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Abstract

Background: Microbial production of cellulose-degrading enzymes could be significantly improved using traditional
mutagenesis treatment. Development of high-titre cellulase producing mutants drastically reduces the costs involved
in cellulase production and downstream processing in commercial-scale enzyme production. Here, we have evalu-
ated the efficacy of different Aspergillus terreus D34 mutants for hyper-production of improved cellulase enzymes
utilizing locally available lignocellulosic biomass residues as growth substrates in solid state fermentation conditions.
Further, enzymatic hydrolysis of mild-alkali pre-treated rice straw was performed using the improved cellulases.

Results: A 4.9-fold higher B-glucosidase activity was obtained from ethyl methyl sulphonate (EMS) treated mutant
strain (EMS2) when grown on mixed rice straw/sugarcane bagasse (RSBG) biomass growth substrate. Similarly with
the EMS2 mutant and BG-grown culture extract a 1.1-fold higher xylanase activity was observed. Irrespective of

the growth substrates and the mutant strains, the maximum cellulase (FPase, carboxymethyl cellulase, avicelase,
B-glucosidase) and xylanase activities (U mL~") were 2.34, 39.8, 2.46, 19.9 and 655, respectively. Further, external sup-
plementation of 20% bovine serum albumin (BSA), 3% tween 80 and 20% polyethylene glycol (PEG) 6000 to the crude
enzyme extract increased the FPase activity nearly 4.0-, 2.8- and 2.2-fold. Addition of 0.05% sodium benzoate margin-
ally increased the stability of cellulase enzyme and retained more than 60% of the initial activity after 96 h incubation
at 37°C. While at 4°C, no loss in enzyme activity was observed even after prolonged incubation period (up to 90 days).
Further, maximum reducing sugars of 0.842 g g~ ' at a rate of 0.25 mM g~ h™' at 10% biomass loading of mild-alkali
pretreated rice straw was produced using the BG-grown culture extract of EMS2 mutant strain.

Conclusion: The extracellular protein production and corresponding cellulase activities of A. terreus D34 were signifi-
cantly enhanced after combined UV and chemical mutagenesis treatments. In the present study, besides accelerat-
ing the rate of cellulase production, we have also demonstrated production of high reducing sugars by enzymatic
saccharification of pretreated lignocellulosic biomass using hyper-produced cellulase enzymes. Due to high enzyme
activity of the cellulase enzymes produced from the mutant strains, the volume of enzyme loadings in enzymatic
hydrolysis could be reduced up to 7-fold. These studies clearly show the potential of the developed hyper-cellulase
producing mutants in decreasing the overall process economics of cellulosic ethanol technology.
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Background
Lignocellulosic biomass is a renewable, abundant and
inexpensive natural bioresource and is preferably used
in the bioconversion processes for production of biofu-
els and other value added products. However, this bio-
conversion is quite challenging owing to the complex
structural integrity of plant cell wall materials which is
inherently designed to resist microbial degradation. One
of the major structural components in all the lignocel-
lulosic biomass materials is the cellulose and it could
be converted into fuel ethanol with the help of cellu-
lase enzymes. In nature, a number of bacteria and fungi
are capable of producing cellulose-degrading enzymes
which breakdown the complex polysaccharides into
soluble oligomers and subsequently to monomeric sug-
ars (Lynd et al. 2002). Among several hyper-cellulase
producing fungal strains, filamentous fungi, Tricho-
derma sp. and Aspergillus sp. are considered as the major
microbial sources for production of cellulase enzymes
(Gusakov 2011). Trichoderma sp. is well known for com-
mercial cellulase production but lacks in secreting suffi-
cient B-glucosidase, while on the contrary, majority of the
Aspergillus sp. produce high -glucosidase enzymes.
Cellulases are a group of enzymes involved in the
hydrolysis of cellulose and mainly consist of at least
three major enzymes, namely exoglucanase (avicelase);
endoglucanase (carboxymethyl cellulase, CMCase) and
B-glucosidase (cellobiase). Synergistic action of these
enzymes is vital for complete breakdown of cellulose
into soluble sugars (Kim et al. 2014). Extensive basic and
applied research on cellulases revealed their commercial
significance and diverse industrial applicability, espe-
cially in bioethanol production (Bajpai 1999; Harman
and Kubicek 1998; Uhlig 1998). However, the production
economics of bioethanol is largely dependent on the cost
of the cellulose-degrading enzymes (Reith et al. 2002).
The enzyme production costs are tightly interlinked with
the protein yield of cellulase in the fermentation broth as
well as the enzyme activity. Therefore, continuous efforts
towards the cost reduction of enzymes and increasing
the overall protein production have been routed towards
exploring hyperactive microbial strains, efficient fermen-
tation techniques and cost-effective recovery systems
(Laser et al. 2009). Use of different mutagenic agents for
microbial strain improvement and fermentation pro-
cesses was demonstrated by Parekh et al. (2000). Chand
et al. (2005) reported generation of cellulase produc-
ing fungal mutants with more CMCase and filter paper
cellulase production by simultaneous treatments with
N-methyl-N'-nitro-N-nitrosoguanidine (NTG), ethid-
ium bromide and UV or NTG combined with ethidium
bromide.
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Enzymatic saccharification of the pre-treated ligno-
cellulosic biomass depends on the hydrolytic efficiency
of each individual cellulase enzyme component and
their synergistic action as a multi-cellulase complex for
breakdown of celluloses and hemicelluloses (Van Dyk
and Pletchke 2012). Studies on enzymatic hydrolysis of
lignocellulosic biomass have been focused on obtain-
ing high yields of reducing sugars and optimization of
the enzyme combinations which lead to an increase in
the overall sugar yields. Since the major cost contribu-
tion (~20%) resides with these expensive enzymes, we
have attempted to address this key issue in reducing
the overall enzyme loadings in enzymatic hydrolysis by
conventional mutagenesis of the cellulose-degrading
Aspergillus terreus D34. Alongside, the enzyme activi-
ties were also evaluated in the presence of external
additives. Very recently, we have reported optimization
of microbial growth substrates and cost-effective pro-
duction of cellulose-degrading enzymes from A. ter-
reus D34 (Kumar and Parikh 2015). Here, we present
combined UV and chemical mutagenesis treatment of
the microbe towards generation of potential mutants
for production of high efficient cellulose-degrading
enzymes.

