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Abstract

Standardization of the cultivation conditions is crucial for producing fungal biomass with effective whole-cell catalytic
activity. Aspergillus flavus mutant was optimized for biomass transesterification and hydrolysis of waste frying oil (WFO)
as a substrate. The glucose-polypeptone medium was selected among other culture media as the primary medium for the
optimization of submerged cultivation. Biomass lipolytic activities and growth of A. flavus were higher under shaking con-
ditions compared to static conditions, and 200 rpm was optimum. Olive oil was superior to soybean, rapeseed, and waste
frying oils as biomass lipase and transesterification activities inducer. Replacing glucose with sugar cane molasses enhanced
the growth but inhibited the biomass lipolytic capabilities. Urea improved the biomass lipolytic capabilities as an N-source
feedstock compared to corn-steep liquor and whey. Plackett Burman screening of 9 factors showed that KH,PO, (0.1-0.9
%, wiv), urea (0.1-1.3 %, w/v), and glucose (0.5-3.5 %, w/v) concentrations were significant factors with the highest main
effect estimates 38.45, —19.04, and 11.82, respectively. These factors were selected for response surface methodology (RSM)
optimization using central composite design (CCD). CCD models for growth, biomass lipase activity, and transesterification
capability were significant, with R? values of 0.93, 0.91, and 0.95, respectively. The optimum concentrations for growth and
biomass transesterification capability were glucose (4.5 %, w/v), urea (0.7 %, w/v), and KH,PO, (0.9 %, w/v), and those for
lipase activity of the biomass were glucose (4.4 %, w/v), urea (0.7 %, w/v), and KH,PO, (2.1 %, w/v).

Keywords Aspergillus flavus - Fungal biomass - Transesterification - Biodiesel - Biocatalysis

cost reduction of the catalysis process[1]. Several factors
may play essential roles in the improvement of the whole-
Fungal whole-cell biocatalysts have been reported as a cell catalytic activity that relies on the investigated species,
potent alternative for pure enzymes that require multip]e mainly: (a) the diversity and number of genes of the catalytic
purification steps. Whole-cell biocatalysts provide a protec-  protein of interest, (b) the cell wall synthesis mechanism and
tive environment to the cell wall integrated enzymes and
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the mechanism(s) of protein integration into the cell wall,
and (c) the presence or absence of mucilage cell wall layer or
biofilm that might act as a physical barrier [2-4]. However,
optimizing the cultivation conditions is critical for produc-
ing fungal biomass with potent whole-cell catalytic activity.

Various fungi have been investigated for enzymatic activi-
ties and industrial applications [5, 6]. Aspergilli are more
than 340 species; only a few are used for food fermentation,
organic acids, and bioactive compound production. Asper-
gilli of industrial importance are mainly distributed in two
groups, Nigri and Flavi [7]. A study of Aspergillus flavus
genomics suggested that further investigations of A. flavus
may lead to the discovery of new enzymes and pharmaceuti-
cal compounds [8]. A. flavus isolates cultivated under opti-
mized conditions were found to be remarkable candidates
for industrial enzyme production [9]. Whole-cell Aspergilli
have been studied to replace pure enzymes such as cellulases
[10] and lipases [11].

Classical optimization, one factor at a time (OFAT), is
employed by investigating one factor or variable while all
other variables remain constant. OFAT is considered an easy
convenience; hence, it has been the most preferred choice
among the researchers for designing the medium composi-
tion and used in the initial stages of diverse strategies. The
main disadvantages of OFAT optimization are the inability
to predict the interaction among investigated variables and
the vast number of experimental runs required that are not
applicable on a large scale [12]. On the other hand, statistical
optimization provides attractive screening and optimization
designs where the number of runs necessary is limited, and
the interaction of the investigated factors might be evaluated.
Hence, a single set of optimum conditions could be identi-
fied, and several sweet spots may also be located. Statistical
optimization designs require a prior understanding of the
logic ranges of the investigated variables and responses [13].

In this research, OFAT, screening design, and opti-
mization design were employed to maximize the bio-
mass catalytic activity of A. flavus for waste frying oil

hydrolysis and transesterification, as well as the biomass
produced. Understanding the impact of the investigated
factors and their interaction with the researched responses
was also pursued.

2 Materials and methods
2.1 Fungal strain and inoculum preparation

In a previous study, A. flavus NDAO4a (MK811208) mutant
D was isolated and mutated [14]. The mutant was preserved
on potato dextrose agar (PDA) slants supplemented with
olive oil, 1%. The inoculum was prepared by subculturing
the mutant on PDA plates incubated at 28 °C for three days.
Agar disks (5 mm diameter) were used as inoculum.

2.2 Culture media and feedstock screening

Different culture media (Table 1) were tested as the primary
cultivation medium. Olive oil 3 %, w/v, was supplemented
for all tested media as an inducer, and the final pH of the
tested media was adjusted to 5.5. Erlenmeyer flasks (100 mL
capacity) containing 50 mL cultures were inoculated using
a Smm disk of PDA fresh culture and incubated at 28°C and
150 rpm for three days. Harvested biomass was collected by
filtration using Whatman filter paper no. 1, followed by lyo-
philization using a freeze dryer (Martin Christ, alpha LSC
basic; Germany).

