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Multiple enzymes are required for efficient hydrolysis of lignocellulosic biomass and

no wild type organism is capable of producing all enzymes in desired levels. In this

study, steam explosion of wheat straw was carried out at pilot scale and a synthetic

enzyme mixture (EnzMix) was developed by partially replacing the cellulase with critical

dosages of commercially available accessory enzymes (β-glucosidase, xylanase and

laccase) through central composite design. Highest degree of synergism (DS) was

observed with β-glucosidase (1.68) followed by xylanase (1.36). Finally, benchmarking

of EnzMix (Celluclast, β-glucosidase and xylanase in a protein ratio of 20.40: 38.43:

41.16, respectively) and other leading commercial enzymes was carried out. Interestingly,

hydrolysis improved by 75% at 6 h and 30% at 24 h, respectively in comparison of control.

By this approach, 25% reduction in enzyme dosage was observed for obtaining the same

hydrolysis yield with opitimized enzyme cocktail. Thus, development of enzyme cocktail

is an effective and sustainable approach for high hydrolysis efficiency.

Keywords: steam explosion, hydrolysis, cellulase, wheat straw, inhibition

INTRODUCTION

Second generation bioethanol has the potential to decrease our dependence on non-renewable fossil
fuels (Satlewal et al., 2017, 2018a; Frankó et al., 2018; Kane and French, 2018). Since ligno-cellulosic
biomass is naturally recalcitrant in nature, pretreatment at high temperature/pressure is usually
required to improve hydrolysis (Agrawal et al., 2015b,c, 2017b; Sharma et al., 2015a). Steam
explosion (SE) has been widely implemented as a pretreatment approach for a wide variety of
lignocellulosic biomasses like wheat straw, rice straw, sugarcane bagasse, corn stover, poplar chips
barley straw, eucalyptus, switchgrass, miscanthus etc. (Janzon et al., 2014; Sun et al., 2014; Jacquet
et al., 2015; Pengilly et al., 2016; Zhai et al., 2016; Álvarez et al., 2017). The major advantage
of SE is that, it is auto-catalyzed and considered as non-toxic and environment friendly method
suitable for commercial application (Janzon et al., 2014; Sharma et al., 2015b) due to no addition
or recovery/neutralization of chemicals during pretreatment, no corrosion issues and simple and
economical operations (Ruiz et al., 2013).

The mechanism of SE has been discussed earlier suggesting that biomass cellular structure
gets swollen with water at elevated temperature and pressures, causing cellulase hydration and
hemicellulase depolymerization resulting in the formation of oligomers and monomers. Further,
H-bonding starts weakening, allowing autoionization of water into acidic hydronium ions (H3O+)
that act as catalysts and basic hydroxide ions (OH−). Moreover, hydronium ions are also generated

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2018.00122
http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2018.00122&domain=pdf&date_stamp=2018-11-19
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://creativecommons.org/licenses/by/4.0/
mailto:dr.ruchiagrawal010@gmail.com
https://doi.org/10.3389/fenrg.2018.00122
https://www.frontiersin.org/articles/10.3389/fenrg.2018.00122/full
http://loop.frontiersin.org/people/499572/overview
http://loop.frontiersin.org/people/85896/overview
http://loop.frontiersin.org/people/79008/overview
http://loop.frontiersin.org/people/470639/overview


Agrawal et al. Synergistic Enzyme Cocktail

from acetyl groups and uronic acid present in the biomass (Ruiz
et al., 2017). In comparison to acid or alkali based pretreatments
the capital expenditure is considered to be low with SE because
no special kind of material of construction is required for SE.
In addition very little or no inhibitors are generated during SE
(Pielhop et al., 2016; Walker et al., 2018).