Methods

Substrate, chemicals and media

Rice straw (RS) and sugarcane bagasse (BG) biomasses
were used as microbial growth substrates for enzyme
production. BSA, p-nitrophenyl-B-p-glucopyranoside
(PNPG), carboxymethyl-cellulose (CMC), avicel, cello-
biose and 4-methylumbelliferyl-B—p-glucopyranoside
(MUG), 4-methylumbelliferyl-B-p-cellobioside (MUC),
PEG 6000, casein, tween 80 and sorbose were purchased
from Sigma (St. Louis, MO, USA). Cheese whey was
received from local milk dairy industry in Anand, Guja-
rat, India. All other reagents were obtained from com-
mercial sources and were of analytical grade.

Lignocellulosic biomass and microorganism

The biomass residues (RS and BG) were procured from
local agricultural fields near Anand district, Gujarat.
Before use these were pre-washed extensively with water
to remove loosely bound contaminants and then dried in
sunlight for 3—4 days until the moisture content was <5%
(w/w). The dried biomass (es) were then cut into small
sizes (<5 mm) using a hammer mill. The precut biomass
residues were used directly in microbial growth media
without any further processing. Isolation, morphological
identification and microbial growth conditions of Asper-
gillus terreus D34 were recently described (Kumar and
Parikh 2015; Narra et al. 2012).
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Effect of UV and chemical mutagens
Spore suspension from an overnight grown culture was
prepared by serial dilution method. A 0.5-mL culture with
a 10° dilution (~10°-10° spores mL™") was spread plated on
a 0.5% CMC agar plate under sterile conditions. Each petri
plate was then exposed to UV light (30 W lamp, 254 nm)
at a constant 10 cm distance for a treatment period of 15 s
to 60 min at 28°C. The UV treated petri plates were taken
out at regular intervals (15-, 30-, 45-s, 1-, 5-, 15-, 30- and
60-min) and then incubated at 40°C for 72 h under dark
conditions to avoid photo reactivation. The survivor micro-
bial colonies (<2%) after the UV treatment were then
ranked and selected for cellulase production by zone of
clearance method using Congo red dye. The selected UV
mutant colonies were further screened for potential cellu-
lase producing mutants in solid state cultivation.
Simultaneously, based on the FPase activity, the
prominent UV mutant strains were further subjected to
chemical mutagenesis treatment. For this, the culture
suspension was prepared following similar method as
described above. To 5 mL of cell suspension containing
~10°-10° mL~" viable cells, 5 mL of sterile ethyl methyl
sulfonate (EMS) reagent (stock solution of 200 g mL™?)
was added. The cells were withdrawn from the reaction
mixture at regular intervals of 15-, 30-, 60-, 90-, 120- and
150-min. After the treatment period, to arrest the reac-
tion samples were diluted immediately with sterile phos-
phate buffer (50 mM, pH 7). The suspended samples were
then centrifuged at 5,000 rpm for 10 min and cells were
harvested and washed three times with sterile distilled
water to remove traces of EMS reagent. The cells were
serially diluted in phosphate buffer and plated for screen-
ing following the similar protocol as described above.
EMS treated UV mutant microbial colonies were then
ranked, selected from the plates and were tested for cel-
lulase production as mentioned below.

Cellulase production in solid state cultivation

Seed inoculum was prepared in potato dextrose broth
medium by transferring spore suspension containing
1.5 x 10® spores mL™! from a 7-days grown agar slant
culture and then incubated in an orbital shaker with
180 rpm at 45°C for 48 h. Solid state cultivation was car-
ried out separately in 500 mL Erlenmeyer flasks contain-
ing 5 g (w/w) of rice straw, sugarcane bagasse and mixed
(RSBG) growth substrate in the ratio of 75:25, 50:50 and
25:75, respectively, as a sole source of carbon for micro-
bial growth as reported recently by us (Kumar and Parikh
2015).

