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Abstract

Out of 61 fungal isolates, Geotrichum candidum GAD] isolated from a marine algal sample belonging to the coastline of Abo
Qir, Alexandria, Egypt, that was molecularly identified with accession no. MN638741 is the most potent strain producing
cellulase degrading carboxymethylcellulose salt (CMC). Dox medium was optimized using OFAT design with CMC as the
sole carbon source giving high productivity of cellulase enzyme with incubation period 6 days at 180 rpm, at pH 7, and
30 °C. Ammonium sulfate of fraction 50% gave the highest specific activity 209.1 U/mg and gave a single protein band
(72 KDa) using SDS-PAGE. Maximum purified cellulase activity (49.78 U/mL) was reported at pH 7, 45 °C, and 10%
salinity and was stable between (40-60 °C) and (pH 4.0-10.0). In addition, different inhibitors and activators were tested,
and subsequently, it was reported that all tested heavy metal ions (Fe?*, Co?*, Mg?*, Ca**, Na*, Mn?*, and K*) were
significantly affected, especially, Fe>* (10 mM) giving a double-fold increase in cellulase activity, while EDTA, petroleum
ether, and n-Hexane exerted a suppression action. The kinetic Vnax and K, for CMC degradation were 238.09 wM/min and
0.42 mg/mL, respectively. Optimized purified cellulase approaching bioethanol production from pretreated rice straw and
CMC as substrates was achieved with maximum bioethanol yield of 11.9 g g~! and 13.2 g g™, respectively, and conversion
efficiency by GC-MS; 90.4% and 87.4%, respectively. Conclusively, the presented cellulase profile could be applied as an
efficient alternative biofuel source as renewable energy under different industrial scales.
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1 Introduction pound that speeds the reaction process without introducing

in the reaction) to a biological or chemical reaction [6]. Many

Although microbes are considered as deteriorating bioagents
as in the case of post-harvest infections of crops [1], some-
times microorganisms are considered as sources of valuable
compounds such as PUFAs from the oleaginous fungi [2],
lipids [3], and biodiesel [4]. As well, microbes may act as
biodegraders for toxic substances such as PAHs [5] and pro-
ducers for intracellular and extracellular enzymes. Enzymes
are proteins biomolecules that act as a biocatalyst (the com-
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factors were induced in the enzyme activity as temperature,
substrate concentrations, pH, inhibitor, and cofactor so, it’s
essential to adjust this factor to increase the enzyme activ-
ity and to determine if this enzyme is appropriate for the
production of certain industries or not.

Enzymes play an important role in the industrial world
especially cellulase. Cellulase enzymes are the most impor-
tant industrial enzyme due to their versatile applications
in various industries such as bioethanol production, paper,
food industries, and the detergent industry. Cellulose can
hydrolyze by synergistic actions of cellulases (endo-feta-1,4
glucanase, cellobiohydrolase, and peta-D-glucosidase) into
glucose units [7].

In previous studies, cellulase was produced by actino-
mycetes, fungi, and bacteria but fungi are the most common
production of cellulase [8] because cellulase produced by
fungi is structurally less complicated, more desirable, and
resistant to hard ecological conditions. Cellulase productiv-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-021-06391-z&domain=pdf
http://orcid.org/0000-0002-5654-3819

6838

Arabian Journal for Science and Engineering (2022) 47:6837-6850

ity of fungal origin is higher than other organisms due to
their hyphae penetrating cellulose compound mechanically
to degrade them producing a high amount of cellulase [9].

Fungi especially marine fungi become a well-known
desirable source to obtain products [10]. Fungal genera as
Chaetomium spp., Alternaria spp., Rhizopus spp. Penicillium
spp. and Aspergillus spp., can degrade and deteriorate the cel-
lulose chains. G. candidum was classified as a subphylum of
Saccharomycotina within the phylum of Ascomycota, Fungi
Kingdom. Some strain of G. candidum has the ability of cel-
lulolytic activities which can grow on filter paper, wooden
cheese boxes, and cotton [11]. However, a few investigations
on cellulase production from G. candidum has been done.
On the other hand, the high cost of production of cellulases
is the main limitation to producing it industry [12].

