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Abstract Nocardiopsis sp. KNU was found to degrade

various lignocellulosic waste materials, namely, sorghum

husk, sugarcane tops and leaves, wheat straw, and rice husk

very efficiently. The strain was found to produce high

amounts of cellulase and hemicellulase. Augmentation of

cotton seed cake as an organic nitrogen source revealed

inductions in activities of endoglucanase, glucoamylase,

and xylanase up to 70.03, 447.89, and 275.10 U/ml,

respectively. Nonionic surfactant Tween-80 addition was

found to enhance the activity of endoglucanase enzyme.

Cellulase produced by Nocardiopsis sp. KNU utilizing

sorghum husk as a substrate was found to retain its stability

in various surfactants up to 90%. The produced enzyme

was further tested for saccharification of mild alkali pre-

treated rice husk. The changes in morphology and func-

tional group were analyzed using scanning electron

microscopy and Fourier transform infrared spectroscopy.

Enzymatic saccharification confirmed the hydrolytic

potential of crude cellulase. The hydrolysate products were

analyzed by high-performance thin layer chromatography.

Keywords Nocardiopsis sp. KNU � Rice husk � Sorghum
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Introduction

Alternatives to the existing sources of energy generation

are rapidly being explored to meet the ever increasing

energy requirements of the society. Utilization of regen-

erative lignocelluloses for energy production has, there-

fore, rapidly increased in the last few decades. Agricultural

waste biomasses such as wheat straw, rice straw, and

sugarcane bagasse have been reported to be utilized for

production of second generation bioethanol (Cheng et al.

2008; Sun and Cheng 2002). Cellulose being the main

component of plant biomasses, they are considered to be

rich sources of lignocellulosic biomass in the bio-fuel

industry. Lignocellulosic waste biomasses bear the

advantages of lower cost and high natural abundance.

However, the complex nature of lignocellulosic biomass is

a major problem in its utilization as a substrate for enzyme

production and hydrolysis. The problems associated with

the degradation of lignocellulosic biomasses can be solved

using various strategies such as microbial exploration,

cellulolytic enzymes production, and saccharification by

cellulase (Lynd et al. 2002). In addition, use of inexpensive

lignocellulosic biomasses for cellulase production can

certainly prove to be cost effective and environmental

friendly.

Abundantly available low-cost lignocellulosic bio-

masses have been used as attractive sources for production

of cellulolytic enzymes and thereafter bioethanol (Cheng

et al. 2008). Lignocellulosic biomass is composed of cel-

lulose, hemicelluloses, lignin, and pectin complex which
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are heterogeneously interlinked polysaccharide chains with

different degrees of crystallinity. There are various

microorganisms which degrade the biomass and produce

multiple cellulolytic and hemicellulolytic enzymes called

‘‘enzyme systems’’ (Lynd et al. 2002). The enzyme system

is responsible for active degradation of the plant cell wall

components (cellulose and hemicelluloses). Classification

of enzymes of the cellulase system is based on properties of

the enzyme and their mode of degradation mechanism

(Lynd et al. 2002). Production of ethanol from lignocel-

lulosic biomass involves three major steps such as pre-

treatment, enzymatic hydrolysis, and fermentation (Rubin

2008). After pretreatment, enzymatic saccharification is the

key step for improvement in sugar liberation from ligno-

cellulosic biomass for further ethanol production. Before

the enzymatic saccharification, pretreatment of lignocellu-

losic materials should be carried out for breakdown of the

lignin locking pattern and other hemicellulosic component.

The opened lignin moieties and cellulose enhance the

accessibility for enzyme attack and to release sugars (Yang

et al. 2011). Utilization of the low-cost lignocellulosic

biomass for enzyme production and crude enzyme appli-

cation for biomass hydrolysis significant affects the cost

and efficiency of bio-fuel production process (Saratale

et al. 2012). Use of low-cost substrate, instead of highly

expensive commercial enzymes, is an important factor in

cellulase production from economical point of view (Sar-

atale and Oh 2015). Sorghum straw (Sorghum bicolor (L.)

Moench) is the single finest lignocellulosic material used

for bioethanol production. It grows easily in hot, subtrop-

ical, and barren regions of India, United States, Mexico,

China, Southern Africa, and other developing countries,

where the agricultural crop production faces common

stress conditions (Tsujibo et al. 2003).