Determination of enzyme activities
FPase activity was measured using filter paper (Whatman
No. 1) as substrate at 37°C following the NREL protocol
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(Ghose 1994). CMCase activity was assayed by incubating
0.5 mL of crude enzyme with 0.5 mL of 2% (w/v) CMC in
citrate buffer (50 mM, pH 5.0) for 30 min at 60°C. Avice-
lase activity was measured similar to CMCase, except
2.5% avicel was used as substrate instead of CMC and
incubated for 60 min. The reducing sugars were deter-
mined by dinitrosalicylic acid (DNSA) method (Dashtban
et al. 2010). B-Glucosidase assay was carried out by mix-
ing 0.2 mL of culture supernatant and 0.2 mL of 0.01 M
PNPG and 1.6 mL of citrate buffer (50 mM, pH 5.0). The
reaction mixture was then incubated for 30 min at 60°C.
Reaction was stopped by addition of 4 mL NaOH-glycine
buffer (0.2 M, pH 10.6) (Kubicek 1982). Xylanase activ-
ity was measured by incubating 0.5 mL of diluted enzyme
with 0.5 mL of 1% (w/v) birchwood xylan in citrate buffer
(50 mM, pH 5.0) for 30 min at 50°C. Assays voiding either
substrate or enzyme were also performed and used as
control experiments to nullify the background effect on
the enzyme activities. All the assay experiments were car-
ried out in triplicates and mean values were calculated
and presented here.

SDS-PAGE analysis

Non-denaturing SDS-PAGE was performed for zymo-
gram analysis of CMCase, S-glucosidase, avicelase and
xylanase. CMCase and xylanase activity was detected
with Congo red dye staining method using an overlaying
gel containing either 2% CMC or 2% birchwood xylan.
In brief, a 10% separating gel was prepared and 30 pg of
crude cellulase enzyme protein from native and mutated
samples was loaded. After electrophoresis, the gel was
equilibrated with sodium citrate buffer (50 mM, pH
5.0) for 30 min and was over layered on CMC or xylan
containing polyacrylamide gel. This cassette was then
enclosed in a plastic wrap and incubated at 60°C for 2 h.
Post incubation, the CMC or xylan containing gel was
peeled off and was stained with 0.2% Congo red solution
for 1 h. To visualize the zone of clearance corresponding
to the respective enzyme activity, de-staining was per-
formed with 1 M NaCl. For g-glucosidase and avicelase
detection, the gels were incubated separately in 10 mM
MUG or 10 mM MUC in citrate buffer (50 mM, pH 4.8)
and visualized directly under UV-light. The developed
fluorescent bands were then digitally captured using Syn-
gene G-BOX gel documentation system.

Denaturing SDS-PAGE analysis was performed to
evaluate the protein secretion levels into the extracel-
lular culture extracts of wild-type and mutant strains.
A 12% separating gel was prepared and 20 pL of crude
protein extract was loaded into each well. Electrophore-
sis was run at constant 140 V for 4 h. After completion
the gel was stained with coomassie brilliant blue R-250
(CBB R-250) dye and destained with methanol/acetic
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acid mixture until clear bands were visualized. The digital
images were captured using the gel documentation sys-
tem as mentioned above. Besides, a 4—20% gradient gel
was prepared following the instruction manual of Bio-
Rad to measure the molecular weight of the proteins.
Prestained molecular markers were purchased from Bio-
Rad laboratories (Bio-Rad, USA). The molecular weight
of protein subunits were measured by preparing standard
secondary plots of log molecular weight verses retention
factor (Ry) values.

Effect of additives

Different additives were tested to evaluate the effect on
cellulase production and enzyme activity. Casein (0.5—-
1.5%, w/w), sorbitol (1.0-5.0%, w/w) and cheese whey
(1.0-5.0%, w/w) were added separately into the growth
medium and incubated for 7 days at 40°C in solid state
cultivation. The conditions for microbial growth, enzyme
production were kept similar as mentioned above, unless
specified. To test the effect of additives on cellulase and
hemicellulose activities, culture extracts (1 mL each) were
incubated separately with BSA (5.0-20%), sodium ben-
zoate (0.005-0.1%), tween 80 (0.5-5.0%) and PEG 6000
(5—-15%) for 1 h at room temperature and then assayed the
corresponding enzyme activities following the protocol
as described above. Control experiments voiding either
enzyme or the additives were also performed to nullify
background absorbance. The mean values from triplicate
experiments were calculated and presented here.

Effect of temperature on storage stability

The crude concentrated cellulase enzyme samples from
RS- and BG- grown extract were mixed with 0.05% (w/v)
sodium benzoate and incubated separately at 4°C for
90 days and at 37°C for 30 days, respectively. Control
experiments were also performed simultaneously with-
out sodium benzoate addition. The enzyme samples were
withdrawn at regular intervals and FPase activity was
measured following the protocol mentioned above.

