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Abstract

Tannase catalyzes the de-esterification of tannins into gallic acid and glucose. This enzyme has extensive value in remov-
ing tannins from tea, beer, and wine. For its benefit, innovative tannase-producing organisms continue to be reported in the
literature. In this study, a novel tannase-producing fungal strain with a high tolerance to tannin was isolated from corn cobs
and identified as Penicillium commune HS2. Four variables, i.e., initial pH, temperature, potato peel, and tannin concentra-
tions, were evaluated to optimize their effects on tannase production. Using central composite design (CCD) of response
surface methodology (RSM) for the optimization of tannase production on potato peels, a 4.62-fold upsurge was successfully
achieved. The maximum productivity of 288.48 U from 1 g of dry potato peels was obtained under solid-state fermentation
(SSF) at pH 5.0, 25.1 °C, in a medium containing 1.13% and 9.99% of potato peel and tannin, respectively. The purified
enzyme had a molecular weight (Mw) of 35 kDa and showed maximal activity at 40-50 °C and a pH range of 4-5, as well
as a half-life of 70 min at 40 °C. Using the tannic acid as a substrate, the enzyme had a K, value of 0.217 mM and V,, . of
8.08 U/ml/min. The purified enzyme successfully reduced 33.89% of total tannin content in lemon tea after 2 h at 45 °C. It
can be concluded that Penicillium commune is a potentially high-tolerant tannin fungus that may be produced commercially

on potato peel waste at a low cost and has promising applications in the food sector.
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1 Introduction

Tannase (EC 3.1.1.20), tannin acyl hydrolase, is an induc-
ible and extracellular glycoprotein esterase that catalyzes
the de-esterification of tannins to gallic acid and glucose [1].
Tannase is used for various applications, including removing
the tannins from instant tea, wine, beer, and coffee-flavored
soft drinks, as well as producing gallic acid [2]. It is also
employed for treating wastewater contaminated with poly-
phenolic compounds and as a clarifying agent to reduce haze
and bitterness in the case of beer and fruit juices [3, 4].
Tannase can be acquired from various sources, includ-
ing tannin-rich plants; however, microbial sources are
favored for industrial production [5]. Most research work of

< Heba Sayed Mostafa
Hebabiotech@agr.cu.edu.eg; Hebabiotech@gmail.com

Food Science Department, Faculty of Agriculture, Cairo
University, Giza 12613, Egypt

tannin-degrading microbes has been focused on filamentous
fungi of the Aspergillus and Penicillium genera. However,
many bacterial species, such as Klebsiella pneumoniae,
Staphylococcus lugdunensis, and Lactobacillus pentosus,
have also been studied [3, 6, 7], and it has been recently
identified in the yeast Rhodosporidium diobovatum [2].
Potatoes are grown and consumed all year round, and
their production quantity increased according to the most
recent Food and Agriculture Organization statistics, from
361 million tons in 2012 to 370 million tons in 2019 [8].
With the harvesting of these quantities every year, a major
problem in managing potato peel waste has arisen. Such
waste is worthless to the potato industry, accounting for 100
million tons per year, as it is reaching in average 27% of
the potato weight [9, 10]. Owing to their moisture content,
potato peel wastes are prone to quick microbial spoilage,
and they are usually used in animal feeding [10]; hence,
their valorization should be of interest to the food sec-
tor. Although whole potatoes are a relatively poor source
of polyphenols, numerous studies have shown that these
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secondary metabolites are abundant in the peels of most
cultivars. This is not surprising given their role in the tuber
as an allelochemical to prevent fungi and other microbes
from attacking it [11]. Potato peel is a respected source of
phenolic acids such as chlorogenic (90% of the phenolic
compounds), caffeic, gallic, and protocatechuic acid [12].
This nutrient-rich waste has received attention in enzyme
production, as it was used as a substrate for a-amylase [13],
co-production of amylase and protease [14], and thermosta-
ble laccase [15], but not tannase.

Traditional methods for optimizing cultural conditions by
changing one factor at a time and keeping the other factors
constant are time-consuming and costly. Additionally, these
methods fail to provide information about the interaction
between the various variables. Response surface methodology
(RSM) has been applied to overcome these limitations. It has
been widely used to optimize tannase production conditions as
well as to evaluate the interactions between the nutritional and
physiological dependent variables. It offers many advantages,
such as estimating the appropriate pH, temperature, agitation
speed, and tannic acid content, as well as their combination [5,
16, 17]. In all these studies, tannic acid concentration in the
production medium ranged between 1 and 5%, and no strain
exceeded the range of 8%, as tannic acid is a potent micro-
bial inhibitor. This study aims to investigate the optimization
of tannase production by central composite design (CCD) of
response surface methodology using an isolating fungus that
tolerates tannin under solid-state fermentation. Furthermore,
the promising fungus tannase was purified, characterized, and
tested to remove tannins from lemon tea.

