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Introduction

There is an undeniable fact that human reliance on fuels to 
quench the thirst of liquid energy (oil, biofuels, and other 
liquid fuels) is increasing progressively, resulted in resource 
depletion and environmental pollution. British Petroleum 
Global (2016) has estimated that increasing human popula-
tion and rising prosperity associated with emerging econo-
mies accounted for 97% of the increase in global oil con-
sumption. The rate of oil consumption grew by 1.9 million 
barrels per day (b/d) that is nearly double (1.9%) than the 
average of 1% seen in 2014. China accounted for the largest 
increment in demand of 6.3% (i.e. 770,000 b/d) in oil con-
sumption (https://www.bp.com/). Global increases of fuel 
demand accompanied by depletion of fossil fuels over the 
years and various disadvantages attached to its use has lead 
in search for an innovative alternative energy from renew-
able source like lignocellulosic biomass [1]. The lignocellu-
lose is considered as a potential feedstock for production of 
biofuels and other bioproducts including various chemicals, 
biofibers, biopulps, enzymes, etc. [2].

The lignocellulosic biofuel is renewable, cost efficient, 
ecofriendly and thus creating a global priority. However, 
the main hurdles in utilizing lignocellulosic materials lie 
in the crystalline nature of cellulose sheathed by hemicel-
lulose, degree of polymerization, biomass particle size and 
recalcitrance of their bonding due to protective covering 
of lignin which allow very less surface area for enzymatic 
hydrolysis [3–5]. Thus, to increases the digestibility of cel-
lulose and hemicellulose, the removal or efficient break-
down of lignin from lignocellulosic biomass is usually a 
targeted step of pretreatment. The physical pretreatment such 
as milling, grinding, chipping, ultrasonic, etc. and chemi-
cal pretreatment with acids, alkali or oxidative delignifi-
cation can efficiently breakdown the recalcitrant bonding 
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in a short time thus are being extensively used in several 
industries. However, it requires high energy and operational 
cost along with chances of high risk of chemical hazards 
on environment. The biological pretreatment on the other 
hand has its very wide application and gaining its popular-
ity because it requires low energy, has no chemicals, less 
pollution and higher yield. The naturally occurring bacteria 
and fungi secret different lignocellulolytic enzymes for effi-
cient breakdown of biomass and help in formation of 5- and 
6-carbon chain sugars. These sugars can be converted into 
biofuels and other various value added products [6]. This 
review mainly focuses on various hydrolytic enzymes and 
biological pretreatment methods to explore the best possible 
combination of microorganisms and its future perspectives 
in biofuel production.

Lignocellulosic Biomass

Lignocellulose is the plant biomass composed of car-
bohydrate polymers: cellulose (40–60%), hemicellulose 
(20–40%), and an aromatic polymer: lignin (10–24%) as 
main composition of plants cell walls [7]. The composition 
of lignocellulosic biomass varies from one plant species to 
another and their sources such as hardwoods, softwoods, and 
grasses (Table 1). Moreover, the composition within a single 
plant also differs with age, stage of growth, and conditions 
under which plant grows [8, 9]. The sources of lignocellu-
losic biomass not only include crop and forest residues, but 
also found in municipal solid waste, animal manures, paper-
mill sludge, bioenergy crops and forest products. It has been 
estimated that about 10–50 billion ton of lignocellulosic bio-
mass is produced annually worldwide [10]. It can be farmed 
for energy purposes thereby enabling higher production per 
unit land area and thus increasing land-use efficiency [11]. 
It is an abundantly available renewable resource on the earth 
that reduces reliance on fossil fuels by production of biofuels 
which is carbon neutral, alternative to petroleum and can 
mitigate the greenhouse gas emission. Thus, the lignocel-
lulosic biomass has promising future and well chosen as 

predictable, feasible and sustainable resource for biofuels 
and other value added products [12].

Cellulose

Cellulose is the structural material in cell wall and com-
posed of d-glucose subunits linked by β-1,4 glycosidic bonds 
[15]. The long polysaccharide chains are unbranched and 
arranged parallelly to form cellulose microfibrils. These cel-
lulose molecules are the most abundant natural biopolymers 
found in earth. The cellulose microfibrils are tightly bound 
each other by inter- and intra-molecular hydrogen bonds 
which allow a rigid crystalline or amorphous structure. The 
CP-MAS study reveal the crystalline structure of cellulose 
has two form called Iα and Iβ [16–18].

Hemicellulose

Hemicellulose is a complex carbohydrate, branched poly-
mer consists of heterogeneous mixture of pentoses (xylose, 
arabinose), hexoses (mannose, glucose, galactose) and sugar 
acids (4-O-methyl-glucuronic, galacturonic and glucuronic 
acids). These sugars are linked together by β-1,4-glycosidic 
and sometimes by β-1,3-glycosidic bonds [19]. Its composi-
tion varies in hardwood which contain xylans and glucoman-
nans; and softwood that contain glucomannans, xylans, 
arabinogalactans, xyloglucans and glucans [20, 21]. Hemi-
celluloses bind with cellulose microfibrils, lignin and pectin 
to form a cross-linked network of heterogeneous mixture of 
pentoses and hexoses in the cell walls [21].