Due to the high cost and unfriendly environment of gas,
the scientists in the last recent year working on the produc-
tion of bioethanol from biomass [13]. Production of ethanol
from biomass lignocellulose especially rice straw by the bio-
logical process is considered the most important application
of the cellulase enzyme due to its advantage as a renew-
able alternative fuel resource [14]. However, the increase in
biomass, especially rice straw, in some countries is abundant
because the farmers burned it in the open air that leads to
problems in health and the environment. Therefore, the cur-
rent study, aims to explore a high potential strain of fungal
strain that has the ability to produce a massive amount of cel-
lulase in order to produce bioethanol from crop wastes like
rice straw, besides, increasing cellulase activity by optimiza-
tion the condition of fermentation, enzyme characterization,
and lastly, Previous studies [12, 15-17] were used distilled
water to produce cellulase, which in turn lead to high-cost
production, therefore, the current study depended on the sea-
water in the production process to benefit from the low cost
of seawater and as a substitute to freshwater.

2 Materials and Methods

Chemicals and reagents were procured from Sigma-Aldrich,
Egypt, except for AccuPrep PCR DNA Purification Kit (K-
3034-1, Bioneer Corporation, South Korea) and DNA STAR
SeqMan (DNA STAR Incorporation, Wisconsin, USA).

2.1 Screening of Cellulase-Producing Fungal Isolates

Sixty-one fungal isolates were isolated from different marine
sources (sediments, water, algae, and wood) from the Egyp-
tian Mediterranean Sea (Alexandria coastline). All isolates
were investigated to check their abilities to digest cellulose,
according to [18], which estimate the capability of fungal iso-
lates production cellulase qualitatively. The 61 fungal isolates
were inoculated on agar plates containing modified seawa-
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ter Czapek’s agar medium (6 g/l Na,HPOy, 2 g/l KH,PO4,
0.5 g/1 NaCl, 0.5 g/l MgSO4 7TH,0, 0.3 g/l CaCl,, 18 g/l
agar) plus 0.1% (CMC). pH 5 of the medium solution was
attuned. Plugs of about 5 mm diameter were mounted in the
center of Petri dishes. A plate-free specimen was used as
a negative control. Post-incubation of 5 days at 30 °C, all
Petri dishes were further kept at 50 °C for about 1 h. Later,
the plates were stained by Congo red (0.1% Congo red in
distilled water) and agitated at 100 rpm for 20 min on an
orbital shaker at 30 °C. Congo red solution was removed,
and all plates were rinsed with 1 Molar NaCl to reveal the
contrast-colored hole of degradation. The degradative halo-
zone and the colony diameter were then determined. The
clear zone diameter around the fungal colony on CMC agar
was measured with three replicates. The cellulose degrada-
tion coefficient (CDC) was calculated as follows: CDC =
(degradative halo / colony diameter) [19].

2.2 Quantitative Analysis of Cellulase Activity

All fungal isolates of positive response against cellulose sub-
strate were selected for quantitative screen regarding the
enzymatic activity. Sterilized 50 mL of modified seawater
Czapek—Dox broth medium (6 g/l Na,HPOq, 2 g/l KH>POyq4,
0.5 g/ NaCl, 0.5 g/ MgS0O4 7H> 0, 0.3 g/1 CaCly, 18 g/l agar)
amended with 0.1% (CMC) at pH 5 was distributed into sep-
arate 250-mL conical flasks. The flasks were injected with
fungal spores and incubated at 30 °C on a rotary shaker at
180 rpm for 5 days. After 5 days, culture filtrate was col-
lected, centrifuged at 5000 rpm for 20 min and mycelial
dry weight was estimated after drying at 60 °C overnight
in an oven until constant weight. The supernatant was used
to determine enzyme production and estimation extracellular
protein content.

2.3 Estimation of Total Protein

Secreted enzyme protein was measured by Lowry steps
protocol [20]. Post the incubation of 6 days, the medium
supernatant was separated by centrifugation (5000xg for
15 min) to detach the fungal mycelial mat from the liquid
culture. An aliquot of this culture was used for determining
the protein content. Protein standard was tested by bovine
serum albumin. 200 u of separate samples were mixed with
1 mL of alkaline solution. After 10 min, 100 u of appro-
priately diluted Folin—Ciocalteu reagent was added. After
20 min, the color developed was read at 750 nm by using the
spectrophotometer.

2.4 Enzyme Assay

The cellulase activity measurement was guided by the dini-
trosalicylic acid (DNS) steps protocol, where the liberated



Arabian Journal for Science and Engineering (2022) 47:6837-6850

6839

reducing sugar was measured upon the enzyme hydrolysis
activity in CMC 0.2% substrate. The volume of 0.5 mL super-
natant and 0.5 mL of 0.2% substrate were incubated at 50 °C
for 30 min. After incubation, 1 mL of 3,5 dinitrosalicylate
(DNS) acid was added into the solution and boiled for 10 min
and cooled for 10 min at room temperature to measure with
a spectrophotometer at A 570 nm. One unit (IU) of cellulase
activity was defined as the amount of enzyme releasing 1 uM
of reducing sugar per min.

