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Glucose oxidase (GOx) has several industrial applications. It is believed that there are several species
of fungi that have the ability to produce this enzyme, most of which are unexplored. This work aimed to
investigate the production of glucose oxidase (EC 1.1.3.4) by fungi isolated from soil samples of the
Amazonian forest. Filamentous fungi were isolated from soil samples from the Adolpho Ducke Forest
Reserve, located in Manaus, Amazonas. Strains were subjected to submerged bioprocessing to select
for the best GOx producers. Those selected for the production of isolated enzymes were subjected to
kinetic tests that evaluated production of the enzyme and consumption of the biomass substrate by the
isolates. In addition, experiments to evaluate the optimal carbon, nitrogen and phosphorus sources as
well as the influence of the bioprocess factors were carried out. Finally, GOx production was
investigated in a semi-continuous system for 7 days. The most frequent isolates isolated from soil
samples belonged to the genera Aspergillus, Penicillium and Trichoderma. Aspergillus niger LMMO1
was the best GOx producer. Glucose, peptone and KH,PO,were demonstrated to be the optimal carbon,
nitrogen and phosphorus sources, respectively. Multivariate experiments demonstrated that the
parameters with the greatest effect on GOx production were pH and agitation. Stable expression results
for GOx (7.74 U/ml) were obtained over 7 days in a semi-continuous process. In this context, the new
Amazonian source of this enzyme (A. niger LMMO1), and enzyme production in a semi-continuous
process, demonstrates the importance of the present work.
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INTRODUCTION

Glucose oxidase (GOx, pB-D-glucose:oxygen 1- glucose using molecular oxygen (Bankar et al., 2009b).
oxidoreductase, EC 1.1.3.4) catalyses the oxidation of Since the early 1950s, glucose oxidase has been widely
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used in the manufacture of powdered eggs, paper test
strips for diabetic patients, and more recently, biosensors
(Hwa, 2015; Choi et al., 2015; Wong et al., 2008).
Glucose oxidase is produced by fungi as a defence
mechanism and has antimicrobial effects (Ferri et al.,
2011). This enzyme might also be a good alternative to
traditional, chemical and physical treatments used in food
preservation (Aber et al., 2016; Amiri et al., 2016; Récker
et al., 2016), but is not highly produced in Brazil.

The most common microbial sources of GOXx include
members of the Aspergillus and Penicillium genera,
although the majority of commercial preparations are
made using A. niger species (Qiu et al., 2016; Khan et
al.,, 2016). Extensive growth with the use of GOx in the
field of nanotechnology for constructing glucose-sensing
biosensors has reduced its importance in the previously
mentioned industrial applications (Aber et al., 2016;
Sapountzi et al., 2017; Fapyane et al., 2016).

The Amazon rainforest has great potential for
bioprospecting useful substances from fungi (Celestino et
al., 2014, Pereira et al., 2016). The roles of fungi in soil
are complex and critical to the functionality of the biome.
Fungi can act in nutrient cycling and develop symbiotic or
pathogenic associations with plants and animals in
addition to interacting with other microorganisms. The
magnitude of the many functions performed by fungi can
be better understood by considering the diversity of this
group of organisms. Nevertheless, there are no published
studies that have screened for GOx producers from the
Amazon rainforest (Mendes et al., 2015; Santos et al.,
2015; Salony et al., 2016).

The present work describes a GOx produced by A.
niger LMMO1, representing a new source of GOX. In
addition, the isolation of amazon fungi, screening of GOx
producers, the optimal bioprocessing conditions and
potential use of a semi-continuous system were
examined. Academic centres, industry and the general
population will likely benefit from the results of this study.

MATERIALS AND METHODS
Fungi isolation

Soil samples were collected in June from the florestal reserve
Adolpho Ducke (02°55-03°01'S, 59°53’-59°'59'W) Manaus-AM
Brazil. Approximately 1 g of superficial soil (2 cm deep) was
subjected to successive dilutions (1x107*-1x107°) and 100 pL
aliquots were plated onto Potato Dextrose Agar (PDA) plates
containing chloramphenicol (250 mg/L). The plates were incubated
at 30°C and monitored daily for 14 days to isolate filamentous fungi.
The isolated colonies were purified and plated on potato dextrose
agar (PDA) and incubated at 36°C, during seven days (Gomes et
al., 2005). These pure cultures were stored in a refrigerator at 4°C
during storage and after the procedure.