The heterogeneous nature of pretreated biomass requires
synergistic actions of multiple and functionally different
ligno-cellulolytic enzymes (like endoglucanases, exoglucanases,
xylanases, mannases, esterases, arabinofuranosidases, etc.) for its
efficient hydrolysis(Loman and Ju, 2016; Lee et al., 2017; Kane
and French, 2018; Sanhueza et al., 2018). Although a number
of factors are responsible for lower biomass hydrolysis high
cellulase crystallinity, low enzyme accessibility, non-productive
enzyme-lignin binding, competitive, and feedback inhibition of
the enzyme have been predominantly reported (Agrawal et al.,
2015b; Parnthong et al., 2018). Thus, usually a high amount of
enzyme is required to achieve high biomass hydrolysis but it
negatively affects the commercial viability of the process.

Development of synergistic enzyme cocktail is an emerging
strategy for improving the biomass hydrolysis (Satlewal et al.,
2008; Sánchez-Cantú et al., 2018; Sanhueza et al., 2018). It
has been reported earlier that both exo and endo glucanases
work synergistically to degrade cellulase into cellobiose and
finally β-glucosidase hydrolyze cellobiose into glucose. Cellobiose
is a stronger inhibitor than glucose and its accumulation
causes feedback inhibition against most cellobiohydrolases and
endoglucanases, and thus it becomes important to supply
enough β-glucosidases to hydrolyze cellobiose to glucose in
order to eliminate such inhibition (Wang and Lu, 2016). The
sufficient amount of β-glucosidase may lead to alleviation of the
feedback inhibition by cellobiose (de Oliveira Rodrigues et al.,
2017). Other accessory enzymes like hemicelluloses, esterases,
arabinofuranosidases, laccases remove the physical protective
covering of the cellulase microfibrils thereby, improving the
enzyme accessibility (Gonçalves et al., 2015). Since the xylo-
oligomers produced from hemicelluloses inhibit the hydrolysis
by either physical blocking of the enzyme or by competitive
inhibition of the cellulases; an optimal amount of xylanase is
also essential (Qing et al., 2010; Boyce and Walsh, 2018). The
commercially available first generation enzyme preparations (like
Spezyme CP, Celluclast, and Novozyme 188) have been found
to be underperforming in hydrolyzing the xylo-oligomers and
overcoming their inhibitory effects at reasonable dosages (Qing
et al., 2010; Agrawal et al., 2015b). This is due to the fact
that these commercial enzymes are usually derived from the
filamentous fungi (Trichoderma) and contains high amount of
exo and endo glucanases but with lower amounts accessory
enzymes like (β-glucosidases and hemicellulose) (Agrawal et al.,
2015b; Pierce et al., 2017;Wu et al., 2017). In addition to this, type
of ligno-cellulosic biomass and the pretreatment approach bring
in differences in their structural properties (Satlewal et al., 2018b).

Abbreviations: EnzMix, enzyme mixture; DS, degree of synergism; WS, wheat
straw; SE, steam explosion; SEWS, steam pretreated wheat straw; SS, stainless steel;
BGL, β-glucosidase activity; FPU, filter paper unit; CMCase, endo-glucanase, CCD,
central composite design.

Hence, development of tailor-made enzyme cocktail according to
the pretreatment approach and the type of biomass might assist
in improving the biomass hydrolysis. Although, few studies have
been carried out on enzyme synergy but very few have evaluated
the commercial enzymes and steam pretreated wheat straw at
pilot scale level. A few published reports are discussed here in-
brief which might be referred for further details. Takano and
Hoshino (2018) who optimized the commercial enzyme reagents
for hydrolysis of the alkali pretreated rice straw have reported that
a combination of “Cellulase Onozuka 3S,” “Cellulase T Amano
4,” and “Pectinase G Amano” improved the hydrolysis efficiency
with a yield of 94%. Soleimani and Ranaei-Siadat (2017) reported
that an optimize enzyme cocktail optimized via response
surface methodology involved enzymes, including Exo-1,4-β-
D-glucanases II (CBHII), Endo-1,4-β-D-glucanases II (EGII)
and 1,4-β-D-glucosidases I (BGI) improved the degradation
of pretreated bagasse. In a similar report, 14 commercially
available cellulolytic and hemicellulolytic enzymes were procured
and mixed together to generate many cocktail combinations.
This approach of blending crude commercially available enzyme
cocktails allowed a 4-fold reduction in total enzyme requirements
to achieve high hydrolysis yields (Chundawat et al., 2017).