2.5 Identification of the Promising Fungal Isolate

2.5.1 Morphological Characterization and Microscopic
Examination

Fungal culture was identified based on the macroscopic fea-
tures and microscopic examination by aiding [1, 21] and
following the taxonomic arrangement proposed in the 2nd
Edition, Identification of Pathogenic Fungi [22].

2.5.2 Molecular Identification

DNA of the promising fungal species was extracted and the
PCR amplifications were carried out using the primers ITS1
(5" TCC GTA GGT GAA CCT GCG G 3'), ITS4 (5 TCC
TCC GCT TAT TGA TAT GC 3') [23]. Amplified DNA was
purified using AccuPrep PCR DNA Purification Kit (K-3034-
1, Bioneer Corporation, South Korea). The PCR products
were purified with the ExoSAP method and Sanger sequenc-
ing with PCR primers was performed at Macrogen Incorpo-
ration (Seoul, South Korea). The sequences were assembled
using the DNA STAR SeqMan (DNA STAR Incorporation,
Wisconsin, USA). Generated sequences firstly were submit-
ted to the GenBank database. Sequence analyses obtained by
BLASTN similarity search at the website (http://www.ncbi.
nlm.nih.gov/BLAST) and secondly were multiple aligned
and the phylogenetic tree (Neighbor-joining) constructed
by maximum-likelihood method using MEGA_X_10.1.6
software.

2.6 Optimization of Culture Conditions

The most promising cellulolytic isolate was selected for fur-
ther studies to optimize the culture conditions for increasing
cellulase activity. The optimum pH (5, 6, 7, 8), optimum tem-
perature (20, 25, 30, 40 °C), shaking (120, 180) rpm, static
condition, and optimum incubation time from 2 to 7 days
were determined.

2.7 Cellulase Purification

Cellulase was purified by precipitation (either by ammonium
sulfate, ethanol, and acetone) with different fractions.

2.7.1 Precipitation Step

Ammonium sulfate fractionation and fractional precipitation
by acetone and ethanol as well were applied for such proce-
dures. The supernatant (about 100 mL) was precipitated at
4 °C using different concentrations of ammonium sulfate to
obtain different fractions at 25%, 50%, 75%, and 90% sat-
uration. The protein deposit was obtained by centrifugation
(5000x g for 25 min), dissolved in a defined volume of dis-
tilled water, and dialyzed overnight in a refrigerator with
constant stirring [24]. On the other hand, cooled acetone or
ethanol was added to the supernatant slowly with constant
stirring. Enzyme fractions were obtained at concentrations
of acetone or ethanol (as in ammonium sulfate). The precip-
itate was obtained by centrifugation (5000xg for 25 min)
overnight at 4 °C. Protein content and cellulase activity of
each fraction of ammonium sulfate, ethanol, and acetone
were estimated.

2.7.2 SDS-PAGE

SDS-PAGE was performed to determine the molecular
weight of the purified cellulase as was described by [25].

2.8 Cellulase Characterization

2.8.1 Effect of Different Enzyme Concentrations
and Substrate Concentrations

The effect of enzyme concentrations and substrate concen-
trations on the activity of the enzyme was determined by
incubating their action mixture at enzyme concentrations
ranging from 0.1 to 1% and substrate concentration rang-
ing from 0.1 to 5% for 30 min. The cellulase activity was
reported as guided before.

2.8.2 Effect of Temperature on the Activity and Stability
of Cellulase

The action mixture was incubated at temperatures ranging
from 25 to 70 °C for 30 min to determine the effect of tem-
perature on the activity of the enzyme. To determine thermal
stability, cellulase was incubated solitary at different Celsius
degrees ranging from 40 to 70 °C for 120 min. After that, the
substrate was added and the cellulase activity was reported
at 15-min intervals.

2.8.3 Effect of pH on the Activity and Stability of Cellulase

2% CMC was prepared in different buffers (pH 2.0-10.0)
and incubated with the enzyme to determine the effect of pH
on cellulase activity. To determine pH stability, crude cellu-
lase was incubated without substrate at pH ranging from (pH

@ Springer


http://www.ncbi.nlm.nih.gov/BLAST

6840

Arabian Journal for Science and Engineering (2022) 47:6837-6850

2.0-10.0) for 120 min at room temperature. After that, the
substrate was added and the activity of cellulase was mea-
sured using standard assay procedures at 15-min intervals.