Glucose-polypeptone medium (A) supplemented with
olive oil 30 mL L~ was used as the primary medium for
the cultivation of A. flavus NDAO4a and assessment of
its biomass transesterification capabilities. Sugar cane
molasses was tested to replace glucose as a C source,
while corn steep liquor (CSL), urea, and whey were tested
as N sources with and without Molasses. Inoculated cul-
tures were incubated in a shaking incubator at 28 °C and
150 rpm for three days.

Table 1 The composition

. Component Culture media

(%, wiv) of different culture

media tested as primary culture Glucose-polypeptone  Polypeptone  Sucrose-yeast extract Nutrient broth

medium

(A) B) © (D)

Glucose (%, w/v) 2.00 - - -
Sucrose (%, w/v) - - 1.40 -
Peptone (%, w/v) - - - 0.80
Polypeptone (%, w/v) 2.00 2.00 - -
Yeast extract (%, w/v) - - 1.20 0.40
KH,PO, (%, w/v) 0.50 0.50 1.00 -
MgSO,-7H,0 (%, wiv)  0.05 0.05 0.10 -
NaCl (%, w/v) - - - 0.30
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2.3 Screening for transesterification activity
stimulants

Glucose-polypeptone media were prepared using differ-
ent activity stimulants (3%, w/v), including olive, soybean,
rapeseed (Carl-Roth, Karlsruhe, Germany), and waste frying
oils. Inoculated cultures were incubated in an orbital shaker
at 150 rpm and 28 °C for three days. Harvested biomass was
processed, and the activities were determined.

2.4 Investigation of agitation rate

Triplicates of glucose-polypeptone 100 mL inoculated
cultures in 250 mL Erlenmeyer flasks were incubated in
shaking incubators with the same orbital diameter at 28
°C and different agitation rates (0, 100, 200, and 300 rpm)
for three days. Biomass was harvested and processed, as
previously mentioned, to measure biomass lipolytic and
transesterification activities.

2.5 Statistical screening

Plackett Burman design was used for screening experiments
of 9 factors (Table 2) in triplicates. The screening experi-
ments were carried out in 100 mL conical flasks containing
50 mL culture medium. A three-day-old culture of A. flavus
NDAO4a was used as the source of the inocula. Flasks were
incubated in a shaking incubator at 200 rpm. Biomass was
processed, and the lipolytic and transesterification activities
of the biomass were determined.

2.6 Response surface methodology (RSM)

Glucose, urea, and KH,PO, concentrations were optimized
using a central composite design (CCD). The investigated
levels of each factor are presented in Table 3. Culture media
were prepared using 0.9 g L™1 MgSO, and 2 mL L~! olive
oil with different levels of investigated factors and their

Table 2 Plackett Burman design factors and levels

Factor Symbol  Levels
-1 1

Temperature (°C) X, 25.00 30.00
pH X, 5.00 9.00
Incubation period (days) X3 2.00 4.00
Inoculum size (disk) X, 1.00 3.00
Glucose concentration (%, w/v) Xs 0.50 3.50
Urea concentration (%, w/v) X 0.10 1.30
KH,PO, concentration (%, w/v) X, 0.10 0.90
MgSO,-7H,0 concentration (%, w/v) X 0.01 0.09
Olive oil concentration (%, w/v) Xy 1.00 3.00

Table 3 Experimental levels of the selected factors in CCD

Symbol  Factor Levels

-1 0 1
X5 Glucose concentration (%, w/v) 3.50 4.00 4.50
X Urea concentration (%, w/v) 0.10 0.40 0.70
X; KH,PO, concentration (%, w/v) 0.90 1.50  2.10

relative interactions as the design suggested in triplicates.
Cultures were inoculated with three disks 5 mm in diameter
and were incubated at 28 °C and 200 rpm for four days. The
processed biomass was used to assess the transesterification
activity of the biomass.

2.7 Lipase assay

Lyophilized fractured biomass (0.5 g) was inoculated to
an emulsion of 5.5 g WFO and 30 mL of 1M Tris buffer,
pH 7.5. The reaction was carried out in an orbital shaker
at 35 °C and 200 rpm for 2 h. The reaction mixture was
centrifuged for 10 min at 5000 rpm. Supernatant (1 g), two
drops of phenolphthalein color indicator, and 25 mL diethyl
ether and ethanol (1:1) solvent mixture were titrated against
freshly prepared 0.1 N NaOH in 100 mL Erlenmeyer flask.
Lipase activity (as the amount of enzyme required to pro-
duce 1 pmol free fatty acid per min.) was determined in unit
per gram cell weight (U/g) [15].

2.8 Transesterification reaction

Fractured lyophilized biomass, 0.5 g, was used as the bio-
catalyst for an emulsion of 5 g WFO and 0.75 mL of 1M
phosphate buffer pH 7.5 in a 50 mL Erlenmeyer flask. The
reaction was carried out at 35 °C and 250 rpm for 72 h,
while methanol doses were added at 0, 24, and 48 h to a final
concentration of 3 M methanol. The reaction mixture was
transferred to a 15 mL centrifuge tube and spun at 10000
rpm for 5 min.