Mild-alkali pretreatment and enzymatic saccharification
Mild-alkali pretreatment of the RS and BG using NaOH
was performed following a recently described proto-
col (Kumar and Parikh 2015). Briefly, pre-treatment was
performed by adding 200 g of dried lignocellulosic bio-
mass to 4 L of 0.5% (w/v) NaOH at a ratio of 1:20 (solid
to liquid) and incubated at room temperature for 24 h.
The slurry was then neutralized with 1 N HCl and filtered
to separate solid biomass residues. The solid residue was
then washed thoroughly with distilled water until the glu-
cose concentration was below 0.1 mg mL ™! (measured by
HPLC) in the flow through and the residual solid biomass
was dried at 60°C till constant weight.
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Enzymatic hydrolysis was carried out separately at 10,
15 and 20% solids loading of the pretreated biomass resi-
due at 45°C for 48 h in 50 mL screw capped bottles with
a total reaction volume of 10 mL containing 9 FPU g
biomass of crude cellulase enzymes obtained from RS-
and BG-grown culture extracts. Saccharification was
performed in a temperature-controlled incubator with
a fixed angle free falling horizontal reactor at 10 rpm
(Kumar and Parikh 2015). Control experiments were also
performed without substrate and enzyme. After enzy-
matic hydrolysis, the liquid content was separated from
the residual biomass by filtration using glass fiber filter
membranes. Reducing sugars were analyzed by DNSA
method as described above.

Analytical methods

Compositional analysis of untreated and pre-treated
lignocellulosic biomass residues was determined fol-
lowing the method described by Goering and Van Soest
(1970). As there was no free flowing water in SSF, after
microbial growth the contents were mixed with 40 mL
of citrate buffer (50 mM, pH 5.0) and then incubated in
an orbital shaker for 60 min at 200 rpm such that the
loosely bound proteins will be solubilized into the extra-
cellular culture extract. The so obtained culture extracts
were used for protein estimation. Protein concentration
was determined using BSA as standard following the
method described by Bradford (1976), while the protein
content present in fresh biomass was estimated using
total % nitrogen following AOAC (1990) Official method.
Besides, SDS-PAGE was also run to test the protein pro-
duction profile from the biomass-grown culture extracts
of wild-type and mutants. All the assay experiments
were carried out in triplicate and the mean values are
given. Statistical analysis was performed using ANOVA
software and all the data presented in this study were
the mean of three or more experiments with a variation
within 10%.

Results and discussion

UV and chemical mutagenesis of A. terreus

Recently, we have reported the growth of A. terreus D34
on different lignocellulosic biomass residues and bio-
chemical studies of crude cellulose-degrading enzymes
(Kumar and Parikh 2015; Narra et al. 2012). Significant
improvement in extracellular protein production and
cellulase activities was observed when the filamentous
fungus was subjected to conventional mutagenesis by
UV and chemical treatments. Among the generated UV
mutant strains, two mutants viz. UV1 and UV2 showed
maximum zone of clearance on CMC agar plate with a
cellulolytic index of 34 and 36 mm (data not shown) and
were selected for strain improvement studies (Additional
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file 1: Table S1). Unlike wild type (WT), the mutants
were non-sporulating after UV irradiation (Additional
file 1: Figure S1). In general, non-sporulating filamentous
fungi are preferred over sporulating microbes, because
of severe clogging effect on the separating membranes.
Besides a cost-intensive process, it is considered as one
of the major constraints in downstream processing of
industrial enzymes (Pandey et al. 1999). The molecular
reason behind such drastic morphological and genetic
metamorphism is not clearly known, except where UV
radiation induces formation of pyrimidine dimers in the
genomic DNA. Ikehata and Ono (2011) reported differ-
ent types of mechanisms of UV mutagenesis and their
effect on DNA damage and protein synthesis process.
Moreover, chemical mutagenesis treatment of the devel-
oped UV mutants further improved cellulase production
and activity as shown in later sections.