2.8.4 Effect of Salinity on the Activity of Cellulase

To determine the effects of salinity on the activity of cellulase,
cellulase was incubated without substrate at different salinity
concentrations ranging from 1 to 30% for 120 min at room
temperature and the activity of cellulase was measured using
standard assay procedures.

2.8.5 Cellulase Kinetics Determination

To calculate Km (Michaelis—Menten constant) and Vi«
(maximum velocity), different CMC concentrations
(0.1-2.5% (w/v)) were incubated with cellulase enzyme in
pH 7 at 45 °C and plotted by Lineweaver—Burk plot.

2.8.6 Activator and Inhibitor of Cellulase Activity

The effects of metal chloride ion (Fe**, Cr2*, Cu2*, Co?*,
Ni%*, Mg? + , Ba?*, Ca?*, Na*, Mn?*, and K*), differ-
ent group-specific reagents (SDS and EDTA), and solvents
(petroleum ether and n-Hexane) on cellulase metabolic path-
way were examined by adding different concentrations of
1 mM and 10 mM of each item to the reaction mixture for
2 h. Later, the activity was reported as guided before.

2.9 Enzymatic Hydrolysis of Biomasses
and Quantification of Released Sugars

2.9.1 Physical Pretreatment of Rice Straw

Rice straw was treated physically by cutting 10 gm of rice
straw into small parts and washed with distilled water then
put in microwave for 5 min.

2.9.2 Bioethanol Production

Characterized cellulase enzyme was added separately to two
flasks, one contained 10% (v/v) pretreated rice straw and
another flask contained 2% (v/v) CMC. The two flasks were
incubated in the water bath for 250-min intervals at 45 °C.
After the incubation period, the total reducing sugars (TRS)
were determined in the two flasks by DNS as mentioned
before. The hydrolysate reaction mixture of incubated (rice
straw with cellulase enzyme) and (2% CMC with cellulase
enzyme) were transferred to bioethanol production medium
(peptone (20.0 g/L), Yeast extract (10.0 g/L) and adjusted pH
to 5.5 according to [26] followed by autoclaving at 121 °C
for 20 min. 3 mL of prepared baker’s yeast (5 gm commercial
(baker’s yeast) inoculated with 0.1% peptone water and kept
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at 35 °C for 20 min) was inoculated and incubated flasks at
30 °C for 48 h. After incubation, the fermented medium was
evaporated by an oven evaporator at 50 °C. The ethanol yield
was calculated and estimated by the dichromate reduction
method described by [27]. At 660 nm, the standard curve was
plotted with different ethanol concentrations from 2 to 20%
which ethanol concentration in the sample was calculated
from it. TRS and ethanol concentration were estimated at
48 h intervals.

The concentration of bioethanol was analyzed by the
GC-MS (Thermo Scientific TSQ 9000-1 triple quadrupole
GC-MS, UK). The Column (DB-5MS 30 m x 0.250 mm x
0.25 pm, Agilent, USA) was employed as a separation col-
umn, and the Chromeleon 7, Version 7.2.10., Thermo Fisher
Scientific mass spectrometry software was worked according
to the procedure of [28, 29]. The standard curve was plotted
with different ethanol concentrations from 10 to 30% and
the concentration of ethanol was estimated with the internal
standard value of ethanol analysis by GC-Mass. The ethanol
was identified with retention times (R;) and peak range.

2.9.3 Statistical Analyses

The results are presented as the mean value & one standard
deviation (SD) of triplicate readings by using the Prism7
program with required controls of each experiment.

3 Results and Discussion
3.1 Fungal Screening for Cellulase Production

In nature, fungi associated with marine plant debris have
many enzymes that are important for their survival which
secret those enzymes such as cellulase for hydrolyzing the
polysaccharide of plants producing oligosaccharides and
sugars for metabolic activities. However, a few fungal com-
munities have such ability adequately. Accordingly, the study
focused on screening and finding the most potent cellulase
degrading CMC for purification and industrial application.
Out of the total 61 marine fungal isolates, 46 isolates gen-
erated clear zones with varied (CDC) values within the range
1.29-2.61 on Congo red CMC agar plate, and AG1 isolate
had the highest CDC value (2.61). Closely related, previous
studies [19, 30, 31] have been determined CDC from different
bacterial species (Bacillus licheniformis, Bacillus mojaven-
sis, and Bacillus sp.) with radius ranges between 2.33 and
2.5. However, Goel et al. [32] have reported a CDC value
(2.8) slightly higher than that achieved in the current study,
while Saroj et al. [33] have reported lower values than the
achieved one (1.50 and 1.24) from A. fumigatus JCM 10,253
and Aspergillus terreus, respectively. As a preliminary detec-
tion test for cellulase activity according to [34], the CDC
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value for isolate AG1 was selected as the most active one
with the highest clear zone radius.