Fatty acid methyl ester (FAME) was detected in the
supernatant by thin-layer chromatography (TLC) with silica
gel 60 F,s, (E. Merck, Mumbai, India) using a solvent sys-
tem of hexane/diethyl ether/acetic acid. Spots were stained
in an iodine chamber and were investigated by Just TLC
software (Sweday, Lund, Sweden).

2.9 FAME analysis

Agilent Technologies 6890N gas chromatography (GC) pro-
vided a flame ionization detector, and a capillary column
(HP-5 5% phenyl methyl siloxane, 30 m by 320 pm by 0.25
mm) was used to quantify the FAMEs content. Peaks deter-
mination was carried out by comparing the retention time
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of FAMEs of the sample (100 mg) and a known concentra-
tion of FAME standard mixture C8—C24 (Sigma-Aldrich
Chemical Co. St. Louis, MO, USA), each dissolved in 1 mL
hexane. One pL sample was injected into the GC, where
the oven was adjusted at 210 °C, isothermally for 15 min,
and helium was used as the carrier gas. The peak area was
used to calculate the concentration of each FAME type,
and the sum of the concentration was referred to as FAME
concentration (%, w/w). The transesterification activity was
expressed using FAME concentration (%, w/w).

2,10 Statistical analysis

The data obtained were subjected to statistical analysis using
IBM SPSS Statistics (version 16. IBM, Chicago, USA). Sta-
tistical optimization was designed and analyzed using JMP
statistical software (version 8. SAS Institute Inc., Cary, NC).

3 Results and discussion
3.1 One factor at time investigations
3.1.1 Different culture media investigation

Different culture media were used to cultivate A. flavus
NDAO4a. The produced biomass was then lyophilized
and used as the catalyst for waste frying oil hydrolysis and
transesterification reactions. One-way analysis of vari-
ances (ANOVA) showed that culture media composition
significantly influenced the biomass’s growth, lipase, and
transesterification activities. A. flavus NDAO4a showed a
final lyophilized biomass range from 11.58 to 18.30 g/L
(Table 4). The maximum growth was observed when A. fla-
vus NDAO4a was cultivated on culture media A, followed
by culture media B with a significant difference. On the
other hand, the minimum growth was observed when A.
flavus NDAO4a was grown on culture media C and D with
no significant difference. Although culture media A and B
showed a significant difference in the final lyophilized bio-
mass concentration, biomass lipase, and transesterification

Table 4 Mean comparison of A. flavus NDAO4a cultivated in differ-
ent culture media growth and biomass lipase and transesterification
activities in terms of FAME concentration

Media Biomass (g/L) Lipase (U/g) FAME (%)
A 18.30a 9.69a 40.51a
B 15.45b 9.42a 39.71a
C 12.87¢ 5.38b 20.97b
D 11.58¢c 5.05b 19.61b

Means followed by the same letter are not significantly different at a
95% confidence level

@ Springer

activities were insignificantly different. A. flavus NDAO4a
investigated biomass catalytic capabilities were significantly
higher for biomass cultivated on culture media A and B than
other culture media. Although olive oil as a lipase stimulant
had the same concentration in all investigated culture media,
the lipases and transesterification activities of biomass cul-
tivated in culture media C and D were significantly low.
These reduced activities and final biomass concentration
may result from carbon or nitrogen sources and ratio varia-
tions. Culture media A and B had almost the same compo-
sition, which might explain the insignificant differences in
biomass activities. Although glucose as an additional carbon
source in culture media A did not increase the biomass cata-
lytic activities, glucose may be the reason for the significant
increase in the final biomass concentration. As the biomass
lipid modification activities are the responses of interest,
the final biomass concentration is also essential; therefore,
culture medium A was found superior to B and was selected
for further investigations.

3.1.2 Effect of different agitation rate

Biomass morphology affects Aspergillus sp. catalytic activities
[16]. Hence, the shaking rate was investigated as one of the
main factors determining culture morphology. Results showed
that the shaking rate significantly affects the growth, biomass
lipase activity, and transesterification catalytic capabilities.
A. flavus NDAO4a was used to inoculate sterile Erlenmeyer
flasks containing media A. Cultures were incubated for 72 h
at 28 °C and different agitation rates. Freeze-dried biomass
was later used as the catalyst for waste frying oil hydrolysis
and transesterification reactions. Table 5 shows that static
culture had significantly lower growth and catalytic activities
than shaking cultures. An increase in shaking speed from
100 rpm to 200 rpm led to a significant increase in biomass
(56.85%), lipase activity (10.24 %), and FAME production
(2.61 %). Morphology was a mycelial mat covered with
aerial mycelia in static conditions. Pellets in shaking cultures
were smaller in 200 and 300 rpm cultures compared to
the relatively large pellets in 100 rpm cultures. The results
show that pellets exhibit higher lipase and transesterification

Table 5 Means comparison of Aspergillus flavus NDAO4a biomass
production, lipase, and transesterification capability at different agitation
rates

Agitation rate  Biomass (g/L) Lipase (U/g) FAME (%)
(rpm)

0 5.49a 2.03a 17.01a
100 11.82b 8.79b 39.85b
200 18.54¢ 9.69b 40.89¢
300 17.93¢ 8.96b 41.00c

Means followed by the same letter are not significantly different at a
95% confidence level
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catalytic activities than mycelial mats. The pellet size
may play a role in the activity that might be related to the
exposed surface area to the oil during the hydrolysis and
transesterification reactions. [17].