In this study, a comprehensive analysis of synergism
between cellulase and accessory enzymes (xylanase, pectinase, β-
glucosidases etc.) has been investigated to quantitatively evaluate
their impact on hydrolysis of steam pretreated wheat straw
(SEWS) at pilot scale. This work established the hypothesis that
accessory enzymes have a critical role in biomass hydrolysis and
their optimization is a significant tool to enhance fermentable
sugar production (Sharma et al., 2017). Further, the in-house
developed enzyme mixture (EnzMix) was benchmarked with
the latest commercial enzyme preparations of the leading
manufacturers.

MATERIALS AND METHODS

Biomass, Chemicals, and Enzyme
Preparations
Wheat straw (WS) was procured locally from Faridabad,
Haryana, India. It was milled to 1–2mm sizes using cutting
mill (Texol, Pune, India) and stored in airtight plastic bags at
room temperature. All analytical grade chemicals (like cellobiose,
glucose, xylose, arabinose, furfural, hydroxymethyl furfural,
acetic acid, and BCA-1) and ligno-cellulolytic enzymes cellulase
(Celluclast 1.5L), β-glucosidase (i.e., BGL or Novozym 188 in
this study), xylanase, pectinase, and laccase were procured from
Sigma Aldrich, India. Other enzyme preparations like Cellic
fromNovozymes, Denmark; Accellerase fromGenencor Dupont,
USA and by Indian manufacturers like Sacchari-SEB-C6 from
Advanced Enzyme, Mumbai; Bioconvert L1 and Bioconvert P 10
fromNoor Enzymes,West Bengal; were either procured or kindly
provided by them as a gift.

Pilot Scale Steam Explosion
Steam explosion plant contains in-house designed high pressure
reactor of 10 L capacity, a steam generator (∼300◦C) equipped
with quick feeding valve, cyclone separator and noise absorber. In

Frontiers in Energy Research | www.frontiersin.org 2 November 2018 | Volume 6 | Article 122

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Agrawal et al. Synergistic Enzyme Cocktail

order to quickly attain the desired temperature, steam explosion
digester was flushed 3–4 times with high pressure steam (15
bar). Impregnation of WS was carried out in batches of 15 kg
by placing it in a perforated mesh bin made up of stainless steel
(SS) and dipping it into the water. The liquid was circulated
using a pneumatic pump for each experiment for 30min at room
temperature (30◦C). The soaked wheat straw was dewatered
using the hydraulic press at a pressure of 100 bars. The pressed
wheat straw was properly mixed to determine moisture content
using a moisture analyzer (MA 150 Sartorius, Germany). 0.4 kg
of pressed wheat straw on a dry basis was fed to reactor
and temperature was increased by injecting of high pressure
steam. The WS was pretreated at 200◦C temperature for 10min
(Agrawal et al., 2014; Sharma et al., 2015b). After pretreatment,
the wheat straw slurry was recovered from the cyclone separator,
and separated into two fractions, xylose rich liquid hydrolysate
and glucan rich solid residue. Thorough washing of SEWS
residue was carried out with about five times of the distilled
water to remove free sugars and inhibitors. The washed SEWS
was kept in air tight plastic bags at 4◦C till further use. Since,
this is customized pilot plant and we have designed our process
in such a way that minimum delay takes place in achieving
the desired temperature and pressure within 2min and cooling
down to ambient temperature/pressure almost instantly within
few seconds. A pre flushing of the reactor with high pressure
steam (15 bar) also help in reducing the time delay. Further, we
have conducted a series of experiments earlier and optimized
our process. A study on process optimization has been published
earlier and might be referred for any details (Sharma et al.,
2015b).

