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Abstract

Agro-industrial wastes provide potential sources of carbon for production of fungal enzymes applied for various biotech-
nological applications. In this study, 23 strains of Aspergillus niger were systematically investigated for their capability on
production of carbohydrate-processing enzymes used in industries. The strains were grown on glucose or selected agri-
cultural wastes comprising varied chemical compositions as the sole carbon source. As a control, glucose induced basal
activities of amylase, pectinase, and xylanase in only a few strains, while the CMCase, f-glucanase, and invertase activities
were detected only when the carbon source was switched to the agro-industrial biomass. According to one-way ANOVA
analysis, banana peels containing lignocellulosic components with high pectin and starch contents with its easily digestible
nature, were found to be the best carbon source for inducing production of most target enzymes, while the cellulose-rich
sugarcane bagasse efficiently promoted maximal levels of f-glucanase and xylanase activities. The starch fiber-rich cassava
pulp also effectively supported the activities of amylase and most other enzymes, but at relatively lower levels compared to
those obtained with banana peel. The A. niger TL11 strain was considered the most potent strain for production of all target
enzymes with the CMCase, xylanase, pectinase, f-glucanase, amylase, and invertase activities of 76.15, 601.59, 160.89,
409.20, 426.73, and 1186.94 U/mL, respectively. The results provide insights into the efficiency of various carbon sources
with different chemical compositions on inducing the target enzymes as well as the dissimilarity of A. niger strains on the
production of different carbohydrate-processing enzymes.
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Introduction be considered that each agro-industrial waste has its own
unique physical characteristics and chemical compositions.
Thus, understanding the effect of these different agricul-

tural wastes on microorganism’s enzyme production profile

Agricultural-based industries annually generate an abun-
dance of waste residues, which are underutilized eco-

nomically and they can cause environmental pollution
from the disposal process. Currently, these waste residues
have become more valuable due to the development of
bio-industries that enables various agricultural wastes to
be used as alternative carbon sources for microorganisms
during enzyme production. Therefore, using these wastes
can significantly lower the cost of enzyme manufactur-
ing. For its use as a carbon source for fermentation, it must
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will be extremely beneficial for the efficient utilization of
enzymes in industrial applications. The major component of
plant-derived wastes is lignocellulose comprising different
proportions of carbohydrate polymers (cellulose and hemi-
cellulose) and aromatic polymer (lignin) along with other
minor constituents including pectin, proteins, lipids, extrac-
tives, and minerals (van den Brink and de Vries 2011). In
addition to lignocellulose, high contents of starch can be
found in fruit-derived wastes, such as banana peel, jack-
fruit seed, and pineapple stems (Kringel et al. 2020), as
well as wastes from starch processing such as cassava pulp
(Djuma’ali et al. 2011). The diversity of chemical composi-
tions of agro-industrial wastes and the enzymatic charac-
teristics of each microorganism have become the principal
factors affecting the variation of the enzyme productivity
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exhibited by different microbes. For example, utilization
of sugarcane bagasse as a sole carbon source for fermenta-
tion of six filamentous fungi including Aspergillus japoni-
cus, Fusarium sp., Fusarium. solani, Fusarium oxysporum,
Pestalotiopsis sp., and Trichoderma pseudokoningii resulted
in the production of various types of enzymes, such as cellu-
lases, xylanases, amylases, pectinases, and laccases (Ferreira
et al. 2018). Recently, banana peel has emerged as a promis-
ing substrate for enzyme production due to the high pectin
and starch contents (Wachirasiri et al. 2009; Orozco et al.
2014). In addition, its soft tissues allow efficient digestion of
its components. Banana peels have been used as substrates
for the production of amylase by A. niger NCIM 616 (Paladi
et al. 2012) and Penicillium sp. (Ponnuswamy et al. 2011),
xylanase and pectinase by A. fumigatus MS16 (Zehra et al.
2020), cellulase by Trichoderma viride (Sun et al. 2011),
and laccase by A. fumigatus (Vivekanand et al. 2011). Like-
wise, A. niger MS23 produced multiple enzymes including
xylanase, pectinase, amylase, and endoglucanase from solid-
state fermentation (SSF) using banana peel as the substrate
(Rehman et al. 2015). These showed that banana peel can
induce production of many carbohydrate-degrading enzymes
potentially valuable for industrial applications. A complete
enzyme induction profile of A. niger facilitated by banana
peel will most likely promote the use of banana peel as a car-
bon source for A. niger’s enzyme production in industries.
Aspergillus niger is one of the most powerful fungi in bio-
technology applications. It was commonly isolated from soil,
leaf litter, and compost. In particular, A. niger is renowned as
a high-performance cell factory for industrial production of
non-starch polysaccharide-degrading enzymes including cel-
lulases (Akula and Golla 2018), f-glucanases (Shindia et al.
2013), xylanases (Hmida-Sayari et al. 2012; Ajijolakewu
et al. 2017), pectinases (Ahmed et al. 2016), and invertases
(Romero-Gomez et al. 2000) as well as starch-degrading
enzymes including o-amylase (Gupta et al. 2008) and glu-
coamylase (Izmirlioglu and Demirci 2016; Slivinski et al.
2011). These enzymes are widely used in several indus-
tries, such as food, feed, textile, pulp and paper, pharma-
ceutical, and biorefinery (Manisha 2017; Chukwuma et al.
2020). The enzymes can be employed in the form of crude
enzyme mixtures, such as complex lignocellulose-degrading
enzyme preparations used to enhance digestibility and nutri-
tion uptake from difficult-to-digest feedstuffs in food, animal
feed, and biorefinery industries (Kuhad et al. 2011; Ejaz
et al. 2021; Bhardwaj et al. 2019; Satapathy et al. 2020;
de Souza and de Oliveira Magalhaes 2010). Additionally,
enzyme preparations with a single dominated activity can
be used in certain target applications. For example, in pulp
and paper industry, xylanase is the main enzyme used for
the bio-bleaching step while cellulase is used for smoothing
fibers, enhancing pulp drainage, and promoting ink removal
(Kirk and Jeffries 1996). Pectinase usage led to improvement
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of the brightness and whiteness and reduction of the yel-
lowness of pulp (Sheoran et al. 2008), while application of
amylase resulted in the increased drainage rate of recycled
paper pulp and reduced viscosity of the backwater (Kenealy
and Jeffries 2003).