3.1.3 Selection of activity inducer

Triglycerides in the culture media of fungi serve as a source
of fatty acids and energy. To utilize oils, a fungus must
produce extracellular or cell wall-integrated lipases, so
oils stimulate lipase production [18]. Therefore, different
oils were tested in this experiment to increase the lipase
catalytic activities of A. flavus NDAO4a and to assess their
influence on growth. Culture media A was supplemented
with 3 % (w/v) of olive, soybean, rapeseed, and waste fry-
ing oil separately. Inoculated flasks were incubated at 28°C
and 200 rpm for 72 h. Collected biomass was freeze-dried
and used as the catalyst for waste frying oil hydrolysis and
transesterification reactions. Data (Table 6) show that the
investigated oils exert no significant effect on growth. No
significant difference was detected between the means of
the final biomass concentration. However, the lipase activi-
ties and transesterification capabilities were significantly
affected by different oils. Olive oil stimulated the highest
catalytic activities, which might be due to an increase in the
content of lipases on the surface of the hyphae. These results
agree with other findings that suggest the high oleic acid
content of olive oil may be the inducer of the high lipolytic
activities in the presence of olive oil [19, 20]. The effects of
waste frying oil and rapeseed oil were almost identical, pos-
sibly due to the composition of the waste frying oil, which
contains a high proportion of rapeseed oil. Soybean oil cul-
tures showed the lowest catalytic activities; even so, several
pieces of literature hosted soybean oil as an inducer of lipase
production [21, 22].

3.1.4 Replacing carbon and nitrogen sources

Culture medium A supplemented with olive oil 3% w/v
was used as the primary medium for cultivation. Sugar
cane molasses were tested to replace glucose as a C source.

Table 6 Means comparison of A. flavus NDAO4a growth and lipase
and transesterification activities cultivated using different oils as
inducers

0Oil Biomass (g/L) Lipase (U/g) FAME (%)
Olive oil 18.00a 9.56a 41.00a
Soybean oil 17.93a 7.29¢ 31.27¢
Rapeseed oil 17.80a 8.19b 35.13b
Waste frying oil 17.64a 8.39b 36.61b

Corn steep liquor (CSL), urea, and whey were tested as
replacements for polypeptone with and in the presence and
absence of Molasses. Inoculated cultures were incubated
in a shaking incubator at 28 °C and 200 rpm for three days.
Collected biomass was freeze-dried, and weight, lipase
activity, and transesterification activity were measured and
recorded (Table 7).

Molasses increased the final biomass concentration
remarkably (28 gL.™!). However, lipase and transesterifi-
cation activities were inhibited entirely. The reason for the
loss of the biomass catalytic activities might be sugars in
molasses which provide a more reliable metabolic pathway
and/or the presence of inhibitory substances in molasses.
No growth was observed in molasses and whey mixture
cultures, which suggests that the accumulation of inhibi-
tory substances or osmolarity prevented the growth of A.
flavus NDAO4a [23].

One-way ANOVA revealed that replacing nitrogen
sources in glucose cultures significantly affected the
growth, biomass lipase, and transesterification capabilities
of A. flavus NDAO4a. The maximum growth was observed
in cultures where polypeptone and CSL were the nitro-
gen sources, 18.45 and 19.29 g/L, respectively. Biomass
obtained from CSL and whey showed a remarkable reduc-
tion in lipolytic and transesterification catalytic abilities,
suggesting that they harbor some inhibitory substances or
provide alternative metabolic pathways. Although cultures
containing urea and glucose showed significantly less bio-
mass production (14.35 g/L), the catalytic capabilities of
the biomass were significantly high. Unlike urea, other
feedstock were complex and might be a source of carbon,
microelements, or growth promotors. Urea might push the
strain to utilize the triglycerides, producing more cell wall
integrated lipolytic proteins.

Table7 Mean comparison of the growth, lipase, and transesterifica-
tion activities of A. flavus NDAO4a cultivated with different feedstock

C-source  N-Source Biomass (g/L) Lipase FAME (%)
activity
(Ulg)
Glucose  Polypeptone  18.45b 9.45b 40.88b
Urea 14.35¢ 10.66a 42.78a
CSL 19.29b 5.80c 25.08¢c
Whey 13.64c 5.54c¢ 23.96¢
Molasses  Polypeptone  27.65a 0.00d 0.00d
Urea 26.82a 0.00d 0.00d
CSL 28.44a 0.00d 0.00d
Whey 00.00d - -

Means followed by the same letter are not significantly different at a
95% confidence level

Means followed by the same letter are not significantly different at a
95% confidence level
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3.2 Statistical screening using Plackett Burman
design

Nine factors were investigated using the Plackett Burmann
design (Table 2). Transesterification catalytic capability in
terms of FAME conversion percentage, lipase activity, and
growth in terms of final biomass concentration was observed
as responses. The design matrix selected for screening sig-
nificant factors is shown in Table 8. The model adequacy
was calculated. Influences of the investigated factors and
statistical significance were filtered via main effect esti-
mates, Student’s 7-test, and P values for analysis of variance
(Table 9). Factors with confidence greater than 90% (Prob. >
| t | 0.1) were considered to affect the response significantly.
The lowest P values indicate the most significant factors in
the investigated response.