2 Materials and methods
2.1 Chemicals and raw materials

Gallic acid, rhodanine, methanol, tannic acid, tannin, Sepha-
rose 4-B gel, and Bradford reagent were purchased from
Sigma Aldrich Co. (Germany). All the reagents and kits used
in molecular identification and enzyme purification were
of analytical grade and imported from Thermo Scientific
(Lithuania). The potato peel (88.85% moisture content) was
supplied by the International Food and Consumable Goods
Company, 6 October, Egypt. It was dried for 20 h at 60 °C
until the moisture content was less than 5%. Later, it was
milled to <0.5 mm by the Ultra Centrifugal Mill ZM200 of
Retch and stored at 4 °C until use.

2.2 Tannase activity determination
Tannase activity was determined by a modified version of

Sharma procedure [18] by determining the produced gallic
acid. In this experiment, 100 ul of enzyme extract and 500 ul
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of tannic acid, 0.3 mM, in sodium acetate buffer (10 mM, pH
5) were mixed. After 20 min at 30 °C, 1500 ul of methanolic
rhodanine (0.667%) was added and left for 5 min before add-
ing 500 ul KOH (0.5 M). To bring the volume up to 3 ml,
sodium acetate buffer was used. After 5 min, the absorbance
was measured by a spectrophotometer (Unico, UV-2000,
USA) set to 520 nm. The standard curve was drawn using a
freshly prepared gallic acid solution (5-50 nM) in the previ-
ous buffer. The amount of tannase that liberates 1 nM gallic
acid in 1 min/g substrate (dw) or ml solution was defined as
one unit (U).

2.3 Screening of the tannase-producing fungi
2.3.1 Isolation of the tannase-producing fungi

The main sources of isolated fungi were various wet moldy
wastes (i.e., black tea leaves, corn cobs, and pomegranate
peels) and distilled water containing 5% tannin. Using a ster-
ile needle, the isolate was spread onto acidified potato dex-
trose agar medium. Only fungi were collected and transferred
to tannase-producing (TP) medium (%): 1 yeast extract, 0.5
NaCl, 1 sucrose, and 0.5 tannin (filter sterilized by a 0.45-pm
membrane filter, Millipore, Bedford, MA, USA) at pH 6.5 and
incubated for 48 h at 30 °C [19]. After incubation, the diameter
of the clear zone formed around the colonies was measured.
Surviving fungi with a high hydrolysis zone were re-streaked
on TP medium until a pure culture was obtained. All isolates
were preserved on TP medium in slant tubes and reactivated
monthly. The spore suspension of each isolate was prepared
by pouring 5 ml of a solution (0.85% NaCl and 0.01% Tween
80 v/v) onto a slant full of spores (7-day-old) [20].

2.3.2 Screening of the highest tannase-producing fungus

All potential isolated tannase-producing fungi were screened
according to tannase activity as follows. The 250-ml flasks
containing 0.5 g (dw) of potato peels were autoclaved for
15 min at 121 °C. Fifty milliliters of a solution containing (%)
1 yeast extract, 0.5 NaCl, and 0.5 tannin were filter-sterilized
and then added. The flasks were inoculated with 1 ml of spore
suspension (30X 107 CFU/ml) and incubated for 4 days (the
stationary phase) at 30 °C under shaking (110 rpm). Finally,
the enzyme-containing supernatant was filtered through What-
man No. 1 paper, and the activity was determined.

2.4 Molecular identification of the highest
tannase-producing isolate (T-5)

2.4.1 DNA extraction and isolation

Genomic DNA was isolated from a 3-day old isolate (T-5)
using the Gene JET genomic DNA purification kit following



Biomass Conversion and Biorefinery (2023) 13:16765-16778

16767

the manufacturer’s protocol. Briefly, the cells were first
digested by proteinase K. After incubation at 56 °C for
45 min, the RNase A solution was added and further incu-
bated for 10 min at room temperature. After obtaining a
homogeneous mixture, ethanol (50%) was added and vor-
texed. The prepared lysate was transferred to a Gene JET
Genomic DNA Purification Column to elute genomic DNA,
and then the isolation procedure was completed according
to the producer’s protocol [21]. The Nanodrop spectropho-
tometer and agarose gel electrophoresis were used to check
DNA yields and purity.