Cellulase production in different growth substrates

Since use of purified cellulose or its chemically synthe-
sized products as a growth substrate is uneconomical in
pilot scale microbial cellulase production; cheap, abun-
dantly available and region-specific natural biorenewable
lignocellulosic biomass substrates viz. rice straw (RS) and
sugarcane bagasse (BG) for microbial growth and cellu-
lase production are preferred (Kumar and Parikh 2015;
Pandey et al. 1999; Bajaj et al. 2014; Rocha et al. 2013).
Very recently, EI-Ghonemy et al. (2014) and Palaniyandi
et al. (2014) used rice straw for hyper-production of cel-
lulases from mutant strains of A. oryzae NRRL 3484 and
Hypocrea koningii RSC1 in solid state fermentation. In
this study we observed that during growth on RS bio-
mass, maximum extracellular protein content reached
up to 72.2 and 66.9 g L™! with EMS2 and UV2 mutants,
while with BG biomass, the protein production was mar-
ginally elevated from 31.2 to 57.9 g L™ (Table 1). The
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reduced protein production levels in BG-grown culture
extract as compared to RS-grown culture extract could be
due to high lignin content in BG biomass which has high
recalcitrance towards microbial breakdown. This was
further confirmed by our mixed (RSBG) growth substrate
results, where gradual decrease in the supplementation
of BG biomass (75-25%) to the growth media increased
the extracellular protein production. Besides, the crude
protein content of the RS and BG biomass residues were
found to be 1.5 £ 0.1 g g~* of biomass, which contributes
nearly 6.2—-10% of the overall extracellular protein, when
WT protein content was compared, whereas with EMS2
mutant, the protein contribution from the biomass resi-
dues was significantly lower, i.e. 2.0% from RS biomass
and 5.2% from BG biomass. The high extracellular pro-
tein production levels from the A. terreus mutants were
closely comparable with majority of the industrial fungal
cellulase producers. For example, it is reported that 7.
reesei, the most well-known commercial cellulase pro-
ducing strain, secretes nearly 40 g L™ and reputedly up
to 100 g L™! of extracellular cellulases (Gusakov 2011).

Enzyme activities from wild type and mutants

CMCase, avicelase, FPase and p-glucosidase activities
in the UV and EMS mutants were nearly two- to five-
fold higher than the WT cells in all the test growth sub-
strates (Table 2). Irrespective of mutants and biomass
growth substrates, highest enzyme activities obtained
were: 39.7 U mL™' CMCase in EMS2 and BG bio-
mass; 2.46 U mL™! avicelase in UV1 and BG biomass;
2.34 U mL™" FPase in EMSI and RS25:BG75 biomass;
19.9 U mL™" B-glucosidase in EMS2 and RS75:BG25 bio-
mass, respectively. The detailed enzyme activities from the
wild-type and mutant strains are given in Table 2. Recent
findings also showed that in A. miger mutated strain, a
twofold higher CMCase activity was observed after UV

Table 1 Protein production profile from wild-type and mutant strains grown on rice straw and sugarcane bagasse bio-

mass substrates

Strain Growth substrate

Rice straw Sugarcane bagasse RS75:BG25 RS50:BG50 RS25:BG75
Protein Fold Protein Fold Protein Fold Protein Fold Protein Fold
(gL™ increase (gL increase (gL increase  (gL™") increase  (gL™") increase
WT 242418 1 14.6 £ 4.1 1 3124+45 1 2524+ 46 1 286 +43 1
uv1 432+£25 1.78 296+52 2.02 542+ 36 1.73 422+£42 1.67 356+32 124
uv2 669 +28 2.76 249450 1.70 579432 1.85 256438 1.01 326+£28 1.13
EMST  536+15 2.21 266+43 1.82 532+28 1.70 359430 142 389425 1.36
EMS2 722431 298 266+ 3.2 1.82 529429 1.69 429+ 3.1 1.70 346+ 35 1.20

Values are the average of three repetitions; standard deviations did not exceed <10% of the mean.
RS rice straw, BG sugarcane bagasse, WT wild type, UV UV-mutants, EMS chemical mutants.
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Table 2 Enzyme activities from the wild-type and mutant strains grown on RS, BG and mixed RSBG growth substrates

Strain Growth substrate Enzyme activity (UmL™")

FPase Avicelase CMCase B-Glucosidase Xylanase
WT Rice straw 061+ 0.05 0.97 £0.03 1531£12 487 +£0.25 267 +£70
Uvi 141 £0.09 3.72 £0.05 3683+ 1.7 8.50 £ 043 204 £6.7
uv2 1.34 +0.08 1.51+0.03 3816 £20 135+ 062 235+76
EMS1 1.67 £0.1 1.59 £ 0.05 3547 £ 1.1 1137 £ 056 242 £6.1
EMS2 2.07 £ 0.06 231+£0.03 33.11£13 512+£0.25 266+ 73
WT Sugarcane bagasse 093 £0.05 047 £ 0.06 1789 £09 4.68 £0.01 583+77
uvi 1.27 £0.06 1.00£0.11 3584+ 14 6.87 £ 0.56 552 £38.1
uv2 1.70 £ 0.05 042+0.1 31.59+£1.2 8124031 616 +£88
EMS1 1.74 +£0.07 095+ 0.1 38.00£ 1.6 943 £0.75 646 £ 10
EMS2 1.69 £ 0.06 095 +£0.11 398+ 1.7 9.12+£10 656 + 9.8
WT RS75:BG25 0.52+£0.03 0.50 £ 0.02 621 £06 40+0.18 138+6.2
uvi 1.56 £ 0.08 0.67 £0.11 2895+ 15 155+ 043 215+ 6.6
uv2 141 +£0.05 0.20 & 0.006 2657 +£13 16.0 + 0.68 214+69
EMS1 1.35 £ 0.06 0.18 4 0.006 21.03£ 1.1 1254+ 081 228+75
EMS2 209+ 0.1 0.30£0.01 3042£13 199+1.12 252 £6.5
WT RS50:BG50 071 £0.04 0.45 £ 0.06 799408 4564012 273+78
uvi 146 £ 0.05 0.35 £ 0.06 3353£15 793 £ 0.56 260£7.0
uv2 1.60 £ 0.03 0.16 £ 0.06 2475+£12 105+1.12 222+ 64
EMS1 1.64 £ 0.02 0.34 £0.01 2554 £ 1.1 100+1.0 240+7.2
EMS2 2.01£0.07 0.48 £ 0.06 322014 1237 £1.12 268 £6.3
WT RS25:BG75 0.67 £0.02 0.30 £ 0.01 9.15+08 393 +£0.06 292+68
uvi 145+ 0.03 0.27 £0.01 2719+ 1.1 6.06 + 0.25 185+ 6.1
O\ 1.95+0.05 052 £0.06 2587+£13 793 £1.31 320+ 75
EMS1 2.34 £ 0.06 0.67 £ 0.08 3092 +12 743 +£1.06 285+ 82
EMS2 191 +£0.05 062 £0.01 2152+ 1.1 7254081 324+£80