Lignin

Lignin is a complex, amorphous hetero-biopolymer, insol-
uble in water consisting of phenylpropane units joined 
together by carbon–carbon and aryl–ether linkages. Lignin 
along with cellulose is considered the most abundant biopol-
ymer in nature [15]. It is formed by oxidative coupling of 
three monolignols namely: trans-p-coumaryl alcohol, trans-
coniferyl alcohol and trans-sinapyl alcohol. These mono-
mers when form polymer, the phenylpropane units are called 
p-hydroxyphenyl, guaiacyl and syringyl units [22, 23]. This 
phenylpropanoid unit of lignin is the main bottleneck of 
breakdown of lignocellulosic biomass because it provides 
structural support, impermeability, and protection against 
microbial invasion [24].

Biomass and Biofuels

Biomass is an organic matter derived from living organisms. 
Biomass like wood, charcoal or dried animal waste has tradi-
tionally been used as unprocessed primary fuel whereas the 

Table 1   Composition of lignocellulose on dry basis (modified from 
[13, 14])

Lignocellulosic 
materials

Cellulose (%) Hemicellulose (%) Lignin (%)

Hardwoods stems 40–55 24–40 18–25
Softwood stems 45–50 25–35 25–35
Corn cobs 45 35 15
Wheat straw 30 50 15
Switchgrass 45 31.4 12.0
Sugarcane bagasse 42 25 20

Author's personal copy
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processed secondary biofuels such as ethanol and biodiesel 
have been increasingly used for transportation. Biofuels are 
non-fossil fuels, can be divided into primary and second-
ary biofuels. The primary (unprocessed) biofuels such as 
firewood, wood chips and pellets are directly combusted in 
their natural form mainly for heating, cooking or electric-
ity production. The secondary (processed) biofuels such as 
charcoal, bioethanol, biodiesel and biogas are produced from 
biomass. Depending upon the sources of feedstock used and 
their technological innovation, the secondary biofuels are 
further divided into first, second and third generation bio-
fuels [25].

First Generation Biofuels

First generation biofuels are made from the food crops 
such as: sugarcane in Brazil, corn in the United States of 
America (USA) and beet or wheat in Europe and biodiesel 
made from plant oil such as: oilseed in France and Germany 
and from palm oil in Indonesia, Malaysia, Central America, 
Thailand, Africa and some other parts of the world. USA 
and Brazil together produced 85% (i.e. 21,793 million gal-
lons) of ethanol and rest of the world produced only 15% 
(i.e. 3783 million gallons). Of which USA alone produced 
14,700 million gallons (57%) and Brazil produced 7093 mil-
lion gallons (28%) of ethanol (http://www.ethanolrfa.org/) 
[26]. However, it has some conflicting issue because of its 
intrinsic parts in the food chain.

Second Generation Biofuels

Second generation biofuels are manufactured from agricul-
ture and forest residues and non-food crop feedstock includ-
ing wood, organic waste, food waste and specific bioenergy 
crops. The study of U.S. Environmental Protection Agency 
(https://www.epa.gov/) showed, USA produced 2.18 million 
gallons of cellulosic ethanol in 2015. Similar, high potential 
of cellulosic ethanol can be noticed from Gao et al. [27] who 

estimated that 66% of agricultural residue and 34% of forest 
residue in China make a total of 12,693 petajoule biomass 
available for energy production. However, several concerns 
including competition and impact on arable land uses remain 
unchanged.

Third Generation Biofuels

Third generation biofuels are bioethanol and biodiesel man-
ufactured from algae and sea weeds. It is of low-cost, possess 
high-energy, and completely renewable sources of energy. 
The algae-based biofuels and bioproducts have immense 
potentiality to replace fossil fuel and thus have promising 
future because of production of sustainable green energy. It 
has been estimated that the most efficient microalgae grown 
in optimized photobioreactors can produce 19,000–57,000 l 
of algal oil per acre per year [28]. It can grow in areas unsuit-
able for first and second generation crops using sewage, 
wastewater, and saltwater which would minimize impacts/
competition on water and arable land uses. However, it has 
high operational cost and thus required intensive research on 
its further technological innovation and efficient utilization.

Pretreatment of Lignocellulosic Biomass

There are various pretreatment methods like physical, chemi-
cal, biological, and/or their combination. The purpose of any 
pretreatment method is to disintegrate the cellulose, hemi-
cellulose and lignin so that the polymers are converted into 
smaller fragments (Fig. 1) readily accessible for enzymatic 
hydrolysis and other bio-refinery process to produce greater 
yield of various value added products (Fig. 2). However, 
each pretreatment method has its own advantages and disad-
vantages (Table 2). The physical methods (such as chipping, 
grinding or milling) are for mechanical breakdown of bio-
mass that reduces the particle size and increase exposed sur-
face area for further hydrolysis. But, it required high energy 

Fig. 1   Lignocellulosic biomass subjected to pretreatment

Author's personal copy
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Fig. 2   Pretreatment of biomass to value-added end products
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and is not cost efficient. Similarly, the application of chemi-
cals like acids, alkalis, ozone, or peroxide in pretreatment is 
faster but may produce toxic substances and involves extra 
financial circumstances for chemicals recovery to sustain the 
system. Nevertheless, a combined mechanical and chemi-
cal method like steam explosion, and hot water treatments 
have reported a relatively cost-effective technique [29]. The 
biological pretreatment on the other hand is comparatively 
slower process and cannot easily control but in some cir-
cumstances where time is not always a major concern, it 
is cost effective technique, requires low energy input, no 
chemicals and ecofriendly [30, 31]. However, the biological 
method has been less investigated due to low industrial sig-
nificance and limited technological progress. Nevertheless, 
the increasing scholarly interest on using microorganisms 
such as bacteria and fungi have reflected its brighter opti-
mistic side of biological pretreatment. Selection of proper 
microbial consortia with diverse enzymatic composition and 
efficient hydrolytic activity is a challenging task. Thus, this 
review mainly focused on biological pretreatment of ligno-
cellulosic biomass and their hydrolytic enzymes.