According to food safety examinations, several products
from A. niger strains are approved with Generally Regarded
As Safe (GRAS) status by the US Food and Drug Admin-
istration (FDA) (Abarca et al. 2004), and at least 19 food
enzymes produced from A. niger have been licensed in the
US FDA (Li et al. 2020). Most importantly, A. niger has
excellent secretion machinery facilitating enzyme releases
into the culture medium (Krijgsheld et al. 2012), making
it an ideal microorganism for effective enzyme production
using either submerged fermentation (SmF) or solid-state
fermentation (SSF) (Li et al. 2020). The secreted enzymes
can then be easily collected from the fermentation media.
Production of different carbohydrate-degrading enzymes
from various strains of A. niger has continually been
reported. However, a comparative study among many strains
of A. niger on the production of multiple enzymes using
various agro-industrial wastes as carbon sources has been
very limited. The aim of this work is to systematically study
the enzyme production potential and enzyme profiles of 23
strains of A. niger previously isolated from various envi-
ronments, using different agricultural residues as the sole
carbon source for submerged fermentation. The agricultural
wastes used include sugarcane bagasse (SB), cassava pulp
(CP), and banana peel (BP), each of which contains vary-
ing chemical compositions. A high-throughput platform was
employed to determine activities of 6 carbohydrate-process-
ing enzymes with potential industrial applications including
endoglucanase (CMCase), f-glucanase, xylanase, pectinase,
invertase, and amylase. This work provides insights into the
effects of chemical compositions in the raw substrates on
profiles of carbohydrate-degrading enzymes produced by A.
niger, which can be used as a guideline for further biotech-
nological applications.

Materials and methods
Strains, media, and growth condition

Twenty-three strains of Aspergillus niger were obtained
from the Thailand Bioresource Research Center (TBRC;
www.tbrenetwork.org) (Table 1 and Supplementary Fig. 1).
The A. niger strains were grown on complete medium (CM)
agar containing 15 g/L agar, 1 g/L casamino acid, 5 g/L yeast
extract, 1% glucose, 20 mL/L. ASPA + N (stock solution 50x:
297.5 g/L NaNO;, 26.1 g/L KCl, and 74.8 g/L KH,PO, at
pH 5.5), 1 mL/L Vishniac solution, and 1 mM MgSO,, at
pH 5.5 (Arentshorst et al. 2012). The fungi were incubated
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Table 1 List of Aspergillus niger strains

Fungi New code Original (TBRC) Source
code

Aspergillus niger TLOL TBRC 2372 Soil
TLO02 TBRC 2619 Soil
TLO3 TBRC 2764 Soil
TLO04 TBRC 2765 Soil
TLOS TBRC 2767 Soil
TLO6 TBRC 2789 Sand
TLO7 TBRC 2856 Soil
TLOS TBRC 3637 Soil
TLO9 TBRC 3732 Soil
TL10 TBRC 3734 Soil
TLI11 TBRC 3738 Dung—deer
TL12 TBRC 6619 Soil—hot spring
TL13 TBRC 6634 Soil—hot spring
TL14 TBRC 6642 Soil—hot spring
TL15 TBRC 6644 Soil—hot spring
TL16 TBRC 6651 Soil—hot spring
TL17 TBRC-BCC 17136  Dung—elephant
TLI18 TBRC-BCC 17391  Soil
TL19 TBRC-BCC 17396  Soil
TL20 TBRC-BCC 17406  Soil
TL21 TBRC-BCC 17469  Soil
TL22 TBRC-BCC 17723  Soil
TL23 TBRC-BCC 19088  Soil

Remark: The phenotypes of the 23 A. niger strains were shown on
Supplementary Fig S1

at 30 °C for 5 days to produce spores. The spores were har-
vested by spore harvesting solution [SHS: 0.9% (w/v) NaCl
and 0.001% (v/v) Tween80], washed by spore washing solu-
tion [SWS: 0.9% (w/v) NaCl], and restored in SWS at 4 °C.