Biodegradation of lignocellulosic material and produc-

tion of cellulase enzymes by microorganisms has been

reported. Several bacteria and actinobacteria have been

reported to exhibit multiple cellulolytic and hemicellu-

lolytic enzyme activities at moderate temperature and pH

(Stamford et al. 2001). Microorganisms hydrolyze the

insoluble cellulose and produce free reducing sugar

moeties using the free or cell-associated extracellular cel-

lulases. Actinomycetes are soil microbes which have

potential to produce various enzymes (cellulase, chitinase,

and alkaline protease) by hydrolyzing different polysac-

charides such as cellulose and chitin (Rawat et al. 2014;

Rodhe et al. 2011).

The present work deals with the investigation of pro-

duction of several synergistically produced cellulases using

different inexpensive lignocellulosic materials. Various

strategies such as addition of organic nitrogen sources and

surfactants were tried for enhancement of cellulase activ-

ity. The production of cellulolytic enzymes was carried out

using sorghum husk biomass which is an agricultural waste

material produced at enormous scales annually (Wiselogel

et al. 1996). The enzymes were further explored for sac-

charification of rice husk for bioethanol production.

Materials and methods

Materials

All lignocellulosic substrates used in this study were collected

from agricultural fields surrounding Kolhapur, India. Sorghum

husk (SH), wheat straw, sugarcane tops and leaves, dried grass,

and rice husk were selected as carbon sources. Commercial

animal feed was procured from Pranav Agro Industries Ltd,

Sangli, Maharashtra, India. Carboxymethyl cellulose and birch

wood xylan were obtained from Hi-Media (Mumbai, India)

Avicel PH-101 and p-nitrophenyl-b-glucoside (PNPG) was

procured from Sigma Aldrich (USA). The lignocellulosic

wastes were dried in sunlight, milled using pulverizer, sieved

through a 0.2 mm sieves, and stored at room temperature.

Pretreatment of rice husk

The alkaline pretreatment of rice husk biomass was per-

formed with different NaOH concentration as 0.025, 0.05,

and 0.1 N and the pretreatment reaction conditions were

121 �C for 60 min (Table 1).

Microorganism and culture conditions

Nocardiopsis sp. KNU culture was grown on the modified

Dubos salt medium consisting of (g/l): CMC, 10; NaNO3 0.5;

MgSO4 7H2O, 0.5; KH2PO4, 1; KCl, 0.5; and FeSO4, 0.001.

The most favorable environmental conditions were stan-

dardized such as initial pH of the media (6.5), growing tem-

perature (30 �C), and medium for improved cellulolytic and

xylanolytic enzymes production by Nocardiopsis sp. KNU.

Preparation of enzyme source

Static condition studies were carried out in 250 ml Erlen-

meyer flask using 100 ml of Dubos salt medium with

Table 1 Mild acidic and mild alkali pretreatment of sorghum husk

biomass

Sample Treatment Conditions

I Native

(control)

Untreated 0.2 mm sieved biomass washed

with water

II Alkali

pretreatment

0.025, 0.05 and 0.1 N concentration of

NaOH and biomass reactions kept at

121 �C for 60 min
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sorghum husk (1% w/v) as the exclusive carbon source.

Nocardiopsis sp. KNU culture (approximately 107 cells)

was inoculated and growth conditions were maintained at

temperature 30 �C for up to 7 days. The crude extract was

centrifuged at 40009g for 10 min. The supernatant (free of

cell biomass) obtained after centrifugation was directly

used as an extracellular source of enzymes for the deter-

mination of enzyme activities.

Enzyme assay

The activities of endoglucanases and exoglucanases were

determined as described earlier (Nitisinprasert and

Temmes 1991). Endoglucanase reaction mixture contained

1 ml of enzyme along with 1 ml of 1% carboxymethyl

cellulose (CMC) in McIlvaine’s buffer (0.1 mol/l citric

acid–0.2 mol/l phosphate buffer; pH 5) which was incu-

bated at 50 �C for 30 min. Exoglucanase enzyme assay

mixture contained 1 ml enzyme source and 0.5 ml of 1%

Avicel cellulose in McIlvaine’s buffer and was incubated at

50 �C for 2 h, followed by the addition of 1 ml of 2, 5

dinitrosalicylic acid (DNSA) reagent. The b-glucosidase
enzyme activity was determined by measuring the amount