Biological Pretreatment

The naturally found wide taxonomic array of microorgan-
isms are used in biological pretreatment. They alter or 
degrade lignocellulose extracellularly by secreting hydro-
lytic enzyme (such as hydrolases); and ligninolytic enzyme, 
which depolymerizes lignin [15]. Due to this the cell wall 
structure open up and allowing the subsequent hydrolysis of 
biopolymers. In biological pretreatment, the cellulose and 
hemicellulose are usually hydrolyzed into monomeric sugars 
using cellulolytic and hemicellulolytic microorganisms. The 
simultaneous degradation of lignocellulosic biomass fol-
lowed by fermentation process are initiated at the same time 
which result in formation of biofuels such as ethanol, hydro-
gen, methane, furfural, etc. and bioproducts such as several 
enzymes, lactate, acetate, organic acids, etc. [39–41]. Some 
bacteria (such as Clostridium sp., Cellulomonas sp., Bacillus 
sp., Thermomonospora sp., Streptomyces sp. etc.) and sev-
eral fungi (such as Phanerochaete chrysosporium, Tricho-
derma reesei, Trichoderma viride, Aspergillus niger etc.) 
are known to hydrolyze the natural biopolymers (Table 3).

Bacterial Pretreatment

There are many bacteria producing various biomass 
degrading enzymes (Table 3) used in biological pretreat-
ment. The selection of the most efficient bacterial strains 
in pretreatment of lignocellulosic biomass followed by 
enzymatic hydrolysis and fermentation are the crucial steps 
during biofuel production. Unlike lignin, the cellulose and 

hemicellulose are comparatively easier to degrade. The 
cellulolytic bacteria for example Cellulomonas fimi and 
Thermomonospora fusca have been extensively studied for 
cellulase production. Similarly, cellulolytic bacteria, Pae-
nibacillus campinasensis can survive in harsh conditions 
and has good potential for the pretreatment of lignocellu-
losic biomass [59]. There are at least 30 predominant rumen 
cellulolytic bacterial species (for example F. succinogenes, 
R. flavefaciens, and R. albus, etc.) which have a specific 
mechanism of adhesion to cellulose and its hydrolysis [60]. 
Although there are many cellulolytic anaerobic bacteria such 
as Clostridium thermocellum and Bacteroides cellulosol-
vens that produce high cellulase activity, they do not secret 
enough enzymatic concentration [61]. However, anaerobic 
bacteria like Zymomonas mobilis is a notable cellulolytic 
candidate and can be used in fermentation of sucrose, glu-
cose and fructose to give high yield of ethanol [62]. The 
gram-positive Bacillus strains Firmicutes and the gram-
negative strains Pseudomonas, Rahnella and Buttiauxella 
produce cellulase that shows highest activities in degrading 
the cellulosic materials [63]. Some bacterial strains such 
as Azospirillum lipoferum, and Bacillus subtilis have been 
reported to produce bacterial laccases thereby causing depo-
lymerization of lignin [12]. Although, the microbial degra-
dation of lignin has been well studied in fungi and very less 
studied in bacteria, the scientific communities have shown 
their comprehensive interest in bacterial lignin degradation 
[64–66] because of recently discovered bacterial peroxidases 
[67], laccases [68] and β-etherases [69] which can be used 
effectively in delignification.

Fungal Pretreatment

Fungi are well known microbes for their interactive effect 
on decaying lignocellulosic residue by their enzymes. These 
fungi are widely distributed in nature, most of which pro-
duces various cellulolytic [42, 70, 71], hemicellulolytic [71] 
and ligninolytic enzymes [72, 73]. The lignocellulolytic 
fungi include species from the ascomycetes (e.g. Aspergil-
lus sp., Penicillium sp., Trichoderma reesei), basidiomy-
cetes including white-rot fungi (e.g. Schizophyllum sp., P. 
chrysosporium), brown-rot fungi (e.g. Fomitopsis palustris) 
and few anaerobic species (e.g. Orpinomyces sp.) [74, 75]. 
However, the highly impermeable, resistance and recalci-
trance nature of lignin; and insoluble and crystalline nature 
of cellulose represents a formidable challenge for enzymatic 
hydrolysis. The early report on T. reesei showed that it pro-
duces considerable amounts of xylanases and β-glucosidase 
with high cellulase activities [53]. Similarly, an extensively 
studied soil fungus Trichoderma longibrachiatum is one of 
the promising species in solubilization of crystalline cel-
lulose because it secrets three types of cellulases: endoglu-
canases (e.g. carboxymethyl cellulases), exoglucanases (e.g. 
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cellobiohydrolases), and β-glucosidases (e.g. cellobiases). 
These different cellulases and substrates have their complex 
interactions that function in a synergistic manner [6, 15, 54, 
55] during hydrolysis. The lignin on the other hand has its 
complex intricate pathway of delignification and becoming a 
major hurdle to understand and selecting the efficient fungal 
strain. The white rot fungi (like basidiomycetes) however 
have its significant role in disintegration of lignin and con-
sidered as a natural lignin degrading microorganisms. They 
depolymerize and mineralize lignin because they secrete 
range of ligninolytic enzymes like laccases, lignin peroxi-
dases and manganese peroxidases [2, 64, 76]. Otjen et al. 