The concentration of KH,PO, (1-9 g L™") was the factor
with the highest positive main effect on growth, biomass
lipase, and transesterification capabilities with a high signifi-
cance (P value = 0.0001). In addition to the role of KH,PO,

Table 8 Plackett Burman design matrix and experimental results

as a source of phosphate and potassium required for growth
and lipolytic activities [24], it might be essential in buffer-
ing the culture media [25, 26]. As the used culture media
contain no buffer system, the buffering effect of KH,PO,
might be essential for the growth and biomass activities of A.
Sflavus NDAO4a, considering that growth and lipase produc-
tion might be accompanied by a change in the final pH of
the culture medium [27, 28]. The influence of the initial pH
value might support the essential buffering role of KH,PO,,
as it was found that initial pH (5-9) significantly affected the
transesterification capability of A. flavus NDAO4a biomass

negatively and the growth positively.

As a cheap nitrogen source for microbial cultivation, urea
was selected as a sole and additional N source for enhanc-
ing lipase production. In several studies, urea was optimal
for extracellular and whole-cell lipase production [29-31].
However, urea concentration (1-13 g L") significantly
negatively influenced A. flavus NDAO4a biomass lipase
and transesterification capabilities. Still, the urea concen-
tration in the investigated range did not significantly affect

Runs X, X, X3 X, Xs X, X; X3 X, FAME conc.(%),rep-

Lipase activity (U/g),

Biomass (g LY,

licates replicates replicates
1 2 3 1 2 3 1 2 3

o103 -1 -1 -1 +1 -1 -1 -1 -1 41 7935 6599 5823 1548 1453 12.83 7.19 6.57 7.10
0406 -1 -1 +1 -1 -1 41 -1 +1 +1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0709 -1 -1 +1 -1 +1 +1 -1 -1 -1 5799 5874 59.70 12.71 1293 13.15 10.73 10.75 9.93
10-12 -1 +1 -1 -1 +1 -1 -1 +1 +1 5467 6031 6045 12.04 13.28 13.31 1091 1124 11.75
13-1s -1 +1 -1 +1 +1 +1 -1 -1 -1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16-18 -1 +1 +1 +1 -1 -1 -1 +1 -1 4096 41.82 40.72 9.02 9.21 8.96 7.69 7.64 5.21
1921 O 0 0 0 0 0 0 0 0 36.81 35.65 43.24 8.10 7.85 952 1845 17.82 1741
2224 +1 -1 -1 -1 +1 -1 -1 41 -1 3272 33.06 3261 7.20 7.28 7.18 6.14 8.39 6.95
2527 +1 -1 -1 41 -1 +41 -1 41 -1 3740 3530 37.07 8.23 7.77 8.16 1488 1424 13.04
2830 +1 -1 +1 +1 +1 -1 -1 -1 +1 37.08 4051 36.07 8.16 8.92 794 1256 1341 9.68
31-33 +1 +1 -1 -1 -1 +1 -1 -1 +1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3436 +1 +1 +1 -1 -1 -1 -1 -1 -1 4606 47.67 4465 10.14 1049 9.93 22.17 24.01 21.81
37-39  +1 +1 +1 +1 +1 +1 -1 +1 +1 73.02 76.16 7480 16.08 16.77 1647 36.19 3370 36.82
Table 9 Plackett Burman Factors X, X, X, X, X, X, X, X, X,
screening main effect estimates,
Student’s ¢-test, and P values for FAME Main effect 0.29 -2.25 10.49 10.33 11.82 —19.04 38.45 5.50 3.90
analysis of variance Prob>1 09278 04860 00027 00030 00009 00001 00001 00953 02316

P value 0.8229 0.0723 0.0001 0.0001 0.0001 0.0001 0.0001 0.0006 0.0055

Lipase Main effect 0.18 —0.38 242 2.16 2.70 —4.09 8.36 1.32 0.75
Prob>t 0.7861 0.5751 0.001 0.0029 0.0003 0.0001 0.0001 0.0562 0.2693
P value 0.4062 0.1007 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0067
Biomass Main effect 9.29 431 7.99 3.95 431 -1.12 12.52 3.83 0.75
Prob>¢ 0.0001 0.0002 0.0001 0.0005 0.0002 0.2767  0.0001 0.0007 0.4621
P value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0147 0.0001 0.0001 0.0726
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the growth. The ability of A. flavus NDAO4a to produce cell
wall-integrated lipolytic enzymes was reduced at high urea
concentrations. This might be because urea at high concen-
trations might act as a C-source [32], the impact of the C/N
ratio, or the toxic effect of urea or ammonia produced from
urea hydrolysis [33].