Fungi identification

The isolates were transferred to two tubes, one of which was stored
at 4°C while the second was used in subsequent experiments. The

genera of the isolates were investigated by micromorphological
evaluations (Bridge and Spooner, 2001) and the species were
identified by sequencing ITS1-5.8S-ITS2 DNA.

DNA was extracted from the samples (200 pL of fungal biomass)
using a QlAamp Blood and Tissue kit (Qiagen, Hilden, Germany)
following the manufacturer's instructions. DNA was quantified by
absorbance at 260 nm using a Genequant Spectrophotometer
(Eppendorf, Hamburg, Germany). PCR reactions had a final volume
of 50 pL and contained PCR buffer (10 mM Tris-HCI, pH 8.3, 50
mM KCI), 1.5 mM MgCl,, 0.5 pM of the primers ITS-1 (5-
TCCGTAGGTGAACCTGCGG -3 and ITS-4
(5'TCCTCCGCTTATTGATATGC-3'), 200 uM dNTPs, 1.5 U of
ampli-tagged DNA polymerase and 100 ng of fungal DNA.

PCR was performed as described by White et al. (1990) using
the following PCR amplification conditions in thermocycler
(Mastercycler nexus X2, Eppendorf, Brazil): Initial denaturation at
94°C for 5 min, followed by 35 cycles of DNA denaturation at 94°C
for 1 min, annealing at 55°C for 1 min and an extension at 72°C for
2 min, with a final extension at 72°C for 10 min. Two positive
controls and a negative control were included in the assay. PCR
products were visualized by electrophoresis on a 1.5% agarose gel
that was stained with SYBR® Green (SYBR Safe DNA Gel Stain,
Invitrogen, Carlsbad, USA). A 100-bp DNA Ladder (SM0331, MBI
Fermentas, St. Leon-Rot, Germany) was used the DNA size
marker.

The amplification products were purified using a polyethylene
glycol (PEG) solution (10 g of polyethylene glycol 800, 7.3 g NaCl in
35 ml water) as described previously (Vingataramin and Frost,
2015). Similar volumes of PEG and amplicon solutions were
transferred to a microfuge tube (1.5 ml), homogenized and
incubated (37°C for 15 min). Then, the mixture was centrifuged (15
min at 6,000 g), supernatant was discarded, and precipitate was
washed twice with 70% ethanol and resuspended in water.

The sequencing reaction was performed using a BigDye® kit
(Applied Biosystem). Sequencing was carried out in a Seq 3130
Genetic Analyser (Applied Biosystem). The sequences obtained
were compared with those in Genbank (www.ncbi.nlm.nih.gov).

Screening of glucose oxidase producers

Fungal strains were incubated in 125-ml flasks containing 50 ml of
medium (5 g/L KH2POy4, 0.1 g/L CaCl,, 0.5 g/L MgS0O4-7H,0, 0.01
g/L FeSO,4-7H,0, 0.01 g/L ZnS04-7H,0, 0.03 g/L MnSQO4-H,0, 5
g/L peptone and 80 g/L glucose, pH 6.0). The culture medium was
inoculated with a suspension of spores (1x10° spores/ml). The
bioprocess was incubated at 26°C for 96 h with orbital agitation
(100 rpm). After incubation, the enzymatic activities were
determined.

Kinetics of GOx production of selected isolates

The kinetics of GOx production was determined for microorganisms
that excelled at GOx production. The bioprocess conditions were
similar to those described in the Screening of Glucose oxidase
producers section. Soluble solids (g/L), biomass (g/L) and GOx
production (U/ml) were quantified every 24 for 120 h. In addition,
GOx productivity (Equation 1) and yield YP/S (Equation 2) were
determined:

AEmax - AEo
PE=
b (1)
Where Peg = maximum enzymatic productivity; AEmax = maximal

enzymatic activity; AE;, = initial enzyme activity; and t; = time (days)
of fermentation in which a maximum activity was observed.



Table 1. Experimental levels used for carbon concentration,
nitrogen concentration, phosphorous concentration, pH and
agitation in the experimental design (2°) for the production of
GOx by the selected fungus.