[77] isolated 30 different wood decaying white rot fungi for 
lignin degradation and among these the best delignifiers 
reported so far were Phellinus pini-2, Pholiota mutabilis, 
Phlebia brevispora-1 and P. chrysosporium. However, the 
challenge of selecting fungal strain that effectively degrade 
the lignin with simultaneous cellulose recovery is persisted, 
and no breakthrough yet on its commercialized application.

Other Macroorganisms Pretreatment

Besides bacteria and fungi there are several other macroor-
ganisms such as insects, worms, gastropods and ruminant 

Table 3   Different biomass-degrading enzymes produced by bacteria and fungi

Various enzymes Representative bacterial species Representative fungal species References

Cellulolytic enzymes (cellulase)
 Endoglucanase Clostridium sp. Trichoderma reesei [14, 42–48]
 β-Glucosidase Cellulomonas sp. Trichoderma viride
 Cellobiohydrolase or exoglucanase Bacillus sp. Aspergillus niger
 Glycosyltransferases Thermomonospora sp. Penicillium helicum

Streptomyces sp. Piptoporus betulinus
Fibrobacter succinogenes Aspergillus nidulans
Ruminococcus albus Aspergillus fumigatus
Ruminococcus flavefaciens Aspergillus oryzae
Pedobacter sp. Magnaporthe grisea
Mucilaginibacter sp. Neurospora crassa

Fusarium gramineum
Hemicellulolytic enzymes (hemicellulase)
 Xylanases Bacillus sp. Aspergillus niger [45–52]
 Mannanase Ruminococcus flavefaciens Botrytis cinerea
 Endoglucanase Prevotella bryantii Piptoporus betulinus
 β-Xylosidas Pseudobutyrivibrio xylanivorans Aspergillus nidulans
 α-Galactosidase Fibrobacter succinogenes Aspergillus fumigatus
 Acetyl esterase Ruminococcus albus Aspergillus oryzae
 β-Glucosidase Bacteroides succinogenes Magnaporthe grisea

Pedobacter sp. Fusarium gramineum
Mucilaginibacter sp.

Ligninolytic enzymes (lignases)
 Laccase Azospirillum lipoferum Dichomitus squalens [6, 12, 15, 46, 53–58]
 Lignin peroxidase Bacillus subtilis Ganoderma applanatum
 Manganese perioxidase Cupriavidus basilensis Pleurotus sp.
 Versatile perioxidase Raoultella ornithinolytica Trichoderma reesei
 Cellobiose dehydrogenase Pseudomonas sp. Trichoderma longibrachiatum

Prevotella sp. Phanerochaete chrysosporium
Pseudobutyrivibrio sp. Merulius tremellosus

Ceriporiopsis subvermispora
Phellinus pini
Phlebia sp.
Physisporinus rivulosus
Pycnoporus cinnabarinus
Placuna placenta
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animals which has strong ability to degrade lignocellulose. 
These macroorganisms are built up with some physiologi-
cal mechanisms for breakdown of cellulosic biomass either 
by mechanical, enzymatic, gut flora and/or combination 
of these. These organisms have their own specific feed-
ing/masticating mechanism for physical breakdown and 
different enzymatic components for efficient digestion of 
cellulose. There are diverse taxonomic groups of insects 
(more than 20 families representing 10 orders) such as ter-
mites (Isoptera), beetles (Coleoptera), wood wasps (Hyme-
noptera), crickets (Orthoptera), silverfish (Thysanura) 
etc., which are known to digest cellulosic biomass such as 
wood, leaf litters and forage [78]. The earthworms are well 
known for their detritus feeding behavior. Many epizoic 
composting earthworms, such as Eisenia fetida, Perionyx 
excavates, Lumbricus rubellus, etc. can efficiently digest 
the organic matters [79]. The enzymatic action within the 
gut of earthworm accompanied by activities of microbial 
flora have potential in the digestion of cellulose, sugars, 
chitin, lignin, starch, etc. [80, 81]. Thus, the worm tea (i.e. 
the liquid leachate of vermicomposting) has been used as 
an alternative of acid pretreatment. Worm tea is considered 
as a microbial consortium and thus being used in biofuel 
production by enzymatic hydrolysis and fermentation 
[82]. Similarly, the microfloral consortium of gastropods 
and ruminant mammals also has significant role in cel-
lulose digestion. Several studies have been carried out in 
microbial isolation of intestinal flora, their application in 
biological pretreatment of lignocellulose and bioproducts 
production [83–85].