Glucose concentration positively influences the growth
of A. flavus NDAO4a in the investigated range, which its
role as a C-source might explain. However, some literature
suggests that glucose inhibits the lipolytic activity of some
fungi [34-36]. Glucose was a significant factor that had a
remarkably positive impact on the lipase and transesterifica-
tion activities of A. flavus NDAO4a, which agrees with the
findings in several research articles [37-39].

Magnesium sulfate concentration in the range of 0.1 to
0.9 g L~! was significant, positively impacting the growth,
biomass lipase, and transesterification capabilities of A. fla-
vus NDAO4a. Sulfur is an essential macronutrient for all
living organisms that play critical structural and metabolic
roles [40] which might be a reason for these findings. Di-
cations are substantial for fungal growth and as cofactors for
several enzymes. Magnesium has been reported to enhance
lipase production by fungi alone [41] or synergistically with
other di-cations such as calcium [42], which could explain
the positive effect of MgSO, on the biomass lipase activity
and transesterification capability.

Inoculum characteristics were described as a substantial
variable affecting the growth of fungi and enzyme produc-
tion [43]. Inoculum size (1-3, 5 mm disks) significantly
influenced the investigated responses. The same goes for the
incubation period, which plays a critical role in catalytic pro-
teins’ biosynthesis and autolysis rate in Aspergillus sp. [44].

The temperature range of 25-30 °C had no significant
effect on the biomass lipase activity and transesterification
capability. Still, it showed a highly significant impact on the
growth of A. flavus NDAO4a. On the other hand, olive oil
concentration (10-30 g L™!) had an insignificant influence
on the tested criteria of A. flavus NDAO4a.

3.3 Statistical optimization using response surface
methodology (RSM)

According to PB design, KH,PO, concentration, urea con-
centration, and glucose concentration had the highest signifi-
cant main effects on biomass transesterification capability and
lipase activity and significantly affected the growth; therefore,
they were selected for further optimization. Other factors were
fixed, where positive values were chosen for significant factors
and central values for insignificant ones based on the biomass
transesterification capability results.

To determine the optimum levels of the selected signifi-
cant factors for A. flavus NDAO4a biomass transesterification
capability. For this purpose, the response surface methodol-
ogy (RSM) was adopted, using a central composite design
(CCD). The significant variables employed are as shown in
Table 3. The design matrix and the corresponding results
of RSM experiments to determine the effects of the three
investigated factors are shown in Table 10.

The acceptability of the models was verified via the results
of the analysis of variance, ANOVA (Table 11). Transesterifi-
cation capability in terms of FAME (%), lipase activity (U/g),
and growth in terms of freeze-dried biomass models were
significant, with P values below 0.0001, and the lack of fit of
the three models shows P values higher than 0.05. Blotting

Table 10 Central composite

. . . Runs X5 X, X;
design matrix and experimental

FAME conc. (%), rep-

Lipase activity (IU/g), Freeze-dried biomass

licates replicates (g L"), replicates
results

1 2 3 1 2 3 1 2 3
01-03 -1 -1 -1 6374 6696 67.53 13.17 10.83 11.00 3.01 4.20 5.79
04-06 -1 -1 +1 6139 6252 6646 13.17 1125 10.17 541 6.40 7.99
07-09 -1 0 0 66.14 6995 67.54 1258 12.08 12.17 8.81 8.40 9.99
10-12 -1 +1 -1 7178 7487 70.84 10.67 10.00 7.67 1321 12,60 14.99
13-15 -1 41 41 5933 6166 6160 13.17 1250 11.83 12.61 1280 13.39
16-18 0 -1 0 5098 53.05 5625 15.83 1550 13.67 441 4.80 6.79
1921 0 0 -1 6285 6616 6554 18.17 1750 16.83 8.81 10.20 10.19
22-24 0 0 0 5591 57.60 5921 18.17 16.67 16.00 9.41 11.00 10.39
25-27 0O 0 +1 51.85 55.89 5837 2150 19.17 17.67 921 10.80 11.79
28-30 0 +1 0 63.56 66.57 6554 18.17 17.50 16.00 1321 13.80 14.59
31-33  +1 -1 -1 57.13 5976 60.50 14.00 11.67 12.67 6.61 7.40 8.99
34-36  +1 -1 +1 5481 5514 5747 1150 10.83 10.17 6.01 6.60 8.39
37-39  +1 O 0 68.50 69.57 67.53 19.00 16.67 16.83 1021 12.00 12.39
4042 +1 +1 -1 8413 8631 8849 2233 20.00 1850 1561 1580 17.79
4345 +1 +1 41 68.02 6751 69.76 24.00 2250 20.17 1321 1640 15.99
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Table 11 Analysis of variance
(ANOVA) for the parameters of
response surface methodology

fitted to a second-order
polynomial equation

the actual values obtained from the experiments against the
predicted values deducted by the model (Fig. 1) supports the