Values are the average of three repetitions; standard deviations did not exceed <10% of the mean.

treatment (Irfan et al. 2011). Similarly El-Ghonemy et al.
(2014) reported that UV radiation followed by chemi-
cal mutagenesis of A. oryzae increased the FPase activ-
ity by fourfold. Shafique et al. (2011) also reported that
to mutagenesis with UV and EMS of T. viride FCBP-142
increased cellulase activities by twofold. Comparing the
xylanase activities within the group of the tested growth
substrates, no significant increase was observed with the
mutants. But, when compared with RS- and BG-grown
culture extracts, a twofold higher xylanase activity was
obtained with the BG biomass. These results are in line
with our recent findings on wild-type enzyme activities,
compared to RS more number of xylanases were produced
in the BG biomass, thus higher enzyme activity (Kumar
and Parikh 2015). The plausible reason attributed to higher
xylanase activity in BG-grown extracts might be due to the
high content of hemicelluloses in BG biomass, which could
have induced more number of xylanases into the extracel-
lular medium for effective breakdown and utilization of the
hemicellulose fraction. Since CMCase and S-glucosidase
are expressed by individual genes, the variations observed

in enzyme activities after two mutagenic treatments were
mostly due to the gene level modifications, besides the
level of treatment time. As the mutation occurs at the gene
level, the translation process for secretion of extracellular
proteins might have been induced by the UV treatment. It
also suggests that the mutagenic treatments triggered the
induction of cellulase transcription regulation pathway for
hyper-secretion of each enzyme variant in effective utiliza-
tion of lignocellulosic biomass for microbial growth. Dha-
wan et al. (2003) reported that fungi treated with mutagens
at sublethal concentrations increase the secretory enzyme
production. In most of the microbial mutagenesis studies,
UV treatment was generally followed by chemical treat-
ment to avoid back mutation (Chand et al. 2005). Based
on the enzyme activities, protein concentrations and
SDS-PAGE analysis from the sub-cultured UV and EMS
mutants from 30 different experiments in 8 months period
clearly showed no difference in either enzyme activity or
extracellular proteins production levels (data not shown).
This strongly indicates that the generated mutagens were
highly stable.
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Zymogram analysis of different cellulase enzymes

Recently we have reported detailed characterization
and identification of WT enzyme variant from culture
extracts of RS and BG growth substrates (Kumar and
Parikh 2015). Similarly, the crude culture extracts from
the UV and chemical mutants (UV1, UV2, EMS1 and
EMS?2) also showed no major difference in cellulase and
xylanase variants (indicated by arrows) when compared
to the wild-type culture extracts (Additional file 1: Figure
S2). Since no difference in the enzyme variants from the
mutants were observed, detailed description of each indi-
vidual enzyme variant is not described here, and further
suggested to refer our recent report (Kumar and Parikh
2015). Besides, it is highly intriguing to observe that after
UV and EMS treatment there was a significant increase in
the extracellular protein production levels (Table 1) and is
accompanied with high enzyme activities (Table 2). These
results were strongly supported by SDS-PAGE analy-
sis. A correlation was made between the band pattern
and the protein production profile. From PAGE analysis,
we conclude that mutation induced high protein secre-
tion that was evident from thick intense protein bands
at equal loading volumes of extracellular proteins from
each culture broth. Since the RS culture broth was highly
colored (Additional file 1: Figure S3), several appropriate
dilutions were made to nullify the smearing effect and to
visualize the protein bands. At such high dilutions, the
protein bands from the wild type were not clearly visible.
Decreasing the dilution increased the smearing effect in
the mutants (Fig. 1). High intense protein bands were
observed with the mutant strain culture extracts from
both the growth biomass residues (lanes 25 in Fig. 1a,
b) as compared to the wild-type culture extract (lane 1
in Fig. 1a, b). Critical examination of protein bands in
BG-grown culture extract, a significant induction of all
proteins was observed and was determined by protein
estimation too. Whereas in RS-grown culture extracts,
the major contribution in protein concentration was
associated with a high intense protein band of approxi-
mate molecular weight 98 kDa. The molecular weights of
the protein subunits were calculated using the standard
plots drawn between log molecular weight of markers
verses the mobility (R values (Additional file 1: Figure
S4). These results strongly support the quantitative analy-
sis (protein estimation) of the extracellular proteins per-
formed by colorimetric method. Thus, it may be inferred
that the high enzyme activities were mainly due to more
secretion of the respective cellulase and xylanase protein
components into the extracellular culture medium rather
than the induction and expression of additional cellu-
lose degrading enzymes, and were also evident from the
corresponding specific activities of each enzyme variant
(Additional file 1: Figure S5).
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Effect of additives on cellulases production