of p-nitrophenol from PNPG released. In this assay mix-

ture, 200 ll of enzyme and 5 mM PNPG were added to

1 ml of citrate buffer (50 mM), and incubated at pH 4.5,

50 �C for 10 min. The reaction was terminated by the

addition of 2 ml of 1 M sodium carbonate. One unit of b-
glucosidase activity is defined as the amount of enzyme

required to hydrolyze 5 mM of PNPG per min (Waghmare

et al. 2014b). Filter paper unit activity was estimated by

quantifying the reducing sugars produced from Whatman

no. 1 filter paper (50 mg, 1 9 6 cm) (Ghose 1987). Total

cellulase activity [filter paperase (FPU)] was assayed

according to IUPAC recommendations using filter paper as

the substrate. Filter paperase (FPase) activity was calcu-

lated according to the International Union of Pure and

Applied Chemistry (IUPAC).

The xylanase activity was determined as described

earlier Saratale et al. (2010); the reaction mixture con-

tained 1 ml of enzyme in McIlvaine’s buffer and 1 ml of

xylan (1%) and was incubated at 50 �C for 10 min. One

unit (U) of xylanase activity is defined as the amount of

enzyme that releases one micromole of xylose from the

substrate per minute under the above-mentioned condi-

tions. Glucoamylase enzyme assay was carried out as per

the procedure reported by Swain and Dekker (1966) with

slight modification. In this assay, 1 ml of enzyme in

McIlvaine’s buffer and 1 ml soluble starch (1%) were

incubated at 50 �C for 10 min. The reaction was termi-

nated by adding 1 ml of DNSA reagent and then kept in

boiling water bath for 10 min (Miller 1959). One unit of

enzyme activity is defined as the amount of enzyme that

produces one microgram of reducing sugar from the

substrate per min.

Effect of supplementation of organic nitrogen

sources and surfactants on cellulase production

performance

Various low-cost animal feed supplementations like ground

nut cake, cotton seed cake, and commercial animal feed

(1:1 concentration of organic nitrogen source and sorghum

husk) were investigated for cellulase production in the

presence of various surfactants. The surfactants used in this

study were Tween-20, Tween-80, Triton X-100, PEG-

4000, and PEG-6000 each at 1% concentration along with

1% (w/v) sorghum husk. Sorghum husk was taken as

control and the effect of these surfactants was studied on

cellulase production.

Effect of surfactants on cellulolytic

and hemicellulolytic enzyme activity

The cellulase activities in the presence of various surfac-

tants were investigated. The surfactants used in this study

were PEG-4000, Tween-20, Tween-80, Triton X-100, and

SDS at 1% concentration. Enzyme produced by Nocar-

diopsis sp. KNU was mixed with the surfactants solution

(1:1 v/v). The enzyme activities were determined in the

presence of surfactants at 50 �C and pH 5.0, while the

control sample was without surfactant solution in the

reaction mixture.

Effect of commercial detergents on cellulolytic

enzyme activity

The stability of different commercial detergent solution on

the crude cellulase enzyme was investigated. Various

detergents employed for this study were Ariel (Procter &

Gamble), Rin (Hindustan Unilever), Tide (Procter &

Gamble), and Surf excels (Hindustan Unilever). The

detergents used in this study were diluted in distilled water

up to a final concentration of 7.0 mg/ml to simulate reac-

tion conditions and were further boiled for 60 min, for

inactivation of protease enzymes present in detergents (de

Lima et al. 2005). To demonstrate the effect of detergent

on the crude cellulase activity, equal volume of enzyme

source was mixed with the detergent solutions (1:1 v/v).

The enzyme activities were determined in the presence of

detergents at 50 �C and pH 5.0, while the control sample

was without detergent solution in the reaction assay

mixture.
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Enzymatic saccharification

Enzymatic saccharification of native and NaOH pretreated

rice husk biomass was carried out using Nocardiopsis sp.