Analysis
Biomass composition analysis to determine the cellulase,
hemicelluloses, lignin ash, and extractives was carried out by
using a standard analytical protocol by Sluiter et al. (2008). Sugar
oligomers were estimated by a method developed by National
Renewable Energy Laboratory (NREL) (Sluiter et al., 2006, 2008).
All high performance liquid chromatography analysis was carried
out with HPLC system from Waters, USA equipped with a
refractive index detector (Model No. 2,414, Waters) and Aminex
HPX-87H column 300 × 7.8mm ID (Bio-Rad Labs, Hercules,
CA). All analysis was conducted by preparing calibration curves
at different concentrations of high purity sugar standards
(D-cellobiose, D-(+)glucose, D-(+)xylose, D-(+)galactose, L-
(+)arabinose, and D-(+)mannose) in the HPLC (Sluiter et al.,
2008). Miller (1959) protocol was used to determine the total
reducing sugar using glucose as a standard and absorbance was
observed at 540 nm. All analyses were conducted in triplicate and
the standard deviation determined.

Enzyme Activities and Protein Estimation
Standard assay procedures were used to determine the enzyme
activities present in enzyme preparations used in this study.
Cellulase activities such as, BGL, filter paper unit (FPU)
and endo-glucanase were estimated with p-nitrophenyl-beta-D-
glucoside (pNPG), filter paper, and carboxy-methyl cellulase as
substrates, respectively (Ghose and Bisaria, 1979; Agrawal et al.,

2013a, 2017a). The xylanase, pectinase and laccase assay was
conducted by using oatspelt xylan, pectin and 2,2

′

-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
as substrates as described by Ibrahim et al. (2014) and Zhao
et al. (2014). BCA-1 kit purchased from Sigma, USA was used for
protein estimation in all enzymes (Walker, 1994; Agrawal et al.,
2012).

Enzyme Cocktail Development
A comparison of SEWS enzymatic hydrolysis was carried out
with basic cellulase preparation obtained from Trichoderma
reesei (Celluclast) and its combination with different
concentrations (10–125mg protein/g biomass) of accessory
enzymes (BGL, Xylanase, Pectinase, and Laccase) in 500mL
Erlenmeyer flasks at 10% (w/w) solid loading in a total volume of
150mL and pH was maintained by adding sodium citrate buffer
of 0.05 molarity (4.8 pH) (Agrawal et al., 2017b,c).

The percent hydrolysis yields were determined by estimating
the total reducing sugars by following formula (Satheeja Santhi
et al., 2014):

Hydrolysis (%) = Concentration of reducing sugar (g) × 0.9
× 100

Carbohydrate content of the biomass (g)
A statistical approach of response surface methodology

with central composite design (CCD) with replicates at the
center and star points were used with Design-Expert (Stat-
Ease, Inc., Minneapolis, USA) software to optimize the enzyme
cocktail/mixture (EnzMix) The level of factors for RSM are
tabulated as Table S1. Here, Celluclast was partially replaced
with accessory enzymes and its impact on hydrolysis yield was
observed by using a method discussed in Agrawal et al. (2015b).
We have determined the free sugars present in the commercial
enzyme samples and subtracted this amount while calculating the
hydrolysis yield.

Benchmarking With Commercial Enzyme
Preparations
The in-house developed enzyme mixture (EnzMix) was
benchmarked with its commercially available counterparts at
same conditions (10% biomass loading, 50◦C temperature,
and 4.8 pH), feedstock (SEWS) and concentration i.e., 49mg
protein/g biomass.