As well, protein content and cellulase activity determined
for each isolate revealed that protein content ranged from
0.21 to 0.51 mg/mL and cellulase activity ranged from 6.85
to 58.07 U/mL, and AG] isolate had the highest activity
58.07 U/mL, and protein content 0.5 mg/mL (Fig. 1) as
well. Reported cellulase activity in current work using DNS
achieved a higher value than other findings; 0.01 U/mL [19],
0.079 U/mL [8] but close to 34.740 U/mL [32] from Pseu-
domonas sp. and, 26.2 IU/mL [33] from A. fumigatus JCM
10,253. Accordingly, isolate AG1 was selected for proceed-
ing.

3.2 Identification of the Most Promising Marine
Fungal Isolate

AG1 was identified based on morphological and molecular
identification as G. candidum GAD1. The sequence was sub-
mitted to GenBank and the accession number was provided
as MN638741. The obtained sequence showed 100% simi-
larity with G. candidum (Fig. 2).

[35, 36] have reported G. candidum from different marine
resources but without any characterization. So far, a few
investigations on cellulase from G. candidum has been done.

3.3 Optimization of Culture Conditions

As shown in Fig. 3, optimization of culture conditions
revealed that incubation period 6 days in shaken condition
(180 rpm) at pH 7 and 30 °C were the optimum condi-
tions giving maximum cellulase activity for each factor 57.27
U/mL, 57.27 U/mL, 56.9 U/mL, and 58.56 U/mL, respec-
tively.

However, it has been noted that at optimum temperature
the movement of the carbon source and the microorganisms
increases the kinetic energy and enzyme productivity [37],
but also, the higher temperature has been impressed a nega-
tive effect on the cellulase production [38], who has reported
temperature 40 °C as the optimum one for cellulase produc-
tion and activity from E. coli EgRK2. However, Goel et al.
[32] have succeeded in producing cellulase from filaments
fungus at 50 °C. The maximum cellulase production by G.
candidum strain Gadl at initial pH was reported at pH 7.
This result was in agreement with [32] that produced cellu-
lase from Sporothrix carnis at initial optimum pH 7.0. Also,
[39] has produced cellulase from filamentous fungus Acre-
monium cellulolyticus after 48 h at pH 6. Previously reported
by [5] that the activity of cellulase was reached the optimum
activity at 6 days and shaken condition at 180 rpm that most
likely provided an increase in the distribution of oxygen level
and fungal mycelia in the medium.

The current study succeeded in the production of cellulase
from seawater in the production process benefit from the low
cost of seawater and as a substitute for freshwater. On the
contrary, previous studies [12, 15-17] were used distilled
water to produce cellulase, which in turn led to high-cost
production.

3.4 Cellulase Purification from G. candidum Strain
Gad1

The main purpose of using a method of precipitation is to
concentrate the target molecule. With ammonium sulfate pre-
cipitation, more than 55.3% of total activity was recovered
with maximum specific activity reach to 209.14 U/mg in
the 50% saturation fraction. The cellulase activity recov-
ery increased up to 27.5% and 28.93% for acetone and
ethanol, respectively, with maximum specific activities for
acetone (138.15 U/mg) and ethanol (192.8 U/mg) at a ratio
of saturation fraction 70% and 50%, respectively (Fig. 4).
Accordingly, the yield of partially purified cellulase produced
by 50% ammonium sulfate fraction was subjected to SDS—
PAGE examination.

3.5 SDS-PAGE

Figure 5 shows that ammonium sulfate fraction 50% gave a
one definite protein band at 72 KDa indicating that cellulase
enzyme was purified and ready for further characterization.