Source DF SS MS F-Value P-value>F
FAME Model 9 2841.85427 315.761585 72.6014952 < 0.001
Error (residual) 35 152.223525 4.34924356
Lack of fit 5 32.9274579 6.58549157 1.65608769 0.17577153
Pure error 30 119.296067
Total 44 2994.07779
Lipase Model 9 622.803433 69.2003815 39.6344662 < 0.001
Error (residual) 35 61.1087668 1.74596476
Lack of fit 5 9.19076676 1.83815335 1.06214801 0.40065826
Pure error 30 51.918 1.7306
Total 44 683.9122
Biomass Model 9 557.035852 61.8928724 49.4236304 < 0.001
Error (residual) 35 43.8302593 1.25229312
Lack of fit 5 3.94725926 0.78945185 0.59382583 0.70475712
Pure error 30 39.883 1.32943333
Total 44 600.866111

+32.00X5% — 9.78X,

findings of the adequacy of the models, where R? values were

0.95,0.91, and 0.92 for FAME (%), lipase activity, and growth,

respectively.

Y, = — 262.15X;5 — 69.07X, + 11.44X,,

2 -0.27X,%

+29.98X X, — 2.90X;X,

— 16.37X,X4 + 588.16.

The prediction formulas were simplified to second-order

polynomial equations. The responses, FAME (Y)), lipase (Y,),
and growth (Y3), can be expressed in terms of the following

regression equations:

Fig.1 Actual vs predicted. A
FAME. B Lipase. C Biomass
showing R?
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Yy = — 10.37X5 + 15.09X, + 4.22X, + 1.79X5°
—2.80X% +0.88X,% + 1.11X5X,

— 144X X, — 241X, X, + 17.16.

The transesterification capability model terms X, X5, X5,
XX, and X X, were highly significant with P values less than
0.0001, while XX, was significant with a very low P value
(0.0489). The lipase activity model terms X, X4, X5, X52, and
XX, had P values less than 0.0001, X4> and XX, were also
significant with P values of 0.0021 and 0.0023, respectively.
On the other hand, only X5 and X, were significant terms for
the growth model with P values less than 0.0001.

The significant positive effect of XsX, (glucose and urea
concentrations interaction) on the transesterification and the
lipase activities might result from the impact of the C/N ratio,
which was reported for other Aspergilli and closely related
members of Ascomycetes [45, 46]. Another interaction (X¢X;,
urea, and KH,PO, concentrations) was also found significant
for the biomass transesterification and lipase activities which
might be understood in the light of the buffering capacity of
KH,PO, along with the tendency of urease activity that alters
the culture medium pH. On the other hand, the interaction XX
(urea and KH,PO, concentrations) had no significant influence
on any of the tested responses.

3D-surface plots were constructed to determine the optimum
conditions, where the response was plotted on the Z-axis against
the two of the investigated factors were plotted on the X and Y
axes. In contrast, the third factor was set to the optimal value.

As shown in Fig. 2, linear increase in biomass transesteri-
fication capability was observed when the urea concentration
was increased. A linear decrease in biomass transesterifica-
tion capability was observed when the KH,PO, concentra-
tion increased. The decline in the transesterification capabil-
ity was associated with the increase in glucose concentration

04 i
e %)

2 o5
%, \} 43 goee\%'

i 57
DN
5

2.

up to 38.1 g L~!. The model suggests the optimum cultiva-
tion conditions for A. flavus NDAO4a biomass transesterifi-
cation capability within the experimental space to be X5 =
4.5,X;=0.7, and X; = 0.9 %, w/v.

Urea concentration in the investigated range shows a lin-
ear correlation to biomass lipase activity (Fig. 3), and the
maximum lipase activity of the biomass was achieved at a
high urea concentration. An increase in the lipase activity
was associated with the rise in the glucose concentration up
to 4.4%, w/v. A decline in the lipolytic activity was observed
with a further increase in the glucose concentration. KH,PO,
concentration directly correlated with biomass lipase activ-
ity of A. flavus NDAO4a. The model suggests the optimum
cultivation conditions for A. flavus NDAO4a biomass lipase
activity within the experimental space to be X5 = 4.4, X, =
0.7, and X; = 2.1 %, w/v.

The growth (Fig. 4) shows a linear correlation with glucose
and urea concentrations, where the increase in the concentra-
tion of urea and/or glucose leads to an increase in the biomass
produced. KH,PO, concentration in the investigated range
had a highly insignificant influence on the growth of A. flavus
NDAO4a (P value = 0.7707); however, low concentrations of
KH,PO, were associated with relatively high biomass produc-
tion. The model suggests the optimum cultivation conditions
for A. flavus NDAO4a growth within the experimental space
tobe X5 =4.5,X,=0.7,and X; = 0.9 %, w/v.

