine bivalves applied as pretreatment to 
obtain biogas from microalgae. They isolated strains belonging to four different genera (Raoultella, 
Aeromonas, Pseudomonas and Chyseobacterium) with cellulolytic activity, which hydrolyze 
microalgae cell walls and expose them to methanogenic bacteria, responsables of biogas production. 
The employment of commercial cellulases will increase the economical costs, whereas the use of 
cellulolytic bacteria is a potential low-cost alternative. 

All of these are valuable results, but nowadays the efforts are addressed to identify or develop 
single microorganisms with combined abilities in the hydrolysis and fermentation steps. Recent 
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studies indicated that Caldicelluloseruptor bescii has both abilities and can be used for direct 
bioconversion of lignocellulosic biomass to bioethanol [65]. 

5.2. Medical applications 

To the best of our knowledge, there are few evidences of the application of bacterial cellulases 
indirectly or directly in medicine. However, there are some applications that should be pointed out. 

5.2.1. Indirect application: chitosan obtention 

Several studies indicate an indirect application of cellulases, mainly of fungal origin, in 
degradation of chitosan, in coordination with chitinases and lysozymes, among others possible 
enzymes. 

To obtain chitosan, a partial degradation of chitin must take place. As cellulose, chitin is an 
important polysaccharide that provides structural integrity, stability and protection to animals, such 
as marine animals and insects, as well as forms part of fungi cell walls. Chitin is a poly-ß-1,4-N-
acetyl-D-glucosamine, conforming crystalline microfibrills that constitute structural components of 
cell walls and exoskeletons. Chitosan is the most important semicrystalline derivative form of chitin, 
obtained by partial deacetylation (around 50%, soluble in aqueous solution) under alkaline 
conditions or enzyme hydrolysis. Chitosan and its derivatives have many medical applications, such 
as surgical sutures, bone rebuilding, production of artificial skin, anticoagulant, antibacterial agent, 
hemostatic dressings, anticancer and anti-diabetic agents (in combination with metals), 
hypocholesterolemic effectors (LMWCs), elaboration of cosmetics, production of biopharmaceutics 
and encapsulation of diverse materials [110–112]. 

Thanks to the combined effect of unspecific cellulases, chitosanases and lysozymes, regular 
chitosan turns into low molecular weight chitosan (LMWC), which is easier to use in several 
biomedical applications [112,114]. There are several studies reporting how cellulases hydrolyze 
chitosan and their potential biomedical effects [113,114]. 

Qin et al. [113] reported that cellulase-treated chitosan has antitumoral activity, showing a 
maximum inhibitory rate between 30 and 50% (depend of administration) of tumors in mice. Lin et  
al. [114] showed the antibacterial activity of LMWCs obtained by Trichoderma commercial enzymes. 
Cellulase-treated chitosan hydrolysate loses its antibacterial capacity, perhaps due to an intensive 
hydrolysis. For that reason, the complete knowledge of this process is essential in order to optimize 
productions and to obtain economically reasonable products. 

Some of the microbial cellulases used to treat chitosan have fungal origin [115,116]. In 2006, 
Liu & Xia [115] purified and characterized a bifunctional enzyme (chitosanase/cellulase) from 
Trichoderma viridae commercial formulations. Xie et al. [116] compared cellulases from different 
origins for depolymerizing chitosan, concluding that the application of a crude Aspergillus cellulase 
preparation constitutes a low-cost and effective method to produce LMWCs and 
chitooligosaccharides for biomedical industries, also, due to the unspecificity of the reaction and its 
promptness. 

However, there are some reports that described chitosan treated with bacterial  
cellulases [77,117–119]. Pedraza-Reyes & Gutierrez-Corona [117] reported the characterization of a 
bifunctional chitosanase-cellulase from Myxobacter sp. AL-1, which had similarities with three 
endocellulases of Bacillus subtilis. Tanabe et al. [118] purified a novel chitosanase from 
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Streptomyces griseus HUT 6037, showing transglycosilation activity and a high similarity to E5 
endoglucanase from Thermomonospora fusca, former name of Thermobifida fusca [120], which 
belongs to GH5 family (see Supplementary Table 1). This endoglucanase is a cellulase [121], so the 
enzyme characterized in this study was also a bifunctional enzyme. Also, Sinha et al [119] 
characterized a bifunctional chitosanase-cellulase from Streptomyces sp. Shinoda et al. [77] reported 
the cloning and characterization of an endoglucanase (cellulase) from Paenibacillus cookii. This 
enzyme showed hydrolysis activity against carboxymethyl-cellulose (amorphous cellulose), chitosan 
and lichenan but not against Avicel (crystalline cellulose), chitin or xylan. Moreover, the authors 
characterized its optimal temperature and pH. 

All of these studies pointed out the necessity of further studies to characterize the existing 
cellulases, optimizing their conditions and to indentify novel cellulases with enhanced features. Also, 
industry pursues low-cost alternatives, which is another point to keep in mind. 

5.2.2. Direct applications: phytobezoar degradation and anti-biofilm agents 

A direct medical application of cellulases involves the treatment of phytobezoars. A 
phytobezoar is a concretion in the gastrointestinal tract composed by plant-origin swallowed 
substances, such as indigestible vegetable and/or fruit fibers, which remain stagnated. Surgical 
intervention is sometimes required [122]; however, some of the medical cases are treated and 
resolved without surgery using cellulases, Diet Coke or a combination of both [123–125]. Treatment 
with cellulases should be the principal choice [125]. There is no evidence of the use of bacterial 
cellulases to treat phytobezoars, but fungal cellulases are commonly used. 