Levels

Factor

-1 0 1
Concentration of glucose (g/L) 60 80 100
Concentration of peptone (g/L) 3 5 7
Concentration of KH2PO4 (g/L) 3 5 7
pH 5 6 7
Orbital agitation (rpm) 80 100 120

Product mass obtained
Ypis =
Substrate mass consumed 2)

Sources of carbon, nitrogen and phosphorus

To select the optimal carbon, nitrogen and phosphorus sources,
several sources were investigated using a univariate strategy. The
main bioprocess conditions were similar to those used in the
Screening of Glucose oxidase producers section. The carbon
sources (80 g/L) tested included xylose, maltose, glucose, sucrose,
galactose and lactose. The nitrogen sources (5 g/L) tested included
yeast extract, malt extract, peptone, soy peptone and KNOs. The
phosphorus sources (5 g/L) tested was NazPO., KH,PO, and
P4010.

Evaluation of the influence of the assayed factors in the
bioprocess through factorial design

Using a multivariate experiment, the influence of the factors were
evaluated: [Carbon Concentration] [Nitrogen Concentration]
[Concentration of Phosphorus] [shake] and [pH] in the production of
GOx. The bioprocess conditions were similar to those described in
the Screening of Glucose oxidase producers section.

The influence of these variables was studied according to a
complete 2° experimental design to identify the factors with
statistically significant influence. Thirty-two experiments were
carried out, with three central points. A mathematical model was
determined and used response surface methodology and central
points to calculate the experimental error. The levels of the factors
studied are shown in Table 1.

Production in a semi-continuous bioprocess

Cultures were scaled in 2-L flasks containing 0.5 L of medium. The
bioprocess was maintained at 27°C and 120 rpm (agitation speed).
The pH of the culture was kept at 6.0. The cultures were grown
under ambient light, and the conditions were identical for all growth
phases. For semi-continuous operation, after 72 h of initial growth,
another growth phase was initiated by following the identical
cultivation parameters by removing the fermented medium and
replacing it with new medium for 24 h for each assay.

Determination of glucose oxidase

For the determination of GOx a modified method using O-
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dianisidine, was used (Haq et al., 2014). The fermented broth was
centrifuged at 10,000 rpm for 30 min to separate the biomass. For
the determination of GOXx, a reaction mixture consisting of 0.1 ml of
0.01 M D-glucose, 0.75 ml of 0.02% o-dianisidine in phosphate
buffer pH 7.0, 25 pg of horseradish peroxidase (EC 1.11.1. 7) (~40
units/mg solid, Sigma, Germany) and 0.1 ml of enzyme solution
(GOx) was used. The mixture was incubated for 10 min at 35°C.
The reaction was stopped by adding 0.5 ml of 4 N HCI and
guantified at 500 nm. One unit (U) of GOx activity was defined as
the amount of enzyme required to oxidize 1 mmol of glucose per
minute under the assay conditions. Equation 3 was used to
calculate the maximum enzymatic productivity.

[(ABSftest - ABS/control negative). (V1). (df)] . T*

Activity GOx: U/ml =
(7.5). (V2) 3)

Where, V1 = assay volume (in ml); (df) = dilution factor of the broth;
7.5 = millimolar extinction coefficient for oxidized o-dianisidine at
500 nm; V2 = volume (in ml) of broth containing enzyme used; and
T = time duration of the reaction. One unit will oxidize 1.0 mmol of
B-D-glucose to gluconolactone and 6-H,O, per minute at pH 7.0 at
35°C.

Biomass determination

The mycelia were separated from the culture medium by filtration
using Whatman No. 1 filter paper and were dried at 105°C for 24 h.
The growth of the fungi was quantified in terms of the dry mycelial
weight per millilitre. To this end, the mycelia obtained after filtration
were transferred to an oven at 105°C for 24 h and then weighed to
determine the dry weight.

Sugar determination

The concentration of reducing sugars (RS) was determined by the
dinitrosalicylic acid method 3.5 - DNS (Miller, 1959). Samples were
centrifuged at 3,500 rpm for 5 min, diluted with H,O and transferred
to test tubes containing 1 ml of DNS reagent solution. After
incubation in a boiling water bath for 5 min and subsequent cooling
with running water, the absorbance of each sample was measured
at 540 nm with a digital FEMTO 700S spectrophotometer. The
blank reaction used for calibrating the apparatus was obtained
using only 1 ml of distilled water. The observed absorbance was
correlated to the concentration of reducing sugar using a standard
glucose curve (Ahmed et al., 2016). As an alternative, in the semi-
continuous process, the Brix was measured in an ATAGO Pocket
PAL-1 refractometer (Tokyo, Japan) at 25°C. The refractometer
was calibrated using a sucrose solution as a standard, such that 1
Brix was equivalent to 1 g of sucrose per 100 ml of solution.