2.4.2 Molecular identification of the isolate T-5

ITS gene sequencing was applied to identify the isolate T-5
at the molecular level. The universal primer pair ITS-1 (5'-
CTT GGT CAT TTA GAG GAA GTA GA-3') and ITS-4
(5'-TCC TCC GCT TGA TAT GC-3') was used to perform
ITS-PCR on pure DNA. The amplification step was executed
using a thermal cycler PCR (Bio-Rad T100, USA). The PCR
yields were verified via agarose gel electrophoresis, puri-
fied using a gel extraction kit, and sequenced by Macrogen
(Republic of Korea). Phylogenetic analysis was completed
by the neighbor-joining approach with 1000 bootstrap resa-
mplings using the MEGA 6 program [22].

2.5 Optimization of tannase production
under solid-state fermentation using RSM

The effect of four parameters, namely initial pH, tempera-
ture, potato peel, and tannin concentration (%, w/v), was sta-
tistically screened and optimized for their interaction impact
by the central composite design (CCD) of the response
surface methodology [23] by Design-Expert V7 software.
Each independent factor was evaluated at four different lev-
els:—a,—1,+ 1, and + o (Table 1). Based on 30 experimen-
tal runs, tannase activity was monitored as a response.

2.6 Solid-state fermentation

Tannase of the fungal strain Penicillium commune HS2 was
produced under solid-state fermentation as follows. In a 250-
ml Erlenmeyer flask, a defined mass of potato peel (5 g), as a
support material, was moistened with the same volume of a

solution (filter sterilized, 0.45-um filter membrane) contain-
ing 0.5% NaCl, 1% yeast extract, and different pure tannin
concentrations. Each flask was inoculated with 1 ml of the
spore inoculum (30 x 107 CFU/ml), mixed thoroughly, and
incubated for 4 days at the specified temperature [24]. Tan-
nase was extracted from the culture medium by adding 20 ml
of distilled water and then determined.

2.7 Tannase purification and molecular weight
determination

At the end of the optimized cultivation period (4 days), the
crude enzyme of Penicillium commune HS2 was extracted
with sodium acetate buffer (10 mM, pH 5) and then puri-
fied in a two-step procedure using ammonium sulfate and
gel filtration chromatography. Firstly, it was concentrated
by ammonium sulfate precipitation (40-60% saturation)
method. In the sodium acetate buffer (pH 5.0), the precipi-
tate was dissolved and dialyzed for 24 h at 4 °C with con-
tinuous stirring [25]. Tannase was further purified by the
Sepharose 4-B column in the following manner: the Sepha-
rose 4-B gel was washed with the same buffer before being
poured into a column (1 X 32 cm) and then equilibrated with
the same buffer. The crude enzyme (0.5 ml) was then loaded
and eluted at 4 °C with the same buffer at a flow rate of
0.15 ml/min. Fractions of 2 ml were collected, and both tan-
nase activity and protein content at 280 nm were determined
offline [26]. The Bradford method was applied for protein
quantification, and bovine serum albumin was used as a
standard [27]. The enzyme’s purity and molecular weight
were assessed using sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) analysis [28].

2.8 Characterization of the purified tannase

2.8.1 Effect of temperature and pH on tannase activity
and stability

The effect of temperature on tannase activity was analyzed
at various temperatures (10, 20, 30, 40, 50, 60, 70, 80, and
90 °C). The reaction mixture was incubated for 20 min at
the above-mentioned temperatures, and then enzyme activ-
ity was measured under standard assay conditions (0.3 mM
tannic acid and pH 5.0). The pH effect on tannase activity

Table 1 Experimental factors

. o Factor code Independent factor Unit Range

and their range for statistical

screening using central —-o -1 +1 +a

composite design (CCD)
A Initial pH - 35 5 8 9.5
B Temperature °C 20 25 35 40
C Potato peel % (Wiv) 0 1 3 4
D Tannin % (wWiv) 1 4 10 13
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was assayed by performing the reaction at different pH val-
ues (3.0-10.0) at 30 °C for 20 min. Buffer systems such as
acetate buffer (pH 3.0-5.0), phosphate buffer (pH 6.0-7.0),
Tris—HCI (pH 8.0-9.0), and carbonate (pH 10.0) at 10 mM
concentration were used. To assess tannase stability, the pure
enzyme was incubated at different temperatures (40, 50, and
60 °C) in sodium acetate buffer, pH 5.0, for 2 h. In terms
of pH stability, it was assessed by incubating the purified
enzyme at various pH values ranging from 3.0 to 10.0 for
24 hat4 °C[29].