Determining optimum conditions for biomass transes-
terification capabilities and lipase activity should always
consider the produced biomass as an essential factor for
selecting a sweet spot where maximum activity per gram
of biomass is achieved along with high biomass production.
The optimum conditions for the biomass transesterification
capability are identical to those required for the highest
growth. For biomass lipase, the optimum conditions vary

Fig.2 Three-dimensional response surface plots for biomass transesterification capabilities (FAME) showing the interactive effects. Hold values

are KH,PO, = 0.9 %, urea = 0.7 %, and glucose = 4.5 %
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Fig.3 Three-dimensional response surface plots for biomass lipase activity showing the interactive effects. Hold values are KH,PO, = 2.1 %,

urea = 0.7 %, and glucose = 4.5 %

from those for biomass production in glucose and KH,PO,
concentrations. Increasing the glucose concentration from
4.4 to 4.5 %, w/v increases the growth without affecting
the lipase activity of the produced biomass. Conversely,
any reduction in the concentration of KH,PO, has an appar-
ent adverse effect on lipase activity but has an insignificant
influence on the produced biomass.

Regarding biomass production, biomass lipase activity’s
sweet spot would be X5 =4.5, X, =0.7, and X, =2.1 %, w/v.
Although the correlation between biomass lipase activity
and transesterification capability is observable, the optimum
conditions are different. This difference might result from
the cell wall integrated lipases variation as some lipases have
limited or no transesterification capability while having a
high hydrolysis activity [47].

The optimum glucose and urea concentrations were equal
to the high level (+1), which raises questions about the mod-
el’s validity at higher concentrations. To validate the model
and to test the influence of elevated levels of glucose and
urea, triplicates of extra five runs were tested (Table 12). The
results suggest that the models are valid within the experi-
mental space. Increasing the urea concentration (0.9 %, w/v)
sustains the validity of the models with relatively low stand-
ard error. Increasing the glucose concentration (5 %, w/v)
reflects the validity of the growth and lipase models with
relatively high standard error values. The elevated glucose
level led to inaccurate predictions for the transesterification
model, showing explicit limitation, which could result from
the hindering effect of methanol on the cell wall integrated
during the reaction [48].

Fig.4 Three-dimensional response surface plots for biomass production (growth) showing the interactive effects. Hold values are KH,PO, = 0.9

%, urea = 0.7 %, and glucose =4.5 %
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Table 12 Extra runs for the validation of CCD-suggested models

Growth

Lipase

FAME

X7

Xs

Predicted Actual Predicted Actual Predicted

Actual

Value + Err
16.65
15.04
19.72
18.03
21.15

Mean + Err
16.07
14.75
19.07
18.24

20.86

Value + Err

20.06
22.07
17.15
20.04
17.97

Mean + Err
16.53
22.14

Value + Err
85.80
69.18

Mean + Err

86.71

(%, wiv)

4.5

+1.17
+1.17

+3.13

+0.08
+0.87

+0.18

+1.38
+1.38
+3.69
+].83

+3.81

+0.14

+2.18

+1.01
+0.75
+0.33
+].17
+1.15

0.9
2.1

0.7

+0.43
+0.49
+0.44
+0.50

+2.18

69.51

0.7

4.5

17.81

+5.83
+2.88

+6.01

100.00
89.44

88.75
88.05
88.56

0.9

0.7

5.0
4.5

+1.55
+3.23

+0.56
+0.24

28.31

0.9

0.8

25.75

100.00

0.9

0.8

5.0

Err standard error

4 Conclusion

A. flavus NDAO4a was isolated from soil and selected
because it showed a relatively high catalytic transesterifi-
cation capability compared to other isolates; then, it was
randomly mutated, and the mutant showed higher lipase
activity was selected for this study [14]. To our knowl-
edge, this might be the 1% or among the very early reports
on the optimization of A. flavus cultivation conditions to
maximize the biomass capability to catalyze the transes-
terification of TG to biodiesel.

The biomass lipase activity and transesterification
capability were mainly the same in both culture media A
and B, and medium A had 18.5 % more biomass. Hence,
medium A (glucose-polypeptone) was selected for fur-
ther optimization. Submerged fermentation at 200 rpm
increased the growth, lipase activity, and transesterifi-
cation capability by 3, 4.9, and 2.5 folds, respectively,
compared to static conditions. Olive oil was the most
potent lipolytic activity inducer. As a replacement for
polypeptone, urea improved lipase activity by 12.8 % and
transesterification capability by 4.6 %, while the growth
was reduced to 13.75 g L7,

Plackett Burman screening showed that KH,PO, con-
centration, urea concentration, and glucose concentra-
tion had the highest significant main effects on biomass
transesterification capability and lipase activity and
significantly affected the growth; therefore, they were
selected for further optimization. Response surface
methodology (RSM) was applied using central compos-
ite design (CCD) for further optimization. CCD models
for growth, biomass lipase activity, and transesterifica-
tion capability were checked for adequacy and validated.
The optimum concentrations for growth and biomass
transesterification were glucose (4.5 %, w/v), urea (0.7
%, wlv), and KH,PO, (0.9 %, w/v), and those for lipase
activity of biomass were glucose (4.4 %, w/v), urea (0.7
%, wiv), and KH,PO, (2.1 %, w/v). Overall, the opti-
mization process increased the biomass catalytic lipid
modification capability of the produced biomass, the
transesterification capability of the produced biomass,
in terms of FAME percentage, was improved by 2.1 folds
from 40.51 to 86.71%, and the biomass lipase activity
was enhanced by 2.3 folds from 9.69 to 22.14 U/g.
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