Determination of chemical compositions
of agricultural wastes

The contents of cellulose, hemicellulose, and lignin were
determined according to the protocol of the Association of
Official Analytical Chemists (AOAC; Arlington, VA (1990))
(AOAC 1990), while the starch content was analyzed by
the Megazyme total starch assay kit (K-TSTA-100A, Mega-
zyme, Bray, Ireland).

Fermentation in media containing different carbon
sources

Sugarcane bagasse was obtained from Mitrphol Sugar Mill
(Khon Kaen, Thailand) and pre-treated by liquid hot com-
press water according to Chotirotsukon et al. (2021). Cas-
sava pulp was bought from Cholcharoen Co., Ltd., Cholburi,

Thailand. Ripe banana peel was collected from a food fac-
tory (Ang Thong, Thailand), dried in the oven for 3 days,
and ground into small sizes. The screening medium (SM)
contains 1 g/L. casamino acid, 1 g/L yeast extract, 1.2 g/LL
NaNO,, 0.5 g/L KH,PO,, 0.2 g/L MgS0,.7H,0, and 40
pL/L Vishniac solution, at pH 6.0, supplemented with 5%
(w/v) of SB, CP, BP or 20 g/L glucose to obtain SMSB,
SMCP, SMBP, or SMGC medium, respectively. The fungal
spore was inoculated into 50 mL of SMSB, SMCP, SMBP,
or SMGC medium in 250-mL flasks. The cultures were
incubated at 30 °C with shaking at 200 rpm for 4 days. The
supernatant was collected on day 4 for subsequent deter-
mination of enzyme activities and pH (Supplementary
Table S1). The mycelium was collected for cell dry weight
(CDW) only for SMGC (Supplementary Table S2).

Enzyme assay

Activities of six enzymes were determined with the 3,5-dini-
trosalicylic acid (DNS) method (Miller 1959) using a cus-
tomized high-throughput automated enzyme screening
platform (Perkin Elmer, Waltham, MA). The activities of
endoglucanase (CMCase), f-glucanase, xylanase, pectinase,
amylase, and invertase were assayed using 1% (w/v) car-
boxymethyl cellulose (CMC), 1% (w/v) B-glucan, 1% (w/v)
beechwood xylan, 1% (w/v) citrus peel pectin, 1% (w/v)
soluble starch, and 10% (w/v) sucrose, respectively. These
substrates were dissolved in 50 mM sodium acetate buffer,
pH 5.5. The enzymatic reactions containing 50 uL substrate
and 10 pL of A. niger supernatant were incubated at 50 °C
for 10 min. After the incubation period, 120 puL of the DNS
solution was added to the reaction mixtures. The mixtures
were heated up at 95 °C for 10 min and then cooled down
at 15 °C for 10 min before the amount of reducing sugars
released into the solution were measured by absorbance at
540 nm using a spectrophotometer. The amount of reduc-
ing sugar was interpolated from a standard curve of glucose
to determine the activities of endoglucanase, p-glucanase,
amylase, and invertase. Similarly, standard curves of xylose
and D-galacturonic acid were used for determination of xyla-
nase and pectinase activities. One unit of enzyme activity
was defined as the amount of enzyme that liberated 1 pmole
of product per min.

Statistical analysis

The experiments were carried out in triplicates. All results
in our study were presented as mean values. Groups of data
with differences in mean values were identified by One-way
ANOVA analysis of variance using Tukey's range test. The p
value less than 0.05 was considered statistically significant.
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Results
Chemical composition of agricultural wastes

Differences in chemical compositions of carbon sources can
have a profound effect on types and levels of the enzymes pro-
duced by microorganisms during fermentation. In this study,
each agricultural waste was analyzed for cellulose, hemicel-
lulose, lignin, and starch contents (shown in Table 2) before
being employed as a carbon source for A. niger. Among these
agricultural wastes, cellulose is a major component found
in SB comprising 57.24% of total matter, followed by BP
(11.43%) and CP (9.43%). SB contains the highest hemicel-
lulose content at 9.85%, while BP and CP comprise 7.28% and
5.41% of hemicellulose contents, respectively. Lignin occupies
the highest fraction in SB at 10.15%, followed by BP at 9.86%,
whereas only 7.18% of lignin content was found in CP. As
predicted, CP is the best source of starch with a starch content
of 50.52%, while BP contains 25.35% starch content. In con-
trast, a very low content of starch was found in SB. The pectin
content in these agricultural wastes was not measured. How-
ever, it was reported to range between 0.6 and 0.8% in native
SB (Yadav et al. 2015), 7% in CP (Djuma’ali et al. 2011), and
11.8-15.9% in BP (Oberoi et al. 2012; Castillo-Israel et al.
2015). It should be noted that, in this study, SB was pretreated
by liquid hot water, which resulted in the enrichment of cellu-
lose with partial removals of hemicellulose and lignin. Compo-
sitions of the agricultural residues in this study are in the same
range of those previously reported (Djuma’ali et al. 2011; Yu
et al. 2013; Orozco et al. 2014; Ladeira Azaret al. 2020; Silva
et al. 2011). The other chemical components not yet analyzed
in this work include protein, fat, fiber, and ash.