RESULTS

Isolation and identification

Soil samples were diluted and transferred to culture
medium to isolate the fungal strains. Then, identification
techniques (determination of micromorphologies and
ITS1-5.8S-ITS2 sequencing) were carried out. The total
of the 100 isolates primarily belonged to the genera
Aspergillus, Penicillium and Trichoderma (Table 2).

GOx screening

Fungal strains (n=100) were subjected to submerged
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Table 2. Frequency of fungal genera isolated
from samples of superficial soil (2 cm deep)
from the Amazon Forest (Latitude: 02°95'43 "
S; Longitude: 59°93'39"0).

Genus Frequency (%)
Aspergillus 43
Penicillium 35
Trichoderma 12
Fusarium 3
Oidiodendron 3
Paecilomyces 3
Acremonium 1

Table 3. Isolates highlighted in a screening of
glucose oxidase producers carried out with
microorganisms isolated from soil samples in the
amazon florets.

Microorganisms GOx activity (U/ml)

Aspergillus LMMO1 3.55+0.03
Aspergillus LMM85 2.90 +0.02
Aspergillus LMM15 2.75+0.02
Penicillium LMM29 2.62 +0.03
Aspergillus LMMO03 1.54 +0.02
Aspergillus LMM16 1.51 £ 0.02
Penicillium LMM12 1.49+0.04
Tricoderma LMM17 0.31+0.03
Penicillium LMM41 0.29 +0.02
Aspergillus LMM42 0.29 +0.02
Tricoderma LMM46 0.27 +0.04
Penicillium LMM94 0.19 +0.03
Aspergillus LMM59 0.19 + 0.04
Aspergillus LMM25 0.17 +£0.02
Aspergillus LMM51 0.16 + 0.04
Aspergillus LMM99 0.11 +0.03
Paecilomyces LMM53 0.09 £ 0.02
Penicillium LMM79 0.03 +0.04
Aspergillus LMM52 0.03 +0.03
Penicillium LMM83 0.03 +0.02

bioprocess (120 h). The GOx activities (U/ml) of the 20
best producers are shown in the Table 3.

Kinetics of GOx production

GOx (U/ml) (P), fungal biomass (g/L) (X) and reducing
sugars (S) were quantified to find the best GOx producer
(Figure 1). A. niger LMMO1 presented highest productivity
(0.093 U/dL) and Yps (1.87).

Influence of nutrients and bioprocess conditions

Experiments were carried out to select the optimal

carbon, nitrogen and phosphorus sources for GOx
production (A. niger LMMO01). Glucose, peptone and
KH,PO, were demonstrated to be the optimal carbon,
nitrogen and phosphorus sources, respectively (Figure
2).

In addition, 2° multifactorial experiments investigated
the influence of the following factors on GOx production:
[glucose], [peptone], [KH3PO,4], orbital agitation (rpm) and
pH. The GOx production levels ranged from 0.12 to 7.7
U/ml (Table 4). The effect of the tested factors and their
interactions are shown in Table 5. The standard error (o)
was calculated and statistical analyses (t-test) were
carried out (Table 6). In the experimental conditions, the
factors that were considered to be significant for GOx
production (95% confidence) were pH (D), agitation (E)
and their interaction DE. A mathematical model (Equation
4) was developed according to this data:

GOx (U/ml) = 0525786 - 0.096875*pH -
0.108656*Agitation + 0.0.27625*pH*Agitation 4

Analysis of variance (ANOVA) was performed (Table 6)
to validate the model Equation 4. This mathematical
model showed a significant regression and no lack of fit.
A graphic of the surface response (Figure 3) was
generated to represent the results contained in Equation
4. The response surface showed the highest GOx level at
pH 6.0 and an orbital agitation of 120 rpm.

GOx production in a semi-continuous process

GOx (U/ml) (P), fungi biomass (g/L) (X) and reducing
sugars (S) were quantified during the 7-day experiment
(Figure 4). Stable results for P (7.74 U/ml), X (9.60 g/L)
and S (4.8 g/L) were obtained from the process every 24
h over the course of 7 days.