This result has been found matching with findings
obtained by Goyari et al. [40, 41] who produced cellulase
from Talaromyces verruculosus SGMNPf3 and Escherichia
coli, respectively, but close to other findings (48, 55, 58,
and 60 KDa) produced fromBacillus sp., Aspergillus flavus
(TISTR 3637), E. coli BPPTCC-EGRK?2 and Pseudomonas
sp. by [6, 31, 32, 40], respectively. Unlikely, [42, 43] have
reported cellulase molecular weight at 20 and 32 KDa
fromBacillus licheniformis 380 and Bacillus subtilis YJI,
respectively.

3.6 Cellulase Characterization

3.6.1 Effect of Different Enzyme Concentrations
and Substrate Concentrations

Figure 6a indicates that the cellulase activity was increased
proportionally with increasing cellulase concentration.
Accordingly, 1 mL of cellulase activity equivalent to
0.17 mg/mL was selected for proceeding. As shown in
Fig. 6b, the highest enzyme activity (33.46 U/mL) peak for
the purified cellulase was obtained at 2% CMC concentra-
tion, afterward, followed by a gradual decline pattern, which
may refer to elevated viscosity of the substrate. This result of
the substrate concentration was in agreement with the pre-
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Fig. 2 Phylogenetic tree of marine isolate G. candidum strain Gad1

vious record by [6], but higher substrate concentration than
achieved by [7], who reported 1% concentration.

3.6.2 Cellulase Kinetic Estimation

The kinetic K, and V pax of cellulase were calculated with
different CMC concentrations (0.1-2.5% (w/v)) in pH 7 at 45
°C and plotted by Lineweaver—Burk plot. Figure 7 shows that
the Vinax for CMC degradation by cellulase of G. CANDIDUM
strain Gadl was 238.09 wM/min, while Ky, was 0.42 mg/mL
that has appeared lower than other fungi such as Aspergillus
Sflavus (K, value of 3.0 mg/mL), which reported by [44].
Pachauri et al. [45] have suggested that the genetic variability
of fungi could be the reason for different km with different
fungi. The decrease in K, value suggested that the cellulase
produced by G. candidum strain Gad1 has a high affinity with
CMC substrate [31].

%% @ Springer

MNE38741 1:1-696 Geotnchum candidum strain GAD1

MN861070.1.6-700 Geotrichum candidum isolate ObaCOsho 16

KY103456.1:1-696 Geotrichum candidum culture CBS 11628

JQE6B740.1:1585-2279 Galactomyces geotrichum strain LMA-70

JQBE8729.1:1585-2279 Galactomyces geotrichum strain LMA-21

MT316348.1:1-675 Geotrichum sp. strain DTO 400-C2

JNO74288 1:1-682 Galactomyces candidum strain CBS 557 82

3.6.3 Optimum Enzyme Reaction pH, Temperature,
and Salinity for Cellulase Activity

As shown in Fig. 8, the optimum temperature, pH, and salin-
ity reported (pH 7, 45 °C and 10%) with maximum cellulase
activity value (36.46 U/mL, 45.78 U/mL, and 49.78 U/mL),
respectively, giving by the end 1.39-fold the value (35.75
U/mL) of starting basic conditions (pH 6.0, 50 °C and 0%
salinity). The optimal temperature for the purified cellulase
was 45 °C. this result has been matching with those obtained
by [45], but higher than (20 °C) that obtained by [14] from
Chaetomium sp. and lower than 60 °C and 50 °C that obtained
by [31, 32, 38, 43, 44, 46] from Bacillus subtilis YJI, Tri-
choderma sp. strain I1S-05, E. coli EQRK?2, Aspergillus flavus
(TISTR 3637), Bacillus sp. and Pseudomonas sp., respec-
tively. Maximum cellulase activity has been found at pH 7.0
and matches with the results obtained by [6, 7, 32] from
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Fig. 3 Time course of cellulase production with the shaking (120 rpm a, 180 rpm b) and static condition (¢) with the effect of incubation temperature

(d) and pH (e) of the fermented culture by G. candidum strain Gadl

Paenibacillus sp., E. coli, and Pseudomonas sp., but higher
than pH 4.8 and pH 5.0 which reported by [17, 45] using
Trichoderma longibrachiatum and Chaetomium sp., respec-
tively.

While the achieved pH has been lower than pH 9 and pH
10.0 reported by [42, 44] using Aspergillus flavus (TISTR
3637) and Bacillus licheniformis 380, respectively. The addi-
tion of NaCl concentration (more than 10%) did cause a
decrease in enzyme activity. This finding is in agreement with
[44] finding who indicates that more than 10% NaCl concen-
tration strongly inhibited the cellulase activity produced by
the Aspergillus flavus strain (TISTR 3637).