2.8.2 Effect of additives

The metal ions’ effect on tannase activity was analyzed by
incubating purified P. commune tannase with metal ions such
as K, Na™, Cu*, Ca®*, Ni**, Mn?*, AI’*, Ba®*, and Mg?*
for 5 min at room temperature at two concentrations (1 and
10 mM). On the other side, the effect of different additives
was studied by incubating the enzyme with ethylene diamine
tetraacetic acid (EDTA) and many surfactants (i.e., sodium
dodecyl sulfate (SDS), Tween 80, B-mercaptoethanol, and
Triton-X 100) at 1% for 5 min at room temperature. The
residual tannase activity was determined under the opti-
mum conditions (45 °C and pH 5.0). The pure enzyme in
the absence of any additive (control) was used to calculate
the relative activity [6].

2.8.3 Determination of kinetic constants

The K, and V. values of P. commune tannase were deter-
mined by various concentrations of tannic acid from 0.1 to
0.8 mM. The assay conditions were similar to the standard
assay conditions. The data was fitted, and the constants were
calculated from the Lineweaver—Burk plot [17].

2.9 Application of the purified enzyme

The purified enzyme was applied to remove tannins from
lemon black tea. Firstly, tea extract was prepared by boiling
1 g of tea powder with 90 ml of distilled water for 5 min then
filtered [30]. The pure extract was cooled, and the volume
was brought to 100 ml with 10 ml of freshly squeezed lemon
juice. Purified P. commune tannase (53.3 U/ml) was added
and incubated for 2 h at 45 °C. The tannin content in the
samples was determined by the protein precipitation method
as described by de Lima [30] where tannic acid was applied
to draw the standard curve, whereas gallic acid content was
determined by the rhodanine method as mentioned above.

2.10 Statistical analysis

The experimental design to maximize tannase production
was created and statistically analyzed by Design-Expert
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V7 software (Stat-Ease, Minneapolis, MN, USA). CoS-
tat statistical software was used to compare the tannase
activity in all experiments using analysis of variance,
ANOVA one way. The mean of three replicates was com-
pared using Duncan’s test [31] at a significant level of
p <0.05.

3 Results and discussion

3.1 Isolation and screening of tannase-producing
isolates

Eight colonies competent for sustainable growth on tan-
nin-containing medium were successfully isolated in this
investigation, and the morphology of each one is pre-
sented in Table 2. For further analysis, all pure strains
were screened for the highest tannase-producing fungus
by measuring the clear zone and their tannase activity
(Fig. 1). There are significant differences (p <0.05) in
tannase production among the isolated fungi. Among
these eight potential isolates, isolate T-5 exhibited sig-
nificantly (p <0.05) the maximum clear zone (8 mm)
and tannase activity (64.31 U/g/min) and was chosen for
further study.

3.2 Molecular identification of fungal isolate T-5

ITS gene sequence analysis by BLASTN of the fungal iso-
late T-5 showed that it belongs to the Penicillium genus
with a high similarity percentage of more than 99%. The
ITS sequence was identified as Penicillium commune strain
HS2 and deposited in the Gene Bank under the Accession
No. of MT084577. The bootstrap value shows similarity
to Penicillium expansum strain DUCC5734 and Penicil-
lium commune SW23 isolates with a 95% bootstrap value
(Fig. 2).

3.3 Optimization of tannase production using
central composite design (CCD)

Temperature, pH, and tannic acid have been iden-
tified as the most significant variables in the pro-
duction of tannase [3]. Therefore, four independent
factors (i.e., initial pH, temperature, potato peel,
and tannin concentrations (w/v)) were selected to
find the optimum conditions for tannase production
by CCD of RSM analysis. A total of 30 experiment
runs were conducted with various combinations of
these variables, where a quadratic model was sug-
gested (Table 3). The following quadratic equation
was derived from the multiple regression analysis of
the observed response:
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Table 2 The source and
morphology of the tested fungi

Isolate code

Source Morphol-

ogy

T-1

T-2

T-3

T4

T-5

T-6

T-7

T-8

Filamen-
tous,
Yellow-
Green,
Flat

Filamen-
tous,
Black,
Flat

Filamen-
tous,
Black,
Flat

Circular,
light
green,
Flat

Filamen-
tous, Grey
turquoise,
Flat

Irregular,
Green,
Flat

Circular,
Black,
Flat

Rhizoid,
White,
Flat

Black tea leaves

Pomegranate peels

Corn cob

Water containing tannin (5%)

Tannase activity (U/g/min) = +15.08 —4.01 * A —1.19 %« B+2.77 « C
+5.20 % D+ 1.04 * AB—0.022 * AC — 1.30 * AD
+1.88 % BC —3.90 x BB — 0.42 x CD — 0.51 % A?