RESULTS AND DISCUSSION

Wheat Straw Pretreatment and Chemical
Composition
Steam explosion (SE) pretreatment of milled WS was carried
out at high temperature and pressure usually between 180
and 230◦C (Ruiz et al., 2008) with a sudden release steam in
a flash tank. It is an “auto catalyzed” process, where acetic
acid released from hemicellulose and self-ionization of water
at elevated temperatures causes a drop in pH which acts as a
catalyst (Sharma et al., 2015b). SE has been reported to break
down biomass structure and develop pores for higher enzymatic
accessibility (van der Zwan et al., 2017). During SE most of the
hemicellulose is hydrolyzed to soluble sugar monomers and some
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fraction of cellulase also gets depolymerized into glucose while, a
small fraction of lignin is dissolved and/or redistributed (Kumar
and Murthy, 2011; Agrawal et al., 2013b). The composition of
untreated and pretreated wheat straw is depicted in Figure 1.

After steam explosion pretreatment, about 31% increase was
observed in cellulase content of SEWS with a slight increase
in lignin (2%) however, the hemicellulose content was reduced
substantially (11%) in comparison to untreated wheat straw and
extractives were almost fully removed. Previously it has been
reported that after steam pretreatment of rice straw (180◦C, 0.5%
sulfuric acid and 10min residence time), cellulase content was
increased by 21% and hemicellulose content was decreased by
9% with a slight increase in lignin (3%) (Sharma et al., 2015b).
Kristensen et al. (2008) found that after SE of wheat straw (190◦C,
3.5% of sulfuric acid/biomass and 6min residence time), xylan
content was reduced to about 17% as compared to the native
biomass. Consequently, the cellulase content was increased by
17% while lignin was increased by 1%. In another study with
sweet potato vine as a substrate, cellulase content increased from
17% (untreated) to 40–49% (SE treated), accompanied with the
reduction of “lignin” from 43% to 20–25% and hemicellulose
from 10 to 16% (Liu et al., 2017).

Analysis of Different Enzyme Preparations
Comparative analysis of different enzyme preparations was
carried out and shown in Table 1. Both Cellulclast and BGL
were available in liquid form and contained almost similar
protein content, while xylanase was present in solid form and
contained lower protein. Maximum cellulase activity (FPU) was
found in Cellulclast followed by less than half in BGL and
negligible activity in other accessory enzymes. This showed that
accessory enzymes have very low cellulolytic potential. Pectinase
and laccase contained 3,785 U/ml and 83 U/g of specific activity,
respectively.

SEWS HYDROLYSIS

Hydrolysis With Celluclast
A rapid increase in hydrolysis was observed with increasing
Celluclast concentration from 10 to 25mg protein/g biomass
but only marginal increase was observed at high protein dosage
(more than 40mg protein/g biomass) (Figure S1). It showed
that even very high dosage of cellulase alone is not sufficient to
achieve the high hydrolysis. Similar to above results, Hu et al.
(2011) have reported that hydrolysis yields increased linearly with
Celluclast dosage up to 35 mg/g and reached to a stationary phase
after which no substantial increase was found above this dosage.
This might be due to a lower amount of accessory enzymes in
Celluclast.

Effect of Supplementing Celluclast With
Accessory Enzymes
As Celluclast concentration of 10mg protein/g biomass is
sufficient to achieve 60% SEWS hydrolysis yield in 24 h, it
was used as the baseline for any further improvement by
supplementing the accessory enzymes. The primary objective of
this experiment is to identify the amount of accessory enzymes

to obtain at least 80% hydrolysis yield. Results showed that
supplementation of even small amount of BGL (10mg protein) in
Celluclast is sufficient to achieve >80% hydrolysis and no further
substantial increase was found by increasing the BGL dosage after
48 h (Figures 2A–C). Supplementation of Celluclast with BGL at
10mg protein enhanced the biomass hydrolysis by 34% after 6 h.
Berlin et al. (2007) also reported that corn stover hydrolysis has
been improved by 37% by BGL supplementation.