Enzyme profiles of A. niger growing on various
carbon sources

Glucose

Glucose can induce the production of at least three enzymes
(xylanase, pectinase, and amylase) in several strains of A.

Table 2 Chemical compositions of agricultural wastes

Agricultural wastes Cellulose (%) Hemicel- Lignin (%) Starch

lulose content
(%) (%)
Sugarcane bagasse 57.24 9.85 10.15 0.06
(SB)
Cassava pulp (CP)  9.43 541 7.18 50.52
Banana peel (BP) 11.43 7.28 9.86 25.35

The analysis was performed in triplicate with the standard deviations
below 5%
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niger in this study (Fig. 1). Seven strains of A. niger pro-
duced xylanase in a low, but detectable, level at 4.11-10.52
U/mL (Fig. 1A). Similarly, pectinase activity was also
detected in 8 strains using the medium containing glucose
(Fig. 1B). A moderate pectinase activity was detected in the
A. niger TL12 strain at 66.34 U/mL, followed by the TL15
(48.77 U/mL) and TL13 (45.17 U/mL) strains, while the rest
of A. niger strains produced low levels of pectinase activity
in the range of 10.30-16.12 U/mL. A varying range of amyl-
ase activity between 15.33 and 219.98 U/ml was induced in
18 strains using the glucose-containing medium with the
highest activity found in the TL10 strain. Interestingly, only
one strain, A. niger TL19, produced a detectable invertase
activity at 70.36 U/mL in the glucose medium (Fig. 1C). No
activity of endoglucanase and f-glucanase was detected in
the supernatant of these A. niger strains.

Sugarcane bagasse

When glucose was replaced by SB as the only carbon
source for fermentation, the activity profiles of the 23 A.
niger strains changed significantly, especially for endoglu-
canase and f#-glucanase (Fig. 2). SB strongly induced the
endoglucanase activity of 15 A. niger strains in the range
of 6.53-39.60 U/mL with the highest activity occurring in
the TL10 strain (Fig. 2C). The activity of f-glucanase was
markedly induced by SB in all 23 strains in the range of
76.95-1268.17 U/mL (Fig. 2B). Among them, the TL20 and
TL11 strains showed a remarkably high activity above 1000
U/mL. Similar to f-glucanase, all strains produced a varying
level of xylanase activity in the range of 242.94-3910.06 U/
mL with the highest activity exhibited by the TLO7 strain
(Fig. 2F). Additionally, the use of SB increased the activ-
ity of pectinase in 19 strains in a range of 15.10-176.26 U/
mL. The highest activity was detected in the TL12 strain,
displaying 2.7 times higher activity than that observed in
the glucose medium (Fig. 2E).

Interestingly, SB acts not only as an inducer but also as an
inhibitor of the production of certain enzymes, as the activi-
ties of invertase and amylase of several strains were reduced
compared to those obtained in the glucose medium. The A.
niger TL19 strain was the only one producing invertase in
both glucose- and SB-containing media, but the activity was
reduced from 70.36 U/mL in the SMGC medium to only
19.89 U/mL in the SMSB medium (Fig. 2D). Additionally,
SB inhibited the amylase activity of 18 strains that presented
high activity when grown in the SMGC medium. In the
SMSB medium, the amylase activity was detected in only
8 strains with a range of 24.29-63.98 U/mL (Fig. 2A). The
TL23 strain showed the highest amylase activity at 63.98 U/
mL, which was reduced from 138.82 U/mL in the glucose
medium. On the other hand, a slight increase in the amylase
activity was found in the TL22 strain.
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Fig.1 Profiles of enzyme activities produced by A. niger strains
grown on glucose as the carbon source (SMGC medium). A Xyla-
nase activity, B pectinase activity, C invertase activity, and D amylase

Cassava pulp

Overall, CP strongly induced the expression of all six
enzymes tested, especially amylase, pectinase, and invertase
(Fig. 3). All 23 strains produced the amylase activity at
64.82-593.37 U/mL with the greatest activity shown by
the TL12 strain (Fig. 3A). Interestingly, a slight decrease
in amylase activity was observed in the TL10 strain grown
in CP (213.27 U/mL) compared to that in the glucose-
containing medium (219.98 U/mL). The pectinase activi-
ties exhibited by the A. niger strains grown in the SMCP
medium were in the range of 53.12-276.97 U/mL, which
were substantially higher compared to those observed in
glucose- and SB-containing media. The highest pectinase
activity was obtained from the TL13 strain (Fig. 3E). The
invertase activities were found in all 23 strains of A. niger
when grown in CP-containing medium and they tended to
increase in most strains when CP was included in the media
compared to those observed in SMGC and SMSB media.
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activity. The enzyme activities were determined in 50 mM sodium
acetate buffer, pH 5.5 at 50 °C. The measurements were done in trip-
licate