Addition of 20% BSA to the crude RS-grown culture
extract increased the FPase activity by fourfold, followed
by BG-grown culture extract where 1.6-fold increase was
observed with 10% BSA (Fig. 2). The results suggest that
BSA acts as a good stabilizing agent. Moreover, a recent
study on effect of BSA on cellulase activity showed that
presence of BSA decreases the adsorption of cellulase
enzyme to the filter paper and increased the conversion
rate of cellulose (Wang et al. 2013). To explore the prom-
ising strategies in reducing the enzyme requirements
during the hydrolysis of cellulose, we further expanded
our investigation towards other additives. Similarly, a 2.8-
fold increase the FPase activity was obtained with addi-
tion of 2-3% tween 80 in RS- and RSBG-grown culture
extracts, respectively (Fig. 3). Kim et al. (2006) reported
that the substrate accessibility and hydrolytic activity of
CBH I enzyme were increased by addition of tween 80 in
T. viride by decreasing the absorption of enzyme on to
cellulose.

Additionally, supplementation of PEG 6000 to the
crude enzyme mixture increased the cellulase activ-
ity linearly with the concentration of PEG. At 20% PEG
6000, the cellulase activity was maximum with a 2.2-fold
increase with the RSBG-grown culture extract, and fol-
lowed by BG- and RS-grown culture extracts (Fig. 4).
Recently, Zong et al. (2015) reported that addition of
PEG to the crude cellulase enzymes would be beneficial
to reduce the enzyme load during enzymatic hydrolysis
and suggested a possible mechanism of interaction of
PEG with the cellulase enzymes. The hydrophobic effects
and the hydrogen bonds formed between PEG and the
key amino acids contributed to the enhancement of cel-
lulase activity. Similarly, incubation with 0.05% sodium
benzoate marginally increased the stability of cellulase
enzyme and retained more than 60% of the residual
enzyme activity after 96 h incubation at 37°C, whereas at
4°C, no loss in enzyme activity was observed even after
prolonged incubation period (90 days) (Fig. 5). Supple-
mentation of 0.5% casein enhanced the total cellulase
activity by 1.5-fold, while sorbose and cheese whey were
found to be detrimental for cellulase and xylanase pro-
duction (Additional file 1: Table S2). Recently, Kosalkova
et al. (2012) reported that casein or its biopolymers sig-
nificantly increased the secretion of extracellular proteins
up to 40- to 80-fold in A. awamori. Similarly Kawamori
et al. (1986) also tested L-sorbose for induction and pro-
duction of CMCases in T. reesi, where avicel and glucose
supplemented with 0.3% sorbose enhanced the CMCase
activity by twofold. Cheese whey is generally used as
a low-cost nitrogen source in large-scale enzyme pro-
ductions from bacteria and fungi. However, our experi-
ments did not show any positive effect on secretion of
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*rmae

(kDa)

Fig. 1 SDS-PAGE analysis of RS- and BG-grown culture extracts. a RS-grown culture extract and b BG-grown culture extract. Irrespective of protein
concentrations, each well was loaded with equal volume (20 uL) of sample. Lane T wild type; lane 2 UV1; lane 3 UV2; lane 4 EMST1; and lane 5 EMS2.
c 10% separating gel. Lane T molecular markers; lane 2 wild-type BG; and lane 3 wild-type RS. Low-range molecular markers contain phosphorylase
b (97.4 kDa), bovine serum albumin (66.6 kDa), ovalbumin (45 kDa), and carbonic anhydrase (31 kDa). d 4-20% gradient gel. Lane 1 and 4 molecular
markers; lane 2 wild-type BG; and lane 3 wild-type RS. Broad range prestained molecular markers contains myoglobin (200 kDa), B-galactosidase
(116 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), soybean trypsin inhibitor (21.5 kDa), lysozyme

(14.4 kDa), and aprotinin (6.5 kDa). Molecular markers were purchased from Bio-Rad (Bio-Rad laboratories, USA).

b

d

cellulases, rather decreased the production of extracellu-
lar enzymes.