Lignocellulose Degrading Enzymes

Cellulolytic Enzymes

Cellulase consists of endoglucanase, exoglucanase or cello-
biohydrolase (CBH), and β-glucosidase, all these hydrolytic 
enzymes belong to glycosyl hydrolase (GH) family [86]. 
There are 128 GH families consisting of different cellulase 
enzymes and the synergistic actions of these hydrolytic 
enzymes catalyze the cellulose into monomeric sugar units. 
The endo- and exo-glucanases hydrolyze the glycosidic 
bonds from chain ends of cellulose to release cellobiose and 
some glucose. The β-glucosidases finally cleave cellobiose 
to glucose. Various bacteria and fungi are known to secrete 
endo or exo-acting cellulases that act on cellulose, resulting 
in release of glucose and cellobiose. So far, cellodextrin and 
cellobiose have their inhibitory activities during cellulose 
hydrolysis, the β-glucosidase is essential to break the final 
glycosidic bonds of cellobiose so as to produce sufficient 
glucose molecules [59, 87].

Hemicellulolytic Enzymes

Hemicellulases can be categories into glycoside hydrolase 
(GH) groups found in about 29 GH families and carbo-
hydrate esterase (CE) groups found in about 9 CE fami-
lies [88]. The GH groups hydrolyze the glycosidic bonds 
whereas the CE hydrolyze the ester bonds of acetate or 
ferulic acid groups. There are wide array of interdependent 
hemicellulases involve synergistically during hydrolysis of 
hemicellulose to form several monomeric sugars and also 
liberate cellulase [15, 88]. The enzymes like endo- and exo-
xylanases hydrolyze the cross-linked of hemicelluloses that 
cleave the xylene to generate oligosaccharides [15]. The 
other enzymes like β-xylosidases, α-arabinofuranosidase, 
and esterases hydrolyze xylooligosaccharides to xylose; 
arabinose into furanose and pyranose forms; acetyl group 
into arabinose and ferulic acids respectively [21].

Ligninolytic Enzymes

The ligninolytic enzymes are a group of enzymes that 
degrade highly complex and recalcitrant lignin. Most of the 
White rot fungi possess enzymatic system to degrade the 
lignin [89]. They produce laccase and various peroxidases 
such as manganese peroxidase (MnP), lignin peroxidase 
(LiP) and versatile peroxidase [90, 91]. The white rot fungi 
are well-known producer of ligninolytic enzymes, followed 
by brown rot and soft rot fungi [91]. Unlike fungi, the bac-
teria are considered as low potential for lignin degradation. 
However, the three groups of bacteria namely, actinomy-
cetes, α-proteobacteria and γ-proteobacteria are known to 
have ligninolytic system [92]. The bacterial ligninolytic 
enzymes such as laccase, lignin peroxidase (LiP), dye-
decolorizing peroxidases (DyP), β-etherases, superoxide 
dismutases, etc. has already been discovered in different 
bacteria [66]. Among these above enzymes some of the most 
significant ligninolytic enzymes are laccase and peroxidases. 
Laccase is a multicopper oxidases having four copper mol-
ecules and act as oxidizing agent and cofactor. Similarly, 
various peroxidases have their potential to degrade different 
aromatic structure by involved in redox reaction [89].

Lytic Polysaccharide Monooxygenases (LPMO)

Lytic polysaccharide monooxygenase (LPMO) was initially 
discovered for its activity on chitin degradation [3, 93] 
however recently it has been known to disrupt the glycoside 
bonds in cellulose [3]. LPMO is copper-dependent monoox-
ygenases [94, 95], belongs to the auxiliary activities (AA) 
enzyme classes. The carbohydrate-active enzyme of LPMO 
is classified into four AAs families AA9, AA10, AA11 and 
AA13 [96]. AA9 is found exclusively in fungi (Arthrobot-
rys oligospora, Aspergillus nidulans, Coprinopsis cinerea, 
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etc), AA10 is predominantly found in bacteria (Bacillus cel-
lulosilyticus, Streptomyces halstedii, Serratia marcescens, 
etc.) whereas AA11 and AA13 LPMOs are found in wider 
groups of fungi and some bacteria (http://www.cazy.org) 
[97]. LPMO carry out oxidative disintegration of recalci-
trant polysaccharide chains in their crystalline regions so as 
to release oxidized oligosaccharides [93, 98]. LPMO works 
synergistically with hydrolytic enzymes, boost up the hydro-
lytic activity and increases the sugar production from ligno-
cellulosic biomass [99].

Factors Affecting in Biological Pretreatment

There are several physical factors (such as temperature, 
moisture, incubation time, aeration, substrate size, accessible 
surface area, etc.), chemical factors (such as pH, composi-
tion of culture media, source of carbon, source of nitrogen, 
cellulose crystallinity, inorganic and organic compounds, 
roles of enzymes and hydrolysates, etc.) and biological fac-
tors (such as species of microorganism, consortia of micro-
organisms, their interaction and competition etc.). These 
factors affect the rate of biomass degradation and play a key 
role in changing physiochemical structure of lignocellulosic 
biomass. Following are some of the important factors that 
affect during biological pretreatment.

Temperature

The effect of temperature on microbial growth and their 
enzyme activities greatly varies with the different species. 
It is natural to produce considerable amount of heat due to 
some metabolic activities of microbes during fermentation. 
Many bacteria and fungi can grow in large spectrum of tem-
perature gradient. Depending on their temperature prefer-
ence, microorganisms are classified into three major groups: 
psychrophiles (–15 to 10 °C), mesophiles (20–45 °C) and 
thermophiles (41–122  °C). Bacteria can grow in wider 
range of temperature from 4 to 60 °C. The mesophilic fungi 
and bacteria are the most common [100] and most studied 
microbes of which their optimum temperature ranges from 
25 to 40 °C. Many pathogenic bacteria prefer to grow in 
optimum temperature of 37 °C and on the other hand most 
thermophiles cannot grow below 45 °C. Similarly, some of 
the white rot ascomycetes grow in 39 °C whereas the basidi-
omycetes grow in 25–30 °C [101].