A gradual increase in hydrolysis yield was also observed
by increasing the xylanase concentration from 1mg protein
to 30 mg/g biomass (Figures 2D–F). It has been found that
a 15% increase was observed at low xylanase dosage (1mg
protein). Results also indicate that higher concentration of
xylanase is required to achieve maximum hydrolysis yield in
minimum time like 30mg of xylanase is required to obtain
80% hydrolysis in 6 h but 10mg of xylanse is sufficient to
achieve >95% hydrolysis in 48 h. Previous reports have also
discussed that a substantial increase in steam pretreated corn
stover (16%) and sugarcane baggase (31%) hydrolysis yield
was observed with xylanase supplementation (Hu et al., 2011;
Li et al., 2014). Surprisingly, pectinase, and laccase showed a
negative effect on SEWS hydrolysis (data not shown) hence,
only BGL and xylanase were selected for further optimization
in this study. The negative effect of pectinase and laccase might
be due to intensive competition between enzymes for cellulase
binding sites and a slight inhibition of β-glucosidase activity.
Recently, Oliva-Taravilla et al. (2014) reported that the relative
glucose recovery in presence of laccase with cellulosic substrate
(Sigmacell and steam exploded wheat straw) was almost 10%
lower than in the absence of laccase. Yang et al. (2016) reported
that the ratios and cooperation of cellulases are crucial in the
hydrolysis and the efficiency could be further improved after
adding accessory enzymes such as oxidoreductases, expansions,
for which the bacterial enzyme pool is so abundant to excavate in
the future(Agrawal et al., 2015d).

Synergistic Enzyme Cooperation
The degree of synergism (DS) was used to elucidate the
synergistic cooperation of cellulases and accessory enzymes to
improve the biomass hydrolysis yields. It was calculated as
the proportion of hydrolysis yield obtained with synergistic
enzyme mixture to the sum of the hydrolysis yield achieved
with respective enzymes when used separately in the same
amounts as in the mixture (Li et al., 2014). Maximum synergism
was found between Celluclast and β-glucosidase (1.68) followed
by xylanase (1.36) (Figure 3). These results indicate that the
addition of β-glucosidase and xylanases substantially boost
cellulases hydrolyzing ability and maximum synergism was
obtained at 6 h of hydrolysis and it decreased with time. The
reason for this might be the rate of hydrolysis in initial hours is in
log phase where a maximum effect of the enzyme is observed.
Similarly, previous report suggested that high DS (1.05–1.19)
was found between Celluclast and xylanase for the hydrolysis of
steam exploded sugarcane bagasse (Li et al., 2014). In another
report, 1.43 DS was reported in an optimized enzyme mixture
containing cellulase, xylanase, and pectinase (Bunterngsook et al.,
2017). Recently, published report also suggested that better DS
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FIGURE 1 | Pretreated and untreated wheat straw composition.

TABLE 1 | Analysis of commercial enzyme preparations.

S. No. Samples Protein content Cellulase (FPU) Endoglucanase (CMCase) β-glucosidase (BGL) Xylanase

1 Celluclast 52.08 99.60 42.77 11.52 238.06

2 Novozyme 188 47.92 36.27 22.79 46.54 255.00

3 Xylanase* 18.20 2.93 1.06 2.21 685.23

*Unit of measurement for protein is mg/ml and enzyme activity is U/ml however, for xylanase protein content and activity are determined as mg/g and U/g, respectively.

was observed during the initial hydrolysis stage but it decreased
in the later hydrolysis stage (Huang et al., 2018). In addition, it
was observed that the digestibility of cellulase was increased with
the digestibility of xylan in the hydrolysis of pretreated sugarcane
bagasse substrates (Huang et al., 2018). Similarly, supplementing
commercial cellulase (Sigma-Aldrich, USA) with BGL was
compared for the hydrolysis of microcrystalline cellulase, native
corn straw and steam pretreated corn straw and the results
showed an increase in glucose release by 62, 94, and 95%,
respectively (Zhang et al., 2017).