The activities were in the range of 3.82-182.41 U/mL with
the highest activity occurring in fermentation of the TL15
strain. Remarkably, CP inhibited the invertase activity of
the TL19 strain, which displayed the activity of only 41.03
U/mL compared to 70.36 U/mL obtained in the SMGC
medium. However, its activity in the SMCP medium was
still higher than that in the SMSB medium (19.89 U/mL).
With regard to endoglucanase (CMCase) activity after
fermentation in the SMCP medium, there were 17 A. niger
strains secreting endoglucanase in the range of 7.45-51.28
U/mL (Fig. 2E). Most of these strains showed higher endo-
glucanase activities than those obtained in SMSB, whereas
3 strains (TLO2, TL13, and TL14) showed a relatively low
activity level (< 8.63 U/mL) and 6 strains (TLO1, TLO6,
TLO09, IL10, TL16, and IL.23) showed no detectable activ-
ity. The p-glucanase was moderately induced by CP with
activities in the range of 4.40-112.16 U/mL in 20 strains
(Fig. 2E), but its activity was not found in 3 strains (TLO1,
TLO6, and TL09). The activity of p-glucanase in SMCP
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Fig.2 Profiles of enzyme activities produced by A. niger strains
grown in sugarcane bagasse as the carbon source (SMSB medium).
A Amylase activity, B p-glucanase activity, C CMCase activity, D

was lower than that in SMSB. Likewise, the induction of
the xylanase activity in the SMCP medium was weaker
than that in the SMSB medium, as the activities of the 23
strains were between 19.10 and 460.78 U/mL. The highest
xylanase activity was obtained with the TL17 strain.
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invertase activity, E pectinase activity, and F xylanase activity. The
enzyme activities were determined in 50 mM sodium acetate buffer,
pH 5.5 at 50 °C. The measurements were done in triplicate

Banana peel

BP contains cellulose, hemicellulose, starch, lignin, and a
substantial proportion of pectin. In this study, the use of BP
resulted in the induction of all six enzymes in most strains,
with the exception of TL12, TL14, and TL20 strains that



3 Biotech (2022) 12:17

Page7of16 17

A

700

600

500

400

300

200

Amylase activity (U/mL)

100

0
- N M
- - -
- d
[
Strain

TLO1
TLO2
TLO3
TLO4
TLOS
TLO6
TLo7
TLO8
TLO9
TL10
TL14
TL1S
TL16
L7
TL18
TL19
TL20
TL21
TL22
TL23

3

CMCase activity (U/mL)
8 8 & 8

=

o
1
t
.

- N m [¥a) ~ - Nm v ~ - N ™M

3883885838200 0IL8NRARRINYX

- o o e e e e e e e e ) e ) e e A A A A D

FFFPRFPFFFPFPFRFFFEFFFEFFFFFF
Strain

Pectinase activity (U/mL)

o o om [T ~ - ~Nom n o~ o® - oNom
OoogosogggﬁﬁﬁﬁﬁﬁﬁﬁagNNN
e e o A D A D D D D D D A d
FFFFFFFFFFFFFFFFFFFFFFF

Strain

Fig.3 Profiles of enzyme activities produced by 23 A. niger strains
grown on cassava pulp as the carbon source (SMCP medium). A
Amylase activity, B fp-glucanase activity, C CMCase activity, D

did not produce certain enzyme activities (Fig. 4). Based
on the enzyme activity profiles, BP is considered the best
carbon source for the production of invertase, pectinases,
endoglucanase, and amylase compared to BG and CP.
The invertase activity of 23 strains were in the range of
57.04-1542.66 U/mL (Fig. 4D). The strongest activity was
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invertase activity, E pectinase activity, and F xylanase activity. The
enzyme activities were determined in 50 mM sodium acetate buffer,
pH 5.5 at 50 °C. The measurements were done in triplicate

found in the A. niger TL20 strain. Likewise, the pectinase
activities were found in the range of 43.79-865.67 U/mL
(Fig. 4E). From these 23 strains, 4 strains secreted pectinase
with activities over 800 U/mL including the TL23, TL22,
TLO09, and TL10. In addition, the A. niger grown in SMBP
showed a wide range of amylase activity between 11.79 and

Pigllase ¢l ay .
e @) Springer



17 Page8of16

3 Biotech (2022) 12:17

1082.52 U/mL, with the highest activity occurring in the
TL20 strain (Fig. 4A). Interestingly, no amylase activity was
detected from the TL12 strain cultivated in SMBP, while
this strain secreted a high amylase activity in SMCP. Both
the TL12 and TL20 strains showed no endoglucanase activ-
ity in SMBP. Excluding these two strains, BP promoted the
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Fig.4 Profiles of enzyme activities produced by A. niger grown on
banana peel as the carbon source (SMBP medium). A Amylase activ-
ity, B B-glucanase activity, C CMCase activity, D invertase activity,
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endoglucanase activities in 17 strains with the activity range
of 10.58-133.90 U/mL (Fig. 4C). In contrast, the endoglu-
canase activities of the other 4 strains including TL.14, TL15,
TL17 and TL19 were lower than those obtained in SMCP.
BP was also a powerful inducer for B-glucanase and xylanase
production with the activity range of 8.09—409.20 U/mL and
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46.48-601.59 U/mL, respectively (Fig. 4B and F). The A.
niger TL11 strain was found to produce the highest level of
fB-glucanase and xylanase activities when BP was used as the
carbon source. Both enzyme activities obtained in BP were
lower than those found in SB-containing medium but higher
than those found in CP-containing medium.