DISCUSSION

The present study demonstrated the potential of GOx
production by fungal isolates obtained from soil samples
from the Amazon region. Specifically, a new isolate, A.
niger LMMO1, produced high levels of GOx (7.74 U/ml)
(Figure 4). In addition, continuous production of this
enzyme in a semi-continuous process with high
enzymatic levels by using sucrose (as an alternative to
glucose) as the substrate was demonstrated. These data
demonstrate, for the first time, the potential of strains
from Amazonian soil to produce this economically
important enzyme.

In the present study, fungal strains isolated from soil
samples belonged to the genera Aspergillus, Penicillium
and Trichoderma. These fungi were the more prevalent in
soil samples from previous studies (Oliveira et al., 2013;
Hamed, 2013; Zhang et al., 2014; Igbal and Utara, 2015;
Mirhendi et al., 2016; Sondhia et al., 2016) and are also
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Figure 2. Evaluation of carbon, nitrogen and phosphorus sources
for the production of glucose oxidase. The use of carbon sources
(glucose, sucrose, maltose, xylose, galactose and lactose),
nitrogen sources (peptone from meat, maltose extract, soy
peptone, yeast extract and KNOs) and phosphorus sources
(KH3PO4 Na;HPO, and P4010) as substrates for the production of
glucose oxidase was investigated using a bioprocess with the
isolated A. niger LMMOL1 strain.

Table 4. Experimental run of the 2° factorial design for the production of glucose oxidase from A. niger LMMO1.

eﬁgé?ifn:t;ﬁt Glucose (g/L) KH2PO4(g/L) Peptone (g/L) pH Agitation (rpm) GOx (U/ml)
1 80 3 3 4 80 0.12
2 80 3 3 4 120 0.34
3 80 3 3 6 80 4.41
4 80 3 3 6 120 6.25
5 80 3 7 4 80 0.21
6 80 3 7 4 120 0.28
7 80 3 7 6 80 4.43
8 80 3 7 6 120 6.04
9 80 7 3 4 80 0.18
10 80 7 3 4 120 0.21
11 80 7 3 6 80 4.71
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3 6 120 6.67
7 4 80 0.22
7 4 120 0.28
7 6 80 4.99
7 6 120 7.03
3 4 80 0.13
3 4 120 0.15
3 6 80 4.32
3 6 120 5.87
7 4 80 0.31
7 4 120 0.33
7 6 80 4.82
7 6 120 7.69
3 4 80 0.21
3 4 120 0.32
3 6 80 451
3 6 120 6.92
7 4 80 0.42
7 4 120 0.48
7 6 80 3.42
7 6 120 7.41
5 5 100 3.51
5 5 100 3.71
5 5 100 3.69

The factors analyzed were; Glucose, KH,PO,, peptone, pH and agitation. The experimental response of these process variables was the
production of glucose oxidase (U/ml).

Prevalent

Table 5. Effects of the factors on the

production

of

Glucose Oxidase and

standard deviation calculated from the

center point.

Mean
A:Glucose
B:KH,PO4
C:Peptone
D:pH
E:Agitation
AB

AC

AD

AE

BC

BD

BE

CD

CE

DE

2.99+0.08
0.06 £0.17
0.14+0.17
0.19+0.17
5.33+0.17
1.18+0.17*
-0.13+0.17
0.12+0.16
-0.005+0.17
0.20+0.17
-0.12+0.17
0.09+0.17
0.15+0.17
0.08+0.17
0.16+0.17
1.10+£0.17*

*Statistically significant values p<0.05.

in other

environments such as water

(Sessegolo et al.,, 2011; Oliveira et al., 2016), plants
(Pinheiro et al., 2013; Zhou et al., 2016; Corréa et al.,
2014; Russell et al., 2011; Orlandelli et al., 2012), marine
organisms (Debbab et al., 2012; Subramani et al., 2013;
Hayashi et al., 2016; Cicatiello et al., 2016) and even the
glacial arctic environment (Sonjak et al., 2006; Sonjak et
al., 2007; Zhang et al., 2016).