Enzyme Cocktail Optimization
Optimization of enzyme cocktail was carried out by using a
statistical tool known as response surface methodology. Since,
only two enzymes i.e., β-glucosidase and xylanase showed
synergism with Celluclast; these two have been used for further
enzyme cocktail development. The experimental design and
experimental results are depicted in Table S1. Equations (1) and
(2) depict the correlation between the significant variables and
response i.e., hydrolysis in 6 and 24 h.

Hydrolysis % (6h) = 79.39 + 2.38∗A + 17.11∗B - 0.76∗AB -
4.17∗A2 - 0.44∗B2 (1)

Hydrolysis % (24 h) = 84.81 + 4.94∗A + 15.68∗B - 3.20∗AB -
4.47∗A2 - 2.56∗B2 (2)

Where, A is BGL and B is xylanase concentration in terms of
protein mg/g of biomass.

This model was found to be statistically significant as the p-
value for 6 h (<0.0001) and 24 h (0.00) hydrolysis was greater
than α = 0.05. ANOVA was used to assess the impacts of
variables and their interactions for 6 and 24 h saccharification
(Tables S2A,B). Model terms (A, B, and A2) were significant for
both 6 h and 24 h periods. This model could be used to navigate
the design space since the predicted R2 value was in agreement
with the adjusted R2 value. Also the adequate precision value,
which measures the signal to noise ratio, was above the threshold
limit of 4 for both 6 h (18.1) and 24 h (19.8) models.

As predicted by the model and validated by experiments, 80%
SEWS hydrolysis was observed by using very high amount of
Celluclast (>100mg protein/g biomass). But partial replacement
of Celluclast with small amounts of accessory enzymes [Celluclast
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FIGURE 2 | Supplementation of Celluclast with β-glucosidase (A–C) and xylanase (D–F). The corresponding hydrolysis time for (A,D), (B,E), and (C,F) is 6, 24, and

48 h, respectively.

(10mg), BGL (18.83mg), and xylanase (20.17mg)] as determined
with the help of statistical RSM model is helpful in improving
the SEWS hydrolysis yields up to 95% at low total protein
loadings (49mg) (Figure S1). The previous report also suggests

that partial replacement of cellulase with accessory enzymes like
BGL and xylanase has improved the pretreated wheat straw
hydrolysis up to 80% as compared to cellulase alone (Qing and
Wyman, 2011).
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To find out the reason behind this substantial increase,
enzymatic hydrolysate after hydrolysis was evaluated to
determine the inhibitors like cellobiose and oligomers
concentrations. Results suggest that 2.3% of cellobiose and
oligomers were present after hydrolysis with Celluclast
alone while, their concentration was reduced with EnzMix
(Figure 4). It has been reported earlier that presence of even
low amounts of oligomeric sugars and cellobiose act as strong

FIGURE 3 | Degree of synergism between Celluclast and accessory enzymes.

enzyme inhibitors (Rajan and Carrier, 2014; Resch et al.,
2014; Zhai et al., 2016). Qing et al. (2010) reported that 0.2–
1% of oligomers may cause 15–38% decrease in hydrolysis
yields.

An interesting finding of this study was the variation observed
between optimized enzyme cocktail compositions based on
different pretreatment methods on the same feedstock. In the
previous study, the optimized cocktail developed for dilute acid
pretreated wheat straw was composed of Celluclast (10mg),
beta-glucosidase (25mg), xylanase (4mg), pectinase (3.25mg),
and laccase (8mg) (Agrawal et al., 2015b). However, the steam
exploded wheat straw cocktail is composed of Celluclast (10mg),
β-glucosidase (18.83mg), and xylanase (20.17mg). It showed that
a slightly higher amount of enzyme dosage is required for dilute
acid pretreatment (50.25mg) in comparison of steam explosion
(49mg). Another, important observation is that the pectinase
and laccase have improved the hydrolysis yields with dilute acid
pretreatment but these enzymes had negative impact during
enzymatic hydrolysis of steam pretreated wheat straw. This
might be due to the efficient disruption of wheat straw cell wall
structure and lignin-carbohydrate linkages via steam explosion
pretreatment at high temperature and pressure conditions while,
the dilute acid pretreatment is mainly dependent upon removal
of hemicellulose at relatively low temperature and pressure
conditions.