3.6.4 Thermal Stability and pH Stability of Cellulase

Heat-resistant enzymes production permits enzymatic reac-
tions at elevated temperatures. Consequently, increasing
substrates solubility, conversion rates, minimizing the risk
of microbial contamination, and the viscosity of the medium
reaction would be achieved [47].

As depicted in Fig. 9a, the thermal stability of cellulase
ranged from 40 to 60 °C approximately was steady for 2 h,
however, a slight decrease in cellulase activity with each ele-
vation of temperature set, while at 70 °C the cellulase was
lost more than half of the activity after 2 h. Cellulase was

stable between pH 4.0 and 10.0 (Fig. 9b) for 2 h exposure.
However, the enzyme activity had no resistance for environ-
ment pH less than 4. This result was almost similar to the
previous research done by [8]. This result indicates that cel-
lulase from G. candidum strain Gad1 could be used in acidic,
neutral, and alkaline environments, which in turn could be
available for large-scale industrial processes. Cellulase activ-
ity in the acidic pH range was reported in a few works of
literature [46]. The activity and stability of cellulase enzyme
depend strongly on the pH value of the solution reaction mix-
ture. As indicated by [48], the increase in enzyme activity at
the optimum pH range was due to a reaction that involved
deionization or ionization of basic or acidic groups in the
active center in the protein of the enzyme.

3.6.5 Effect of Activators and Inhibitors on Cellulase Activity

Metal ions are the key elements of the most enzymatic reac-
tion, where the catalytic process was proceeded through
donating or attracting electrons. Some metal ions bind the
substrate by links called coordination. Others maintain the
quaternary and tertiary structures of the enzyme molecule
[44]. As shown in Fig. 10, most tested metal ions (Fe2+,
Co**, Mg?*, Ca**, Na*, Mn?*, and K*) increased the cellu-
lase activity with both concentrations especially Fe?* which
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Fig. 4 Fractional precipitation of G. candidum strain Gadl cellulase using ethanol (a), acetone (b), and ammonium sulfate (c)

increased the enzyme activity 200% (90.2 u/mL) at 10 mM.
This suggests that (Fe2*, Co?*, Mg2+, Ca?*, Na*, Mn2*, and
K*) conjugate with certain amino acid residues in the active
site of the halo cellulase enzyme, lead to a conformational
change which promotes increasing the activity of the cellu-
lase [49].

While Cu?*, NiZ*, and BaZ* decreased the cellulase activ-
ity with all concentrations. Cr>* as metal ion and SDS as
biosurfactant had a neutral effect on the activity of cellu-
lase. However, the EDTA and two solvents (petroleum ether
and n-Hexane) deactivated the cellulase activity suggesting

@ Springer

that EDTA and two solvents (petroleum ether and n-Hexane)
worked as a chelating agent therefore, must be avoided in
future cultivations for increasing the cellulase production.

3.7 Bioethanol Production
3.7.1 Reaction Mixture Yield Course Time
Reaction mixture yield course time is a key factor for eval-

uating the cellulase activity reciprocal to sugar yield in a
sense of converting insoluble glucose polymer in a substrate
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to soluble forms of glucose oligosaccharides that fermented
by yeast to bioethanol production. Upon the outcome of
time course results of cellulase activity with CMC salt by
G. CANDIDUM strain Gadl presented in Fig. 11, after 105-
min incubation, the maximum cellulase activity was achieved
(55.54 u/mL). This result encouraging to compare this result
with that found by [50] who showed that maximum rice straw
hydrolysis by cellulase of A. niger strain BKO1 occurred after
2.5h.

3.7.2 Reducing Sugars Before and After Fermentation

In general, the ethanol produced by yeasts such as Saccha-
romyces and Kluyveromyces lack cellulase expression, there-
fore, fungi that have the cellulolytic ability as Chaetomium,
Aspergillus, and Trichoderma are used for the production
of cellulase to bioethanol production. Hence, in the present
study purified cellulase from G. candidum strain, Gadl was
directly administered to degrade glucose backbone present
in CMC time and from pretreated rice straw another time to
produce soluble sugar that used in bioethanol fermentation
media, which in turn would decrease the time of bioethanol
production. Pretreatment of rice straw is essential to remove

Fig.7 Lineweaver—Burk plots of cellulase

lignin and cellulose become ready to degradation by an
enzyme to glucose which is fermented by yeast to ethanol
[51]. Maximum rice straw and CMC hydrolysis by cellulase
of G. CANDIDUM strain Gadl were 30.2 g/L and 26.6 g/L,
respectively. However, in the present study, the results of
rice straw hydrolysis by cellulase from G. CANDIDUM strain
Gad1 don’t support the previous study [11] that showed three
strains of G. candidum lack of growth on wheat straw. The
belated onset of CMC and rice straw utilization could be
referred to the higher affinity of the cellulose transporter to
glucose [52].