A fraction of the fungal isolates (20%) were able to
produce GOxX. This observation is similar to previous GOx
screening studies, which also demonstrated the potential
of the genus Aspergillus and Penicillium (Gao et al.,
2012; Singh and Verma, 2013; Bhat et al., 2013; Ahmad
et al., 2014; Konishi et al., 2013; Farid et al., 2012; Gu et
al., 2015) to produce GOx. This study is the first to
describe a GOx screen carried out with Amazonian fungi.

In the present work, the kinetics study demonstrated
that GOx production occurred in the exponential growth
phase and that A. niger LMMO1 was the best producer.
Other studies that investigated GOx production by
Aspergillus niger obtained similar results. Bankar et al.
(2009b) obtained a GOx yield of 2.0 U/ml; Fiedurek and
Gromada (2000) reported a yield of 2.5 U/ml and Lu et al.
(1996) obtained a yield of 6.0 U/ml.

Glucose, peptone and KH,PO, were optimal nutrient
sources for GOx production in A. niger LMMO1.
Hatzinikolaou and Macris (1995) investigated the effects
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Table 6. Statistical analysis of the factorial design 2° by ANOVA in a range of 95% confidence.

Sources of variation Sum of squares Degrees of freedom  Average square F P Value
D:pH 227.378 1 227.38 1159.85 0.0000
E:Agitation 11.12 1 11.12 56.70 0.0000
DE 9.77 1 9.77 49.83 0.0000
Lack of fit 1.38 1 1.38 8.81 0.0058
Pure error 4.69 30 0.16

Total (corr.) 254.34 34

R? = 97.6106%.

I 0.510
B 0.880
B 1.250
B 1.620
B 1.9%0
[ 2.360
[]2.730
[]3.100
[ 3.469
[ 3.839
[ 4.209
B 4.579
B 4.949
B 5.319
B 5.689

B 6.059

Figure 3. Surface response combination of the experimental 2° factorial design for
the production of glucose oxidase from Aspergillus niger LMMO1 with the factors;
Glucose, KH,PO., peptone, pH and orbital agitation. The outcome (response) was

the production of glucose oxidase.

N W s UV O N W

Dry weight (g/L)
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»
T
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-]

Glucose Oxidase(U/ml)

Figure 4. Glucose oxidase production in a semi-continuous process utilizing the

Aspergillus niger LMMO1 strain.



of different carbon sources on GOx production by A.
niger and observed that significant enzyme production
was obtained using glucose, sucrose and molasses as
substrates. Kona et al. (2001) also demonstrated the
potential of sucrose as an alternative carbon source. In
addition, Rogalski et al. (1988) and Hatzinikolaou and
Macris (1995) demonstrated the importance of peptone
supplementation for high GOx production.

In the present work, multivariate experiments
demonstrated that the parameters that had the greatest
effect on the production of GOx were pH and agitation
(Table 5), which were observed in previous studies
(Ahmad et al.,, 2014; Rocker et al, 2016). Culture
aeration has a direct relationship with the final production
of GOx (Macris, 1995; Bankar et al., 2009a; Khurshid et
al., 2011). Liu et al. (2003) also demonstrated the
importance of aerobic conditions and high oxygen
transference for GOx production.

Finally, this study demonstrated the production of high
GOx levels in a semi-continuous process during a 7-day
assay. Our results demonstrate the potential of A. niger
LMMO1 and the present bioprocess conditions for use in
a wide range of industries, particularly food and
pharmaceutical manufacturers (Bankar et al., 2009b;
Ferri et al., 2011; Wong et al., 2008).

In recent years, the importance of GOx has increased.
Numerous studies (Talbert et al., 2014; Wong et al.,
2008; Choi et al., 2015; Singh and Verma, 2013; Rdcker
et al., 2016) have shown increase in the traditional uses
of this enzyme. In addition, GOx has more recently been
used in biosensor applications (Devasenathipathy et al.,
2015; Turkmen et al., 2014; Hwa, 2015; Lin et al., 2015)
and other nanotechnological applications have been
demonstrated (Aber et al., 2016; Liu et al, 2014
Sapountzi et al., 2017). In this context, the new
Amazonian source of this enzyme (A. niger LMMO1) and
production of GOx in a semi-continuous process
demonstrates the importance of the present work. In the
future, scaled up experiments and the utilization of
residues as substrate should be investigated to make the
enzyme production more economically attractive and
their use more widespread.
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