KNU produced crude cellulase enzyme. 10% biomass

loading was used for enzymatic saccharification as: A—

native rice husk, B—0.025 N NaOH pretreated rice husk,

C—0.05 N NaOH pretreated rice husk, D—0.1 N NaOH

pretreated rice husk used with 10% of biomass loading,

E—control rice husk, F—0.025 N NaOH pretreated rice

husk, G—0.05 N NaOH pretreated rice husk, and H—

0.1 N NaOH pretreated rice husk used with 15% of bio-

mass loading. These combinations were incubated with

crude cellulase (1.73 ± 0.11 FPU/ml) at pH 4.8 in 100 ml

stopper bottle. 100 ll of sodium azide (2%) was added to

avoid bacterial contamination, and the saccharification

reaction bottles were incubated at 50 �C for 96 h under

shaking conditions (120 rpm). Samples at different time

intervals were collected from the enzymatic hydrolysate

and centrifuged to remove the solid biomass. The super-

natant aliquot was boiled for 5 min in boiling water bath

for inactivation of cellulolytic enzymes present in hydro-

lysate. The reducing sugar was determined by DNSA

method (Miller 1959).

Analytical methods

HPTLC analysis

The content of monosaccharide present in the enzymatic

hydrolysate of rice husk was qualitatively determined by

HPTLC. Standard sugars such as glucose, xylose, galac-

tose, and cellobiose were used. All samples of concentrated

hydrolysate supernatant (5 ll) were applied on HPTLC

plate silica gel 60 F254 (Merck) by microsyringe using

spray gas nitrogen sample applicator (Linomat V,

CAMAG, Switzerland) with 8 mm band space and

14.5 mm track distance. The mobile phase used for

HPTLC analysis was butanol:ethanol:water (5:5:3 v/v).

The development of plate was carried out in the twin-

trough chamber 10 9 10 cm (CAMAG) up to 85 mm from

the bottom edge. The bands were visualized by a devel-

oping reagent 0.3% a-naphtol in 5% H2SO4 in methanol.

The plates were dried in oven at 80 �C for 15 min. Data

processing of all instrumentation was performed with the

software platform winCATS 1.4.4.6337 (CAMAG,

Switzerland).

Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectroscopy was used to investigate the changes in

functional group of native and alkali pretreated rice husk

biomass. The FTIR analysis was done using FTIR

spectrometer (Perkin Elmer, Spectrum one B; Shelton,

WA, USA). The native and alkali pretreated rice husk

biomass were dried in oven at 60 �C for 12 h. The com-

plete dried samples were equally mixed in KBr pellets with

an approximate 1% KBr concentration. The background

FTIR spectra were obtained using a pure KBr pellet

without any rice husk biomass. FTIR spectra were recorded

in the absorption band mode in the range of

4000–400 cm-1 with spectra resolution of 4 cm-1.

Scanning electron microscopy (SEM) analysis

Native rice husk biomass and mild alkali pretreated rice

husk biomass were collected, washed with distilled water,

filtered with muslin cloth, and then dried in oven at 60 �C
for 24 h. All samples were fixed with glutaraldehyde

(2.5%) solution at 4 �C for 12 h. Gradual dehydration of all

samples was achieved using solutions of increasing ethanol

concentrations after glutaraldehyde fixation. Samples were

incubated at 50 �C for 24 h for complete drying. SEM

images were obtained by the particles coated with platinum

and recorded using a JEOL JSM-6360A microscope at

operating voltage 20 kV.

Statistical analysis

Data analysis was carried out by one-way analysis of

variance (ANOVA) with Tukey–Kramer multiple com-

parisons test.

Results and discussion

Cellulase and hemicellulase production performance

Cellulase enzyme production from commercial cellulose

substrate is extremely expensive as compared to lignocel-

lulosic waste biomass and hence the later strategy can be

called an alternate strategy for bioethanol production.

Potential of lignocellulosic biomass degradation of No-

cardiopsis sp. KNU was determined by production of

cellulase and hemicellulase enzymes. The Nocardiopsis sp.

KNU is a potent strain which produces thermostable cel-

lulolytic enzymes (Tsujibo et al. 2003). Enzyme production

performance at different incubation periods is depicted in

Fig. 1. It showed maximum enzyme activities after 7 days

of incubation in case of sorghum husk as lignocellulosic

substrate. Five different lignocellulosic substrates were

used for cellulolytic and xylanolytic enzyme production

using Nocardiopsis sp. KNU. Table 2 shows cellulolytic

and hemicellulolytic enzyme activities after 7 days of

incubation as follows: Filter paper unit activity using var-

ious substrates; sorghum husk (1.73 ± 0.11 U/ml), grass
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powder (1.37 ± 0.17 U/ml), sugar cane tops