3.7.3 Determination of Bioethanol by Dichromate
Reduction Method

As shown in Fig. 12, the amount of reducing sugar decreased
significantly at the end of the fermentation process with
maximum bioethanol production pointing to a direct rela-
tionship between the reducing sugar and the amount of
bioethanol produced during the fermentation process. Con-
sequently, by using the dichromate reduction method and a
calibration curve of ethanol standards. Straw and CMC were
hydrolyzed producing 17.5% and 16.3% ethanol, respec-
tively. As depicted in Table 1, ethanol yield (g/g of sugar/L)
by fermentation of pretreated rice straw and CMC using cel-
lulase enzyme produced by G. CANDIDUM strain Gadl were
11.5 and 12.2 g/g of sugar/L, respectively. This result of
Ethanol yield, higher than 0.42, 0.125, and 0.137 g/L reported

Fig.6 Effect of cellulase __ 100 = 36
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by [51, 53, 54] from fermentation rice straw, rice bran, and B., licheniformis strain AMF-07 and Klebsiella sp. SWETA4,
banana peel, respectively, using Trichoderma reesei F-418  respectively.
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Fig. 11 Time course of cellulase activity

3.7.4 Evaluation of Bioethanol Production by GC-MS
Analysis

The bioethanol produced by the degradation of CMC and rice
straw from the fermented medium was collected from the
oven evaporator and injected in GC-MS for determination
of bioethanol concentration (Fig. 13). The chromatogram
peak of the produced bioethanol by the degradation of CMC
and rice straw compatible with standard one was observed at
RT of 1.73.1 min giving the concentration 15.7% and 20%,

respectively, and ethanol yield 13.2 and 11.9 g/g of sugar/L,
respectively. Similarly [15] have been reported ethanol con-
centration from rice straw using Aspergillus terreus F98 and
Trichoderma viride F94 within a range between 15.36 and
12.85%, respectively. While the achieved ethanol concentra-
tion has been higher than 2.67% and 0.56% reported by [55]
from corncob using A. niger and P. decumbens, respectively.
Finally, no significant differentiation between the determina-
tion of bioethanol by GC-MS analysis and the dichromate
reduction method indicating assured the potentiality of such
enzyme.

4 Conclusion

The fungal world still provides the universe with interesting
benefits. During this study, a promising marine yeast isolate
G. candidum strain Gadl approached a perceptible capa-
bility to produce cellulase from the agricultural waste (rice
straw) as a model for sustainable production of an interest-
ing enzyme as an efficient versatile tool for having different
industrial applications. Medium optimization and cellulase
characterization have succeeded in maximizing the cellulase
biosynthesis with cellulolytic activity of CMC and rice straw
to sugar that is subsequently fermented to bioethanol as an
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Fig. 12 Time course for ethanol production and the reducing sugar of rice straw (a) and CMC (b) that fermented by the yeast
Table 1 Bioethanol production and the reducing sugar of different substrates
Substrate  Reducing Theoretical Ethanol Ethanol yield ~ Conversion Ethanol Ethanol yield ~ Conversion
sugar conc. ethanol yield  cone. With (g/g of efficiency conc. by (g/g of efficiency
(g/L) (g/g of dichromate sugar/L) (%) by GC-Mass sugar/L) by (%) by
sugar/L) reduction With dichromate GC-Mass GC-Mass
method dichromate reduction
reduction method
method
CMC 26.3 13.15 16.3 12.2 92.7% 15.7 11.9 90.4%
Rice straw ~ 30.2 15.1 17.5 11.5 76.1% 20.0 132 87.4%
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Fig. 13 GC-MS chromatogram showing bioethanol concentration at retention time (1.73 min) produced from the degradation of CMC (a), rice
straw (b) from the fermented medium, and ethanol stander (c) at Rt (1.73 min)

alternative source of the renewable energy. Eventually, the
study succeeded to achieve two important goals serving the
idea of sustainable development; production of bioethanol
as renewable fuel from the agricultural waste as an inspiring
waste management tool.
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