Synergism Between Celluclast and
Accessory Enzymes
To establish the synergistic action between Celluclast and other
accessory enzymes, actual enzyme activity in the reactionmixture

FIGURE 4 | Comparison of steam pretreated wheat straw hydrolysis with EnzMix and Celluclast.
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TABLE 2 | Synergism between Celluclast and accessory enzymes.

S. No. Enzymes FPU (U/ml) CMCase (U/ml) BGL (U/ml) Xylanase (U/ml)

1 Celluclast (10mg) + BGL (25mg)** 6.21 (3.77) 2.86 (1.99) 3.56 (2.64) 23.00 (17.79)

2 Celluclast (10mg) + BGL (50mg)** 7.70 (5.66) 4.29 (3.18) 6.69 (5.06) 50.00 (31.07)

3 Celluclast (10mg) + Xylanase (10mg)** 3.71 (0.14) 2.16 (0.05) 0.66 (0.32) 45.66 (37.41)

4 Celluclast (10mg) + Xylanase (30mg)** 3.94 (2.31) 2.31 (0.97) 0.84 (0.54) 119.62 (103.20)

5 EnzMix** 12.52 (3.51) 5.92 (1.75) 33.09 (2.14) 311.65 (84.53)

**Theoretical addition of enzyme activities is represented within brackets however, the actual synergistic activities are depicted as U/ml of reaction mixture (rxn).

FIGURE 5 | Benchmarking of commercial enzymes with EnzMix using steam pretreated wheat straw and same conditions.

of Celluclast with accessory enzymes was determined and
compared with the theoretical summation of enzyme activities
(FPU, CMCase, BGL, and xylanase) present in the mixture.
If actual enzyme activities in the reaction mixture are greater
than the summation of theoretical activities, it is known as
synergistic effect (Hu et al., 2013) otherwise it is an additive
effect. As depicted in Table 2, actual enzyme activities were
found to be more than the addition of individual enzymes.
This proves that Celluclast and accessory enzymes work in a
synergistic manner. Highest synergism was found in EnzMix
where, BGL activity has been enhanced by 15.5-folds followed
by CMCase and FPU by 6.4 & 6-fold and xylanase by 4-fold,
respectively. A similar report by (Adsul et al., 2014) has shown
that FPU and CMCase activities were enhanced by 1.3 and 2
times.

Benchmarking With Commercial Enzyme
Preparations
The hydrolysis of steam pretreated wheat straw by EnzMix
containing Celluclast, β-glucosidase, and xylanase in a protein
ratio of 20.40: 38.43: 41.16, respectively and commercial

enzyme samples was compared on a similar substrate and
protein concentration (i.e., 49mg protein/g biomass) as in
EnzMix (Figure 5). Highest hydrolysis yields (>95%) were
obtained with Cellic and EnzMix. This study showed that
82% of hydrolysis yield was obtained with 125mg protein/g
biomass of Celluclast however; only 49 mg/g protein of
EnzMix was needed to obtain 99% yields. Thus, only 16%
of the total enzyme protein cost was needed to achieve high
hydrolysis yields with both EnzMix and Cellic but the protein
costs were substantially enhanced to 42% with sub-optimized
enzyme such as Celluclast and other inferior enzymes. This
comparison was based on an assumption that the commercial
cost of the cellulase enzyme protein remained same while
their efficiency might vary depending upon the type of its
components.

CONCLUSIONS

This study established that accessory enzymes play a synergistic
and critical role in enzymatic hydrolysis of ligno-cellulosic
biomass. Development of enzyme cocktail based on substrate
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properties and pretreatment is a sustainable approach in reducing
the enzyme concentration required to obtain high hydrolysis
yields. In-house developed (EnzMix) was found at par or better
than its commercial counterparts.
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