(1.53 ± 0.04 U/ml), wheat straw (1.58 ± 0.08 U/ml), and

rice husk (1.33 ± 0.06 U/ml). Grass powder showed

higher enzyme activities of glucoamylase and b-glucosi-
dase (150 ± 3.23 and 6.87 ± 0.17 U/ml, respectively). In

addition, the isolated KNU strain utilizes sorghum husk

produces reducing sugar 1.0 mg/l with reducing sugar

production rate of 0.14 mg/l/h (Fig. 2). Thus, sorghum

husk was considered for further studies owing to the

highest enzyme production. Nocardiopsis sp. KNU degra-

ded the sorghum husk rapidly when compared to other

substrates and was further used for the production of

cellulase and xylanase. Walia et al. (2014) reported the

alkalophilic Cellulosimicrobium cellulans CKMX1 isolate

for production of thermostable cellulose-free xylanases.

Very few reports are available on cellulolytic and hemi-

cellulolytic enzymes production using low-cost substrate

by Nocardiopsis sp. (Engelhardt et al. 2010; Sekurova et al.

1999). The comparative study of enzymes production using

low-cost substrates by various microorganisms is shown in

Table 3. In this study, Nocardiopsis sp. KNU produces

endoglucance (23 U/ml) and 171 (U/ml) by utilizing sor-

ghum husk as carbon source (Table 3).

Induction of cellulase and xylanase by organic

nitrogen sources

The enzyme activities of endoglucanase, exoglucanase,

filter paperase, xylanase, and glucoamylase were moni-

tored after 7 days of incubation (Table 4) to understand the

enzyme induction mechanism more specifically related to

the composition of the lignocellulosic substrates. The cot-

ton seed cake (containing 37% polysaccharides, 31% pro-

teins, and 16% lignin) has been reported as a

supplementation to the oil seed cake for the stimulation of

cellulolytic, hemicellulolytic, and ligninolytic enzymes

(Panagiotopoulos et al. 2013). The secretion of active

cellulase results in the destruction of lignocellulosic com-

plex constituents, and ultimately, more substrate becomes

accessible for microorganism and brings out effective

degradation of other cellulosic polymer. Cotton seed cake

was also used as a substrate for glucoamylase production

by Thermomucor indicae-seudaticae (Kumar and Satya-

narayana 2004). Supplementation of cotton seed cake

resulted in significant improvement in the enzyme activi-

ties, viz. endoglucanase, glucoamylase, and xylanase as 70,

447, and 275 U/ml, respectively. Oil seed cakes are mainly

used for lipase enzyme production (Kamini et al. 1998).

Only a few reports are available that represent the

enhancement of enzyme activity by supplementation of

various oil seed cakes. Enzyme activity induction profile

after 7 days showed induction of almost all cellulase as

well as hemicellulase enzymes (Table 4). Among them,

endoglucanase and glucoamylase showed superior induc-

tion as compared to other enzymes. In case of cotton seed
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Fig. 1 Volumetric activity of cellulolytic and hemicellulolytic

enzyme produced by Nocardiopsis sp. KNU in Dubos medium with

sorghum husk as cellulosic substrate (10 g/l each) at different

incubation periods

Table 2 Cellulase and hemicellulase enzyme production after 7 days using different cellulosic biomass (10 g/l) by Nocardiopsis sp. KNU

Cellulosic substrates Endoglucanasea Exoglucanasea Filter paperasea Glucoamylasea Xylanasea b-Glucosidasea

Sorghum husk 23.52 ± 0.81 8.19 ± 0.35 1.73 ± 0.11 150.45 ± 3.23 171.94 ± 4.14 6.87 ± 0.17

Grass powder 15.00 ± 1.96 5.07 ± 0.18 1.37 ± 0.17 120.89 ± 4.54 69.60 ± 2.24 5.42 ± 0.63

Sugar cane tops 11.63 ± 2.72 7.35 ± 0.28 1.53 ± 0.04 118.76 ± 4.40 40.81 ± 4.83 3.63 ± 0.45

Wheat straw 14.11 ± 2.01 7.05 ± 0.41 1.58 ± 0.13 110.51 ± 4.40 78.10 ± 1.90 2.56 ± 0.55

Rice husk 7.72 ± 1.07 4.39 ± 0.21 1.33 ± 0.06 84.68 ± 2.31 30.04 ± 3.75 1.85 ± 0.57

a All the enzyme units are expressed in U/ml
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cake mixture, endoglucanase (292%), xylanase (257%),

and glucoamylase (349%) were induced notably showing

their synergistic role in the degradation process. Walia

et al. (2015b) reported the applicability of cellulase-free,

thermostable, and alkaline stabile xylanase produced by C.

cellulans CKMX1 in pulp and paper industries.