Moisture

The moisture content play a significant role in establish-
ment of microbial growth, required for degradation of lig-
nocellulose which greatly varies with types of substrate and 
microorganism involved in the pretreatment process [101]. 

Many bacteria and fungi prefer to grow in optimum mois-
ture content ranges from 40 to 70% on solid substrates [102, 
103]. It has been observed that the optimum moisture of 40 
and 80% were suitable for Aspergillus niger on rice and cof-
fee pulp respectively [102]. The fungal strain, Daedalea fla-
vida MTCC 145 on the other hand has highest cellulose and 
lignin degradation due to low particle size and high moisture 
content (85% moisture) in solid-state fermentation [104]. 
Similar high optimum moisture level of 84% was recorded 
on white rot fungi Phlebia brevispora during pretreatment 
[105]. Generally, the single cell microorganism requires free 
water for their propagation. However, very high moisture 
level creates anaerobiosis and very low moisture content 
results in delayed microbial growth [103].

Incubation Time

The recalcitrant nature of lignocellulose is the major limit-
ing factor in biological pretreatment which require relatively 
a longer incubation time for efficient delignification than 
other physio-chemical methods [101, 106]. It greatly var-
ies with the biomass types and microorganisms involved 
in pretreatment process. The pretreatment of grass with P. 
chrysosporium showed significant degradation of lignin and 
exposing greater amount of cellulose and hemicellulose in 
third week of incubation time [107]. A satisfactory cellu-
lose yield (64.3%) was obtained in 60 days’ pretreatment of 
corn stalk with Irpex lacteus [106]. However, the prolonged 
incubation period can not only degrade the lignin but also 
greatly reduce the amount of polysaccharide. Thus, effective 
enzymatic hydrolysis for higher yield of sugars and ethanol 
is desirable and can be achieve by optimization of incuba-
tion time.

Substrate Size and Aeration

The particle size of substrate and oxygenation play a vital 
role in biological pretreatment of lignocellulose. The surface 
area of lignocellulosic biomass comprises of external surface 
area, depends on particle shape and size; and internal surface 
area, depends on capillary structure of cellulosic fibers [35]. 
Mechanical reduction in particle size of lignocellulosic sub-
strate increases the surface area thus increases the hydrolytic 
activity of various enzymes. The larger particle size limits 
fungal penetration and low diffusion of air whereas very low 
inter-particle space in smaller substrate decrease the aeration 
which hinders the growth and metabolism of microorganism 
[101, 104, 108]. Study on particle size of cotton stalk reviled 
that the D. flavida MTCC 145 have higher lignin degrada-
tion with lower cellulose loss when particle size was 5 mm 
[104]. Increase in aeration not only provide enough oxygen 
but also support in CO2 removal, heat dissipation and main-
tenance of humidity [2]. Thus, appropriate substrate size and 
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high aeration are essential for enzyme production and better 
hydrolytic activity.

pH

The pH of culture medium has significant role in growth and 
metabolic activities of microorganisms. In most of the cases 
the pH value is generally drop after few days of microbial 
incubation [109], which directly influence in production of 
lignolytic enzymes [2, 101]. In Acinetobacter sp. the pH 
decreased from 7.0 to <4.0 after 10 days of incubation [109]. 
Most of the white rot fungi preferred slightly acidic (pH 
4–5) environment for their better growth [110, 111]. It has 
been observed that the more ligninolytic the fungus (Vararia 
effuscata and Dichomitus squalens), much lower the pH with 
higher enzyme activity [111]. However, both decrease and 
increase in level of optimum pH during pretreatment result 
in low enzyme activity. The low pH inhibited the cellulases 
activity and in higher pH the enzymes will dissolve and lost 
their activity [112].

Structural Complexity

The lignocellulosic biomass has structural complexity due to 
cellulose crystallinity, cellulose sheathing by hemicellulose 
and complex phenylpropanoid unit of lignin. This structural 
complexity in plant cell wall results in recalcitrant biomass 
which is resistant to enzymatic and microbial deconstruc-
tion [113]. Cellulose has strong inclination to form inter 
and intra-molecular hydrogen bonds between the cellulosic 
chains [114, 115] that foster its accretion into two forms 
of crystalline structure called Iα and Iβ [16, 17]. Lignin on 
the other hand is most recalcitrant biopolymer, insoluble 
in water and composed of very complex network of non-
fermentable phenylpropanoid units. Nonproductive binding 
of cellulolytic enzymes onto lignin together with protective 
covering of lignin and cellulose sheathing by hemicellulose 
act as a physical barrier for cellulase to reach the cellulose 
which inhibit the hydrolysis of lignocellulose [116, 117]. 
Thus, several studies have been concentrated on to remove 
the lignin and to decrease the cellulose crystallinity by dif-
ferent pretreatment methods for maximising the enzymatic 
digestibility. Significant amount of highly efficient various 
lignolytic enzymes are required for their synergistic effect 
to yield maximum monomeric sugars from cellulose and 
hemicellulose fractions of lignocellulosic biomass.