Human gut microbiota and human fecesare excellent sources of cellulolytic bacteria [126,127], 
as also are sources of novel bacterial species with this activity, such as Bacteroides  
cellulosilyticus [128] or Ruminococcus champanellensis [129]. Future studies are necessary to assess 
and compare the efficacy of cellulase treatment as unique therapy, as well as to evaluate the use of 
human gut and/or feces cellulolytic bacteria to improve the efficacy of cellulases treatments, not only 
for phytobezoars, but also for several other diseases. 

Other application for bacterial cellulases involved their use to disrupt pathogenic organisms cell 
walls and bacterial biofilm structures. Cellulases can be applied to degrade cell walls of pathogenic 
protists, such as Acanthamoeba, which produces blinding keratitis as well as granulomatous amoebic 
encephalitis [130]. Recently, Lakhundi et al [131] proponed the use of specific cellulases produced 
by cellulolytic bacteria for overcome this disease, which ideally will not affect human healthy cells. 
Therefore, studies should focus in testing different cellulase against Acanthamoeba cells and/or other 
opportunistic pathogens. 

Cellulases degrade cellulose, one of the major components of biofilms, representing an 
important part of the biofilm matrix [18,19]. Biofilms are bacterial communities imbibed in a 
extracellular matrix, mainly composed by polysaccharides, which constitutes a survival tool for 
bacteria. Pathogenic microoorganisms also produce biofilms, permiting to spread themselves. This is 
a matter to concern about, due to the inaccessibility of many drugs to break through the biofilm 
structure. Some studies and patents involve the direct application of fungal or bacterial cellulases, 
mainly from Bacillus species, as antibiofilm agents for medical implants [132], diverse prostethic 
materials [134], treatment of cystic fibrosis, such as the originated by Pseudomonas aeruginosa or 
Burkholderia cepacia [133,134], treatment of nosocomial infections [135], among others. In all of 
these cases, cellulase action is based in controlling biofilm formation on different sustrates or 
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surfaces. Further studies should involve the combination of cellulases with other treatments or 
enzymes (enzymatic cocktails) to increase their effectiveness. 

5.3. Agriculture applications 

The use of Plant Growth-Promoting Rhizobacteria (PGPRs) in agriculture appears to be the key 
for reducing chemical fertilization treatments, increasing plant development and also, controlling 
potential plant pathogens, protecting plants from diseases. PGPRs present several mechanisms that 
directly benefit plants, such as nitrogen fixation, phosphate solubilization, siderophores production 
and plant mimic hormones biosynthesis; and also, indirect mechanisms, decreasing the potential 
deleteral effects of pathogens by antibiotic production, competition with pathogens or lytic enzymes 
production [136]. Bacteria presenting these kinds of indirect PGPR mechanisms are considered 
biocontrol agents. Several biocontrol bacteria secrete lytic enzymes such as chitinases, proteases and 
cellulases, among others, which have the ability to lyse cell walls, mainly from pathogenic  
fungi [137]. It has been reported that the production of bacterial cellulases in synergy with antibiotic 
production by other bacteria can suppress diseases caused by pathogenic fungi [138]. Nevertheless, 
cellulases can also work synergistically with other antifungal compounds. Paenibacillus ehimensis 
KWN38 produces antifungal compounds in combination with lytic enzymes, especially cellulases 
and ß-glucanases, which protect crops against pathogenic oomycetes, such as strains belonging to the 
genus Phytophthora [139]. Moreover, cellulases produced by this Paenibacillus species might help 
in rhizospheric soil descomposition, increasing the availability of nutrient for the plant [140]. 

In this sense, cellulose-degrading bacteria from agricultural soils produce cellulases, which 
might play a role in plant colonization, increasing the competitiveness to reach inner plant niches. 
Compant et al. [141] reported that Burkholderia sp strain PsJN, an endophytic PGPR with 
biocontrolling features, produces cell wall-degrading enzymes such as cellulases and pectinases, 
which increased the internal colonization of Vitis vinifera roots. This strain colonizes root surfaces, 
penetrating through intracellular spaces from epidermis to xylem vessels, where bacteria can be 
found. Colonizing niches inside root might help bacteria to perform their beneficial effects directly in 
contact with plants. Robledo et al. [66] suggested that cellulase CelC2 from Rhizobium 
leguminosarum bv trifolii, even its effects are negative for legume crops when its expression is 
unbalanced, may play an important role as biotechnological target for improving root colonization 
and penetration in cereal crops, improving their yields and nutritional contents. However, further 
studies should be performed in order to characterize and improve bacterial cellulases applications to 
this field. 

6. Conclusions and Future Perspectives 

In the future, the industrial cellulases market is expected to increase its volume, due to the 
advances in biotechnological applications. The advances in new cellulase-based strategies will be 
determinant for the success of a wide range of industries, as well as the optimization of each 
particular condition will be essential for reducing production costs. Overall, the efforts are focused in 
the characterization and/or engineering of thermo/alkalinostable cellulases to increase degradation 
yields. Future targets for genetic manipulation and optimization will include the use of the 
cellulolytic system of Clostridium thermocellum for engineering new strains, depending of the 
concrete industrial application and the fully characterization of the promising thermophilic bacterium 
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Caldicellulosiruptor bescii. 
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