Enhancements of cellulase production performance

using nonionic surfactants

Studies on cellulase production using various surfactants

indicated significant enhancement in all the enzyme activi-

ties. An increase in cellulase enzyme production was

observed by addition of various surfactants (Fig. 3). Results

showed that Tween-80 enhanced the cellulase enzyme

activities. Similar enhancement of cellulase activities using

0.1% Tween-80 was reported by various researchers (Pardo

1996; Reese and Maguire 1969). Reese and Maguire (1969)

reported a significant increase in cellulase activities using

0.1% Tween-80 with Trichoderma viride QM6a. The sig-

nificant increased enzyme activities in the presence of

Tween-80 were FPU (2.28 ± 0.04 U/ml), b-glucosidase
(4.13 ± 0.27 U/ml), exoglcanase (21.56 ± 0.21 U/ml),

endoglucanase (78.98 ± 0.55 U/ml), xylanase (323.43 ±

2.08 U/ml), and glucoamylase (261.44 ± 2.17 U/ml). Sig-

nificant increase in cellulase production was also observed

because of increase in permeability of cell membrane and

release of cell bound enzymes. Figure 3 indicates theTween-

20, PEG-4000, and PEG-6000 showed slight increase in

cellulolytic enzymes production. Triton X-100 showed

much lower yield of all enzyme activities due to inhibition of

the growth of Nocardiopsis sp. KNU. Walia et al. (2015a)

showed the improvement of xylanase production from Cel-

lulosimicrobium cellulans CKMX1 due to Tween-20

(0.02%) media using central composite design of response

surface methodology. Triton X-100 also inhibits the growth

of microorganism and thereby cellulase production (Pardo

1996).

Enzyme activity in the presence of non ionic

surfactants and commercial detergents

The activity of cellulase produced by Nocardiopsis sp.

KNU in the presence of nonionic surfactants is shown in
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Grass powder

Sugarcane tops

Wheat straw
Rice husk

)L/
g

m(
noitcudorp

ragus
gnicude

R

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

/
L/

g
m(

etar
noitcudorp

ragus
gnicude

R
h)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18
Reducing sugar production (mg/L)
Reducing sugar production rate (mg/L/h)

Fig. 2 Effect of different cellulosic substrates on reducing sugar

production and reducing sugar production rate by Nocardiopsis sp.

KNU after 7 days incubation

Table 3 Comparative study of enzymes production using low-cost substrates by various microorganisms

Microorganism Carbon source Endoglucanase (U/ml) Xylanase (U/ml) References

Paenibacillus terrae ME27-1 Wheat bran 2.08 – Liang et al. (2014)

Cladosporium cladosporioides Rice straw 2.8 106 Chiranjeevi et al. (2012)

Streptomyces sp. MDS Rice straw 41.7 566 Saratale et al. (2012)

Streptomyces sp. P12-137 Wheat bran – 27.77 Coman and Bahrim (2011)

Thielaviopsis Basicola (MTCC 1467) Rice straw 2 59.9 Goluguri et al. (2016)

Trichoderma harzianum IOC 3844 Sugarcane bagasse 2.7 – Rocha et al. (2013)

Trichoderma viride VKF3 Sugarcane bagasse 3.229 – Nathan et al. (2014)

Nocardiopsis sp. KNU Sorghum husk 23 171 Present study

Table 4 Volumetric enzyme activities of cellulase and hemicellulase enzymes production after 7 days using different animal feed sorghum husk

biomass (10 g/l) by Nocardiopsis sp. KNU

Cellulosic substrates Endoglucanasea Exoglucanasea Filter paperasea Glucoamylasea Xylanasea b-Glucosidasea

Sorghum husk 23.52 ± 0.81 8.19 ± 0.35 1.73 ± 0.11 150.45 ± 3.23 171.94 ± 4.14 6.87 ± 0.17

Sorghum husk ? ground nut cake 53.26 ± 2.81 7.40 ± 0.15 0.81 ± 0.11 319.81 ± 2.81 135.69 ± 2.51 NA