Loss of Polysaccharides

The major limiting factor of biological pretreatment is slow 
process accompanied by loss of polysaccharide [2, 118]. 
The considerable amount of cellulose and hemicellulose 
are consumed during the pretreatment process. Some of 

the white-rot fungi such as P. chrysosporium, C. subver-
mispora, Echinodontium taxodii 2538, Trametes ochracea, 
Irpex lacteus etc. are known to degrade the lignin but also 
have increased risk of loss of sugars from cellulose and 
hemicellulose [118]. The cellulolytic enzymes secreted by 
white-rot fungi are used to digest the cellulose for its own 
growth which result in low sugar production after enzymatic 
saccharification [104]. However, selection of efficient strain 
and optimization of culture condition can minimize the pre-
treatment time and sugar loss. Moreover, the technique of 
genetic manipulation and altering the ligninolytic or cel-
lulolytic enzyme for efficient lignin degradation and low 
carbohydrate loss still need further improvement.

Microbial Co‑Culture and Adaptation

A maximum enzyme activity during pretreatment is highly 
desirable to everyone. But, it is not always possible to pro-
duce all the lignocellulolytic enzymatic components from a 
single strain of any bacterium or fungus due to their limiting 
levels of one or the other enzymes. Despite having complex-
ity to grow in the same culture medium several attempts 
have been made on co-culture of different species to under-
stand the microbial world of communication, their secre-
tions, adaptation and possible application on pretreatment. 
The ubiquitous nature of microbes and their ability to break 
the recalcitrant bonding of biopolymers have better func-
tions by balancing two or more tasks in mixed populations 
which could otherwise become difficult for individual strains 
[119]. However, finding suitable microbes for co-culture is 
a daunting task because of their different genetic makeup, 
enzymatic components and ecological niche. The ecological 
and adaptational factors could also play a significant role 
in metabolic function of microorganism. It is because the 
microbial communities living in natural habitat can degrade 
the lignocellulosic components within their intricate network 
of food web where the whole consortia play a vital role. 
Three possible pretreatment combinations for bacterial and 
fungal cultures could be as follow.

Bacterial Co‑Culture

Culture of two or more species of bacteria for efficient enzy-
matic hydrolysis is useful in pretreatment of lignocellulosic 
biomass and help in formation of biofuel and value added 
products. There are many bacteria belonging to Clostridium, 
Cellulomonas, Bacillus, Thermomonospora, Ruminococ-
cus and Streptomyces that can produce various cellulases 
enzymes [14] secreted by dissimilar organisms worked 
together in cellulose hydrolysis [6]. Similarly, improved 
enzyme levels were also achieved by Chandra et al. [120] 
when bacterial strains Paenibacillus sp., Aneurinibacillus 
aneurinilyticus, and Bacillus sp. were cultured together that 
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showed their high potential over the pure strains. High cel-
lulose degradation was also observed by Kato et al. [121] in 
mixed culture of Clostridium straminisolvens and the three 
strains of aerobic isolates compared to that of the original 
microflora. Several attempts have been carried out in mixed 
culture of rumen bacteria [83–85, 122] for possible high 
enzymatic activities with coexistence and to find out their 
network relationship [123] so as to improve hydrolysis of 
lignocellulogic biomass. Moreover, the study on bacterial 
co-culture of C. thermocellum with other closely related 
thermophilic Clostridia has shown its significant role in 
hydrolysis of cellulose and hemicellulose and finally con-
verts the sugars into biofuels, the ethanol [59].

Fungal Co‑culture

Application of two or more species of fungi in biological 
pretreatment of lignocellulose has been in practiced from 
few decades. The fungal degradation in monoculture and co-
culture is complex phenomenon and their metabolic interac-
tion is not well understood [124]. Almost none of the fungi 
can produce significant amount of enzymes for hydrolysis at 
a same time [74]. However, enzymes production in co-cul-
ture sometime gets better output of enzymatic composition. 
For example, in separate experiment on Trichoderma reesei 
and Aspergillus phoenicis by Wen et al. [125] showed inter-
esting opposite level of cellulolytic enzymes secretion: T. 
reesei produced high level cellulase, but low β-glucosidase 
whereas A. phoenicis produced low level cellulase and high 
β-glucosidase. On the contrary, the mixed culture of two 
fungi T. reesei with A. phoenicis at their optimum tempera-
ture 27 °C and pH 5.5 resulted in a high level of total cel-
lulase and β-glucosidase production and thus showed higher 
enzymatic activities [125, 126] probably because of high 
nutrient level in the substrate [125]. There were multiple evi-
dences of improved cellulolytic and hemicellulolytic activi-
ties in fungal co-culture [124, 127–129]. Furthermore, large 
amount of lignin degradation has also been reported so far 
by Chi et al. [130] in co-culture of C. subvermispora and 
Pleurotus ostreatus, than compared to monocultures.