Discussion

Many studies have shown varying abilities of A. niger
strains on the production of various carbohydrate-degrading
enzymes. However, those reports mostly focused on only one
or a few strains. In this study, a comparative study on enzyme
activity profiles of 23 A. niger strains was concurrently and
systematically investigated to give a comprehensive picture
of enzyme production obtained by submerged fermentation,
using three selected agricultural residues (SB, CP, and BP)
as carbon sources. These agricultural wastes were chosen
for the study because they are major agro-industrial wastes
available in Thailand. During fermentation, these wastes
acted as both carbon sources and inducers for the produc-
tion of different polysaccharide-processing enzymes that are
highly useful for industrial applications. These enzymes are
selected based on the potential of A. niger for the production
of these enzymes in industrial processes as demonstrated in
various reports (Arnau et al. 2020). The effects of the agri-
cultural wastes on the induced enzyme levels and profiles
were shown in this study.

Among the strains tested in this study, the A. niger TL11
strain was suggested as a powerful strain for multi-enzyme
production, as it can produce relatively high levels of all
targeted enzymes using BP as a sole carbon source. The A.
niger TL17 strain was also proposed as an effective strain
for the production of the complex non-starch polysaccha-
ride-degrading enzymes comprising CMCase, 3-glucanase,
and xylanase when either CP or BP was used as a carbon
source. Our results suggested that these A. niger strains
could provide a crude enzyme mixture that has potential
use as an additive for animal feed to enhance animal’s nutri-
tion uptake. Furthermore, the enzyme mixture produced by
these selected microbial strains can be effectively utilized for
fiber degradation and modification (Kuhad et al. 2011; Gra-
ham and Balnave 1995; Lewis et al. 1996). Additionally, the
complex non-starch polysaccharide-degrading activities with
strong pectinase activity are also advantageous for reducing
the viscosity of cassava root mash in bioethanol production
by high gravity fermentation (Poonsrisawat et al. 2016) and
for facilitating the extraction of starch from root crops (Sri-
roth et al. 2000; Collares et al. 2012). Our results suggested
that the TLOO strain can effectively produce these enzymes
and, thus, its use in biofuel and animal feed applications
should be encouraged.

Regarding the production of a single dominant enzyme,
the A. niger TLO7 strain produced a very strong xylanase
activity when grown in SMSB, whereas pectinase and
B-glucanase were produced at very low levels with no side
activity of cellulase, amylase, and invertase. Therefore, this
strain can be a potent producer of cellulase-free xylanase for
application in various industries including food, animal feed
(Harris and Ramalingam 2010), and pulp industries (Kumar
2021). On the other hand, the A. niger TL20 strain produces
the highest level of B-glucanase activity when grown in
SMSB and should be effectively employed for digestion of
feedstuffs and barley gums in feed (Kuhad et al. 2011) and
brewing industries (Canal-Llauberes 2010), respectively.
Moreover, the A. niger TL20 strain was also highly effec-
tive for amylase production, as this strain secreted a rela-
tively high level of amylase activity in every media tested,
especially SMBP. Compared to thermophilic amylases from
Bacillus origins, the mesophilic fungal amylases derived
from A. niger can be utilized in detergent, food, and feed
industries (Angelia et al. 2019; Silano et al. 2019; Elyasi
Far et al. 2020). Besides amylase and f-glucanase, the TL20
strain also effectively produced invertase when using BP as
the carbon source, whereas the TL19 strain is also consid-
ered a potent invertase-producing strain especially when cul-
tivated in glucose- or SB-containing media. Therefore, both
the TL20 and TL19 stains can play an important role in the
production of invert sugars with applications in food, bever-
age, and pharmaceutical industries (Chaudhary et al. 2015).

The activity levels of target enzymes produced by A. niger
in this study were compared to those reported in previous
works (Table 3). Overall, the enzyme activities from many
of our selected strains were higher or at least comparable to
those previously reported. The differences in enzyme induc-
tion profiles can be related to the various compositions of the
carbon sources as well as to the inherent genetic background
of each microbial strain. The high levels of enzyme activities
shown in this work suggest that the selected A. niger strains
grown in media containing particular agricultural wastes
should be immensely favorable for utilization in industrial
applications. However, it should be noted that direct com-
parison on the activity levels may not be straightforward due
to variation in enzyme assay reaction set-up, the substrates,
the experimental conditions, and fungal strains used in dif-
ferent works.