Sorghum husk ? cotton seed cake 70.03 ± 2.54 8.09 ± 0.42 1.09 ± 0.12 447.89 ± 2.44 275.10 ± 4.83 2.68 ± 0.78

Sorghum husk ? commercial animal feed 37.72 ± 2.15 6.70 ± 0.44 0.74 ± 0.13 273.48 ± 3.60 65.46 ± 2.94 2.20 ± 0.63

a All the enzyme units are expressed in U/ml
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Fig. S1. PEG 4000, Tween-20, Tween-80, Triton X-100,

and SDS showed relative enzyme activity of endoglu-

canase enzyme as 77.81 ± 2.55, 92.64 ± 2.41,

66.38 ± 2.71, 61.63 ± 1.28, and 60.85 ± 1.45 and of

xylanase enzyme as 89.45 ± 1.93, 66.57 ± 1.96,

79.38 ± 2.17, 55.66 ± 1.29, and 45.80 ± 1.67%, respec-

tively ,of its initial 100% activity. SDS showed lower rel-

ative enzyme activities of all enzymes. Protease enzyme

produced by Bacillus licheniformis KBDL4 showed 97%

stability of enzymes after 1 h incubation at 30 �C, exhib-
ited positive effect of surfactants on enzymes stabilization,

and reduced the deactivation of cellulase (Pathak and

Deshmukh 2012). In the presence of Tween-20, the b-
glucosidase showed 100% enzyme activity after 96 h

(Eriksson et al. 2002); under agitated conditions, Tween-80

stabilized the unstable components of the cellulase (Okino

et al. 2013). Endoglucanase and glucoamylase showed

maximum relative enzyme activities in the presence of all

commercial detergents (Fig. S1). In the presence of Ariel,

Surf excel, and Tide, the endoglucanase enzyme retaining

78.00 ± 2.00, 87.14 ± 2.21, and 84.29 ± 1.46% of its

initial activity and glucoamylase showed 92.27 ± 2.47,

89.35 ± 3.11, and 70.60 ± 2.15%, respectively. The

Bacillus licheniformis KBDL4 produced by protease

enzymes were extremely stable in commercial detergents

like Surf excel, Nirma, and Tides 97, 95 and 92%,

respectively (Pathak and Deshmukh 2012).

Enzymatic saccharification experiments

Enzymatic saccharification efficiency was monitored by

employing Nocardiopsis sp. KNU produced crude cellulase

enzyme on various mild alkali pretreated rice husk bio-

masses. The stepwise increase of reducing sugar up to 96 h

incubation was observed (Fig. 4). The 10 and 15% biomass

loadings were studied for enzymatic saccharification of

native and mild alkali pretreated biomass. Significant

improvements of release of reducing sugar were observed

in mild alkali pretreated rice husk biomass than the native

rice husk. The higher reducing sugar production was

observed in 0.05 N NaOH (15% biomass loading) pre-

treated rice husk biomass (5.035 ± 0.18 mg/ml) and in

native rice husk (1.48 ± 0.04 mg/ml) up to 96 h incuba-

tion. This confirmed the enhancement of enzymatic sac-

charification of lignocellulosic biomass due to

pretreatment. Pretreatment of lignocellulosic biomass is the

key step in lignocellulosic biofuels before enzymatic sac-

charification, as it increases accessibility of surface area of

cellulose for reducing sugar production (Kshirsagar et al.

2015). Alkali pretreatment of rice husk biomass made the

cellulose is highly accessible in enzymatic saccharification

experiment. Ultimately, higher reducing sugars were

released in pretreated rice husk biomass than native

(Kshirsagar et al. 2015).

Analytical methods

HPTLC analysis

Reducing sugars produced after the enzymatic saccharifi-

cation experiments were qualitatively determined using

HPTLC analysis. The HPTLC profile showed the produc-

tion of glucose as a major endproduct and less amount of

xylose in all the enzymatic hydrolysate samples (Fig. 5).