Enzymatic saccharification of rice straw

Enzymatic hydrolysis of mild alkali pretreated rice
straw biomass produced maximum reducing sug-
ars of 0.842 g g~ ! at 10% solids loading and 9 FPU g!
enzyme after 48 h of incubation and a saccharification
efficiency of 95 & 0.2% was obtained with the cellulase
enzyme secreted by the EMS2 mutant strain grown on
BG-grown culture extract. However, marginally lower
saccharification yields were obtained with UV1, UV2
and EMS1 mutant enzymes. The saccharification yields

with the RS- and BG-grown culture extracts were within
83-89% and 87-94%, respectively. But, the required vol-
ume of cellulase enzyme to obtain 9 FPU significantly
varied among these strains. A threefold less enzyme
mixture is required for saccharification studies in case
of EMS2, whereas from other mutant strains the crude
cellulase enzyme needed was two- to threefold higher.
Since, the cellulase enzymes contribute nearly 20-30%
of the total cost (Lynd et al. 2008), this reduction in
enzyme volumes plays a significant role during the over-
all cost estimations of the production of fermentable
sugars from lignocellulosic biomass residues. Moreover,
the rate of production of reducing sugars was found to
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Fig. 2 Effect of BSA addition on cellulase(s) and xylanase activities
of a RS-grown, b BG-grown and ¢ RSBG-grown culture extracts. The
initial FPase activity (U mL~") without BSA in RS-, BG- and RSBG-
grown culture extracts was 0.28 £ 0.02,0.35 £ 0.02 and 0.7 4 0.04,
respectively.

be increased with the EMS mutants (0.25 mM g~! h™)
compared to the wild-type (0.14 mM g~! h™!) (Fig. 6).
The results showed that the bioconversion process was
accelerated when improved enzymes from the mutants
were used and more importantly decreased the incuba-
tion period up to twofold to obtain the same amount of
fermentable sugars. These data strongly suggest a poten-
tial reduction in the overall cost of the bioconversion
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o
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=
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o
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=
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©
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Fig. 3 Effect of tween 80 addition on cellulase(s) and xylanase
activities from a RS-grown, b BG-grown and ¢ RSBG-grown culture
extracts. The initial FPase activity (U mL™") without tween 80 in RS-,
BG- and RSBG-grown culture extracts were 0.28 4= 0.02, 0.35 & 0.02
and 0.7 & 0.04, respectively.

process for production of reducing sugars from lignocel-
lulosic biomass residues.

Conclusion

Strain improvement of A. terreus D34 by physical muta-
tion (UV irradiation) followed by chemical mutation
(EMS) generated potential mutant strains capable of
secreting high levels of cellulase proteins with enhanced
enzyme activities. After UV irradiation A. terreus mutants
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Fig. 4 Effect of PEG 6000 addition on cellulase(s) and xylanase
activities from a RS-grown, b BG-grown and ¢ RSBG-grown culture
extracts. The initial FPase activity (U mL~") without BSA in RS-, BG-
and RSBG-grown culture extracts was 0.28 & 0.02, 0.35 + 0.02 and

0.7 & 0.04, respectively.

(UV1 and UV2) improved cellulase activity and extracel-
lular protein production. However, maximum efficiency
of cellulase production (2.34 FPU mL™!) was observed
in EMS1 mutant. Enzymatic hydrolysis of mild-alkali
pretreated rice straw at 10% solids loading using EMS2
mutant showed a maximum saccharification efficiency of
95 + 0.2% at 9 FPU g! of enzyme produced from BG-
grown culture extract at 10% solids loading after 48 h
incubation. Although the saccharification efficiencies

120 4 =RS without SB
ERS with SB
100 |
=BG without SB

80 =BG with SB

40

Relative activity (%)
[=2]
(=]

20

1d 2d 3d 4d 5d 15d 30d

Day
Fig. 5 Effect of sodium benzoate addition on thermal stability of
crude cellulase enzyme from RS- and BG-grown culture extracts.
The enzyme was incubated with 0.05% sodium benzoate at 37°C
and residual FPase activity was measured at different time intervals.
The activity corresponding to 100% residual activity at O h was
0.28 £ 0.02 U mL™"in RS- and 0.35 £ 0.02 U mL™" in BG-grown cells,
respectively.

[V]

Glucose production rate

10 15 20
Solid loading

(op

Glucose production rate
(mM g h)

10 15 20
Solid loading

Fig. 6 Enzymatic hydrolysis rate of mild-alkali pretreated RS biomass
at different solid loading using wild-type and mutant cellulase
enzymes produced from a RS- and b BG-grown culture extracts. WT
wild-type strain, UV UV mutant strains, EMS chemical mutant strains.

were nearly similar, due to the high cellulase activity the
required amount of enzyme from mutants was almost
threefold lower than the wild-type. Thus, the overall
enzyme production costs may significantly reduce by
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using the EMS mutant strains in production of fermenta-
ble reducing sugars from lignocellulosic biomass residues.

Additional file

Additional file 1. In the supplementary data results from microbial
growth morphology, zymographic analysis and enzyme activity profile
of cellulose degrading enzymes from the wild-type and mutant strains
during growth in different growth carbon substrates is shown. Besides
these, effect of metabolites on cellulases production is also presented in
a tabular form.
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