Bacterial and Fungal Co‑culture

This is a relatively new avenue of microbial co-culture 
of bacteria and fungi with the aim of producing continue 
enzymatic activities from a dynamic consortium. The main 
idea of these microbial consortia came from nature where 
different microorganisms live together, communicate each 
other and participate in interconnected network of food 
web within a microbial community. A study on four strains 
of white rot fungi (including Dichomitus squalens, Gano-
derma applanatum, and two strains of Pleurotus sp.) on 

milled straw with addition of non-sterile soil containing 
soil microbes revealed that the laccase and manganese per-
oxidase production of Pleurotus sp. was not affected by 
soil microbiota and also showed high enzymatic activity 
in nonsterile soil [56]. It can be compared with natural 
biodegradation, where the non-sterile soil contains various 
bacteria that interact synergistically with fungal degrada-
tion of lignocellulose result in high and fast enzymatic 
activities [131]. Here in pretreatment of lignocellulosic 
biomass the fungi opened up the recalcitrant bonding of 
lignocellulose, hydrolyze the cellulose and hemicellulose 
into soluble saccharides, and the bacteria convert it into 
valued products. The study on bacterial and fungal co-
culture has resulted in formation of different products like 
isobutanol using Trichoderma reesei and Escherichia coli 
[132] and ethanol from co-culture of Z. mobilis and Pichia 
stipitis [133]. Similarly, Golias et al. [134] observed high 
cellulase activity in co-culture of recombinant Klebsiella 
oxytoca P2 with Kluyveromyces marxianus, Saccharomy-
ces pastorianus or Z. mobilis and produced more ethanol 
in faster rate compared to pure culture. Since, there is 
higher enzyme production from bacterial and fungal co-
culture and thus it is likely a better alternative for efficient 
breakdown of lignocellulosic residue [135].

Microbial Adaptation

The selective microbial co-culture avoids competition for 
substrates between species [59]. However, the progress 
in adaptation of organisms in new environment and its 
evolution is determined by their population size, its sur-
vival, spread, and/or transmission of an organism within 
a specific ecological niche [136]. Different populations 
have their differences in physiological capabilities, cel-
lular structures, and ecological niches, which can surpass 
its value in share adaptation [137]. The genetic makeup of 
organism allows them in pre-existing adaptation to either 
invading a new environment or advancement of adaptation 
characters in its existing niche. The molecular ecology of 
microbes based on 16S rRNA gene sequence represents 
a perfect molecule to study their diversity, phylogeny, 
evolution, and adaptation [138]. Systematic laboratory 
experiments on ecological aspect and molecular level 
are essential to understand the underlying mechanisms of 
adaptation of microbes in different ecological niches. It 
is always recommended to consider the optimal accept-
able ranges of various physiochemical parameters like 
pH, temperature, oxygen demand and substrate of indi-
vidual microbes in advance to set up their co-culture [139]. 
However, the survival and continue success of biologically 
active microbial consortia in highly competitive and hos-
tile environment is challenging.
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Commercial Potential of Biological Pretreatment

The cumulative capital investment of pretreatment facility 
is major financial concern among biorefinery and biofuel 
industries. The enzyme loading, its digestibility, produc-
tion of sugars, energy consumption, quality of biofuels 
and bioproducts etc. are some important parameters and 
techno-economic bottlenecks that demands the commercial 
potential of treatment facility. The quality and price of bio-
products depend on types of biomass and process conditions 
used in the manufacturing plant [140]. The pretreatment is 
essential step to solubilize the biomass which offer higher 
cost of enzymes and other chemicals during bioconversion. 
Thus, the concept of consolidated bioprocessing (CBP) 
has been introduced as a single step process of simultane-
ous saccharification and fermentation for bioconversion of 
lignocellulosic biomass to biofuels using single microor-
ganism or microbial consortium [141]. Many bacteria and 
fungi have lignolytic capability however the anaerobic, ther-
mophilic and cellulolytic bacteria are mainly used in CBP 
for manufacture of second generation biofuels [142]. The 
thermophilic bacteria such as C. thermocellum [143–145] 
and Clostridium phytofermentans [146, 147] are well stud-
ied CBP bacteria [148]. Some other anaerobic, thermophilic 
bacteria such as Thermoanaerobacter sp. [149, 150] and Cal-
dicellulosiruptor sp. [150, 151] have been studied in CBP for 
production of biofuels.

Concluding Remarks and Recommendations

Pretreatment plays a significant role in breakdown of lignin 
seal and disrupts crystalline nature of cellulose [29]. Micro-
bial pretreatment of lignocellulosic biomass has its applica-
tion in wide array of disciplines including industrial (in bio-
processing, biofuel, bio-refinery, pulp and paper industries); 
environmental (in wastewater treatment, biodegradation and 
bioremediation); and plays a vital role in carbon cycling. 
However, the paucity of enzymes exposure, presence of 
lignin and hemicellulose on cellulose surface and low acces-
sibility on their limited surface area are the main hurdle in 
complete microbial degradation [4]. Therefore, the capital 
investment in finding suitable microbial consortia using opti-
mization of different physiochemical parameters has been 
practiced. The genetic information focused on high yield 
of various enzymes is gaining its popularity among the sci-
entific communities. There are some unsuccessful attempts 
of genetic manipulation on microorganism to secrete all 
possible enzymes from single genetically engineered one. 
However, there is no breakthrough yet, because the genetic 
manipulation of organisms is often a difficult part [152]. 
Despite this fact, the isolation of suitable strains followed 
by genetic engineering and co-culture of suitable microbial 

consortium in CBP could have possible application in large 
scale commercial biofuel production.
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