Waghmare et al. (2014a) reported the detection of glucose

and xylose produced after enzymatic saccharification using

HPTLC method. The HPTLC results also confirmed the

absence of cellobiose accumulation after enzymatic sac-

charification indicating a synergistic action of enzymes as

cocktail. The reducing sugars (glucose and xylose) pro-

duced after enzymatic saccharification can be further use

for bioethanol generation using the co-fermentation

strategy.
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Fig. 3 Cellulolytic and hemicellulolytic enzymes production in the

presence of various surfactants (1 g/l) on the sorghum husk by

Nocardiopsis sp. KNU
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FTIR analysis

FTIR spectroscopy was used for the analysis of structural

changes in lignocellulosic material during alkali pretreat-

ment. The alkali treatment removes the lignin and hemi-

celluloses from the lignocellulosic biomass. Figure S2

represents FTIR spectra of native rice husk 0.025 N NaOH,

0.05 N NaOH, and 0.1 N NaOH. 3450–3350 cm-1 was

assigned for the –OH stretching, and the partial hydrogen

bonding destroyed might be due to more accessibility of

cellulose after alkali pretreatment (He et al. 2008; Nelson

and O’Connor 1964). 2500–2325 cm-1 was assigned for

the NH? stretching that is observed in 0.025 N NaOH and

0.1 N NaOH pretreated rice husk biomass at 2346 and

2361 positions, respectively. 1470–1430 cm-1 was

assigned for the C–H deformation and the peaks observed

in between these spectra were of different absorption bands

(Sun et al. 2004). 3595–3425 cm-1 indicates –OH

stretching in the intermolecular hydrogen bonds (Wang

et al. 2010). The decrease in peak intensities in the pre-

treated samples as compared to the native rice husk con-

firmed the partial removal of hemicellulose and lignin from

the biomass; hence, cellulose becomes more inaccessible

for enzymatic saccharification.

SEM analysis

The SEM images of native and pretreated rice husk taken at

3009 and 10009 magnification clearly show the effect of

pretreatment on rice husk. Figure S3 shows variable

topology differences among the alkali pretreated biomass

as compared to the native rice husk biomass. The SEM

images showed prominent change like higher localized

damage in alkali pretreated biomass as compared to native.

The damage occurred in biomass during alkali pretreatment

is directly proportional to sugar release from enzymatic

saccharification. The destruction of lignocellulosic material

by pretreatment is showed by Wang et al. (2010). NaOH

(0.1 N) pretreated biomass showed highly disrupted lig-

nocellulose fibers, and the disruption of lignocellulose

fibrous material followed the order: 0.1 N NaOH[ 0.05 N

NaOH[ 0.025 N NaOH[Native rice husk. Native rice

husk showed intact plant cell wall and complex structure of

fibers in SEM [Fig. S3 (A, B)]. The native rice husk had no

cracks but an increase in alkali concentration of pretreat-

ments serially increased significant number of cracks.

Conclusion

This report suggests that sorghum husk biomass proves to

be a potential substrate for in-house cellulolytic and

hemicellulolytic enzymes production using Nocardiopsis

sp. KNU. This strain utilizes different lignocellulosic

materials as substrates for production of cellulase enzymes.

Supplementation of the organic nitrogen source and sur-

factants to the substrate resulted in more suitable and sig-

nificant induction of cellulase enzyme activities. The

stability of cellulase in the presence of various surfactants

and commercial detergents suggests its potential applica-

tion for textile industry and various biotechnological pro-

cesses. Various pretreatments of biomass could render

substrates favorable for cellulase and hemicellulase pro-

duction. The sorghum husk cellulase can be used as a

preferential substrate for enzymatic saccharification and

production of reducing sugar for bioethanol production.

The analytical studies such as FTIR and SEM confirm the

cellulosic biomass degradation. The studies on batch
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Fig. 4 Enzymatic saccharification of native, mild acidic and alkali

pretreated biomass by sorghum husk crude cellulase (1.73 ± 0.11

FPU/ml) produced by Nocardiopsis sp. KNU A Native rice husk,

B 0.025 N NaOH pretreated rice husk, C 0.05 N NaOH pretreated

rice husk, D 0.1 N NaOH pretreated rice husk (10% biomass loading)

and E Native rice husk, F 0.025 N NaOH pretreated rice husk,

G 0.05 N NaOH pretreated rice husk, H 0.1 N NaOH pretreated rice

husk (15% of biomass loading)

Fig. 5 HPTLC profile of sugars produced in enzymatic hydrolysate

of rice husk by crude cellulase produced by Nocardiopsis sp. KNU
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reactor development using Nocardiopsis sp. KNU for cel-

lulase production are underway.
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