Compositions of the substrates used as carbon sources are
shown by many studies to be strongly related to the profiles of
induced enzyme activity. Among the various nutrients used
in this study (Figs. 5 and 6), glucose was found to allow the
production of only some enzymes at relatively basal levels.
This agrees well with previous works where glucose was sug-
gested as a metabolic repressor on the production of several
carbohydrate-degrading enzymes (Amore et al. 2013). In A.
niger, this is due to the repression of x/nR gene promoter
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Table 3 Enzyme activities from A. niger grown on various carbon sources

Enzyme Strain Carbon source Enzyme activity References
(U/mL)
Amylase A. niger ANSS-B5 date waste 285.60° Said et al. (2014)
A. niger ragi husk* 213.00° Rajan et al. (2019)
A. niger paddy straw* 81.60% Rajan et al. (2019)
A. niger bagasse* 111.01% Rajan et al. (2019)
A. niger TL23 sugarcane bagasse 63.98% This study
A. niger MS23 banana peel* 0.23% Rehman et al. (2015)
A. niger NCIM 616 banana peel 23.00? Paladi et al. (2012)
A. niger TL20 banana peel 1082.52% This study
A. niger TL12 cassava pulp 593.37° This study
A. niger TL10 Glucose 219.98? This study
B-glucanase A. niger US368 barley flour 34.46° Elgharbi et al. (2013)
A. niger TL11 banana peel 409.20°¢ This study
A. niger TL20 sugarcane bagasse 1268.17¢ This study
A. niger TL17 cassava pulp 112.16¢ This study
Endo-glucanase A. niger coir waste 8.89" Mrudula and Murugammal (2011)
A. niger rice husks 10.90° Jadhav et al. (2013)
A. niger wheat bran 8.90" Jadhav et al. (2013)
A. niger banana peel 11.30° Jadhav et al. (2013)
A. niger MS23 banana peel* 3.91° Rehman et al. (2015)
A. niger TL21 banana peel 133.90° This study
A. niger TL10 sugarcane bagasse 39.60° This study
A. niger TL17 cassava pulp 51.28° This study
Invertase A. niger pineapple peels, potato peels* 321.40¢ Ire et al. (2019)
A. niger ANSS-B5 date waste 195.56¢ Said et al. (2014)
A. niger OSH5 wheat bran 9.704 Al-Hagar et al. (2015)
A. niger OSH5 rice bran 5.10¢ Al-Hagar et al. (2015)
A. niger OSH5 oat meal 7.70¢ Al-Hagar et al. (2015)
A. niger OSH5 sugarcane bagasse 2.10¢ Al-Hagar et al. (2015)
A. niger TL19 sugarcane bagasse 19.89¢ This study
A. niger TL20 banana peel 1542.66¢ This study
A. niger TL15 cassava pulp 182.419 This study
A. niger TL19 Glucose 70.36¢ This study
Pectinase A. niger NRClami mandarin peel 76.35¢ El Enshasy et al. (2018)
A. niger MS23 banana peel* 0.40° Rehman et al. (2015)
A. niger TL23 banana peel 865.67° This study
A. niger TL12 sugarcane bagasse 179.26° This study
A. niger TL13 cassava pulp 276.97° This study
A. niger TL12 Glucose 66.34° This study
Xylanase A. niger ANL301 wheat bran 6.47" Okafor et al. (2007)
A. niger ANL301 sugarcane pulp 0.95¢ Okafor et al. (2007)
A. niger BCC14405 wheat bran, rice bran, soybean meal 89.50¢ Khonzue et al. (2011)
A. niger MS23 banana peel* 0.70¢ Rehman et al. (2015)
A. niger TL11 banana peel 601.59" This study
A. niger TLO7 sugarcane bagasse 3910.06" This study
A. niger TL17 cassava pulp 460.78" This study
A. niger TL10 Glucose 10.52"0 This study

*#SSF; %soluble starch; "CMC; °barley B-glucan; Ysucrose; Scitrus pectin; ‘oat spelt xylan; birchwood xylan; "beechwood xylan
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by glucose, which resulted in inhibition of these catabolic
enzyme activities (Tamayo et al. 2008). On the other hand,
most complex carbohydrates do not exert this repression on
enzyme expression. Since many agricultural residues con-
tain abundant amounts of complex polysaccharides, using
agricultural wastes as carbon sources can be considered
advantageous for the production of starch- and non-starch
polysaccharide-degrading enzymes. High levels of cellulase
and xylanase activities are observed when the fungi were
grown on many lignocellulosic wastes including wheat bran,
sugarcane bagasse, rice straw, and forest litters (Okafor et al.
2007; Kaushal et al. 2012; Jadhav et al. 2013; El-Morsy
et al. 2014; Ferreira et al. 2018). Our work indicates that
each agricultural residue can induce a distinct set of enzyme
expression. Among the carbon sources tested, BP repre-
sents the best substrates for inducing the highest activities
of most carbohydrate-degrading enzymes including amylase,
CMCase, pectinase (Solis-Pereira et al. 1993), and invertase
(Vainstein and Peberdy 1991) (p values < 0.05). The ability to

induce expression of various enzymes is thought to correlate
with the relatively high overall contents of starch, fibrous,
and pectic polysaccharides in BP, even though BP contains
lower contents of cellulose and hemicellulose than SB and
a lower content of starch than CP. Remarkably, several A.
niger strains could produce higher levels of amylase in SMBP
than in SMCP, despise the fact that CP has approximately
twice as much starch content as BP. Substrates with a high
starch content, such as barley flour containing approximately
3 — 5% glucan, can be used for the production of amylase
and p-glucanase (Kinner et al. 2011; Zheng et al. 2011). The
ability of BP to induce endoglucanase activity from A. niger
was also previously reported (Jadhav et al. 2013). This agrees
well with our finding that the highest CMCase activity was
obtained from the A. niger TL21 strain when grown in BP-
containing medium. BP is also the second-most effective sub-
strate for the induction of f-glucanase and xylanase activities.
Similarly, several fungal strains showed high levels of secre-
tion of pectinases when grown in media supplementing with

Fig.5 Relative enzyme activi-
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Fig.6 Box plot of enzyme activities produced by A. niger strains
grown in media containing various carbon sources. The data include
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pectin as a carbon source (Martos et al. 2009). Rich sources
of pectin are mostly found in fruit wastes, such as mandarin
peel and banana peel, which contain 22.9% and 15.9% of
pectin, respectively (Sandhu et al. 2011; Oberoi et al. 2012).
The mandarin peel supported the production of pectinase in
A. niger NRClami at 76.35 U/mL (EI Enshasy et al. 2018).
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Our study also showed that BP, which is rich in pectin, could
cause high levels of pectinase production by several A. niger
strains. When the A. niger strains were grown in SB, which
represents a common lignocellulosic waste, the highest levels
of f-glucanase and xylanase activities (p values <0.05) with
moderate levels of cellulase activity were achieved. On the
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other hand, SB is not an effective substrate for the induction
of pectinase activity. These results can be owing to SB’s high
cellulose and xylan contents but low pectin content compared
to BP and CP (Djuma’ali et al. 2011; Oberoi et al. 2012; Cas-
tillo-Israel et al. 2015; Yadav et al. 2015). Compared to BP
and SB, CP can moderately induce most enzymes and it con-
stitutes the 2nd-best substrate for amylase, CMCase, and pec-
tinase productions and the 3rd-best substrate for f-glucanase,
invertase, and xylanase productions. Our results showed that
CP can induce a significantly higher production of amylase
than SB (p-values <0.05). Its efficiency in enhancing amyl-
ase, CMCase, and pectinase activities is correlated to CP’s
high levels of starch, cellulose, and pectin contents. In con-
trast, its minimal ability to induce xylanase activity would
reflect its low hemicellulose content.

Induction of expression of polysaccharide-degrading
enzymes in A. niger was reported to be triggered by small
molecules derived from the large-MW polysaccharides.
It is hypothesized that, due to its insolubility in water,
cellulose cannot directly stimulate the expression of lig-
nocellulose-degrading enzymes (Fang et al. 2008; Liao
et al. 2014). On the contrary, small soluble saccharides,
such as cellobiose, sophorose, lactose, sorbose, and galac-
tose have been demonstrated to be good inducers for cel-
lulase biosynthesis (Morikawa et al. 1995; Karaffa et al.
2006). Similarly, the xylanase activity can be induced by
xylose and xylooligosaccharide (XOS) (Gong et al. 2018).
Another point of interest is the similar trends of xyla-
nase and p-glucanase expression by most fungal strains
observed under various fermentation conditions in our
study. Co-regulation of cellulase and xylanase has been
thought to depend on (hemi-)cellulolytic regulator XInR
(XIr1/Xyr1) (Hasper et al. 2000; Tani et al. 2012; Klaubauf
et al. 2014). In contrast, there is no report on co-regulation
between cellulase and p-glucanase. Pectinase activity, par-
ticularly endo-galacturonase, was induced in the presence
of pectin using fruit peels as carbon sources (Dartora et al.
2002; Eze et al. 2014; Ahmed et al. 2016). Compared to
plant cell wall-degrading enzymes, amylase was regulated
by transcriptional activator AmyR as well as the hydroly-
sis products of starch including maltose and isomaltose
(Murakoshi et al. 2012; van Kuyk et al. 2012; Dojnov et al.
2015). Sucrose and fructose were reported to be more
effective inducers than glucose for invertase production by
A. niger MTCC 282 (Raju et al. 2016). Similarly, our work
showed that invertase activity was mostly absent when
SB was used as the substrate. The TL19 strain is the only
strain that showed induction of invertase activity in glu-
cose- and SB-containing media. Other studies suggested
the effectiveness of fruit wastes containing free sugars,
including pineapple peel and date wastes, on induction of
invertase (Ire et al. 2019; Said et al. 2014). The generation
of these small sugar molecules acting as inducers were

related to the basal activities of these catabolic enzymes
in the absence of the polysaccharides which can function
on releasing these inducer molecules when the complex
polysaccharide substrates are available (El-Gogary et al.
1989; Aro et al. 2005; Kubicek et al. 2009; Murakoshi
et al. 2012; Gao et al. 2017).

Conclusion

In this study, the comparative study on the effects of agri-
cultural wastes with varied chemical compositions on the
production of an array of carbohydrate-processing enzymes
by different A. niger strains has been investigated. Differ-
ent agricultural wastes were found to significantly affect
enzyme profiles and activity levels, which also depended
on the inherent capability of the fungal strains. The work
provides insights into the selection of substrates for enzyme
production and warrants further investigation on the rel-
evant genetic background of the strains for improving their
capability to produce carbohydrate-processing enzymes for
industrial applications.
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