—2.32% B> - 040 % C2 +0.73  D*

M Tannase production W Clear zone
70 a d 9
b b

_ 60 b 8
5 F7E
£ so0- £
= c L6 =
2
z 40 L5 g
H 8
€ 30 e 4%
© £
3 8
c 20 - T
< 22
TR ©

[ :

0 T T T T -0

1 T2 T3 T4 TS5 T6 T7 T8
Tannase-producing isolates

Fig.1 Screening of tannase-producing isolates as detected by the
clear zone and the exo-enzyme activity. Different letters show the sig-
nificance between isolates (p <0.05); all experiments were performed
in triplicate, and the data are presented as means +S.D

where A, B, C, and D are the coded values of pH, temper-
ature, potato peel, and tannin concentrations, respectively.

According to the ANOVA table (Table 4), the F-value
of 26.78 for the model suggests that it is significant. Due to
noise, there is only a 0.01% chance that a “Model F-value”

Penicillium sp. isolate ZMOLS MT446164

Uncultured Penicilium HC105 JX317421

Penicillum expansum DUCCS734 MT382774
-Penicillum commune isolate SW23 KU363734
Penicillum expansum voucher Pen 18 MT204667
Penicillum expansum voucher Pen 17 MT204666
Penicillum expansum voucher Pen 11 MT204665
Penicillum expansum voucher 08 MT204664
Penicilium expansum voucher Pen 06 MT294663
Penicillum expansum voucher Pen 03 MT204662
Penicillum expansum voucher Pen 02 MT294661
Penicillum crustosum strain DTO 403-D6 MT316358

Penicilium expansum voucher Pen 01 MT294660

Fig.2 Neighbor-joining phylogenetic tree based on ITS gene
sequences of the isolate T-5 (P. commune HS2 MTO084577) with the
closest bootstrap values, based on 1000 resampling
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TabI.e 3 Central Composite Run Factors Tannase activity

Design (CCD) runs and the

experimental as well as the Initial Temperature Potato peel =~ Tannin Experimental  Predicted

predicted tannase activity (U/g/ pH value value

min) values. Mean + SD
1 6.5 30 2 7 150.8 +0.85 150.8
2 5 25 3 10 292.1 +0.85 297.1
3 5 35 1 4 83.6 +0.51 66.7
4 8 35 3 4 130.1 +0.82 134.7
5 5 35 3 10 200.1 £ 0.97 212.0
6 6.5 20 2 7 96.6 + 0.51 81.9
7 8 35 1 36.2 + 1.63 337
8 8 35 3 10 123.3 +1.38 126.3
9 5 25 3 4 87.4 +0.47 97.5
10 8 25 1 10 130.0 + 0.82 160.8
11 5 25 1 10 288.2+1.43 287.3
12 8 35 1 10 48.6 + 0.85 422
13 8 25 3 4 43.2 +0.64 22.0
14 6.5 30 2 7 150.8 +0.85 150.8
15 6.5 30 4 7 189.9 +£2.70 190.1
16 6.5 30 2 13 324.8 +0.87 284.0
17 8 25 1 4 4.5 +0.03 -3.7
18 5 35 1 10 103.3 +0.01 127.0
19 6.5 30 2 7 150.8 +0.85 150.8
20 6.5 30 2 414 +£0.13 75.9
21 6.5 30 2 7 150.8 + 0.85 150.8
22 5 25 1 4 71.4 £0.01 70.9
23 8 25 3 10 149.1 + 0.16 169.7
24 6.5 30 0 7 85.9 +0.34 79.4
25 3.5 30 2 7 209.6 +4.20 210.6
26 6.5 30 2 7 150.8 + 0.85 150.8
27 5 35 3 4 196.8 + 1.66 168.5
28 9.5 30 2 7 57.5+£0.26 50.2
29 6.5 30 2 7 150.8 + 0.85 150.8
30 6.5 40 2 7 25.8 +0.15 34.3

this large will occur. The determination coefficient (R?)
was used to verify the model’s best fit. Here, R>=0.9615
implies that 96.15 of the total variation in the tannase yield
is attributed to the independent variables. The predicted R*
of 0.7784 agrees with the adjusted R? of 0.9256 sensibly.
That indicates the reliability of the experiment to predict
precise conditions, implying that the model’s accuracy is
greater than 95%. Values of Prob > F less than 0.0500 indi-
cate that model terms are significant. In this design, the four
variables (A, B, C, and D) and the quadratic AD, BC, BD, as
well as the squared term B? of the model were significant,
suggesting that tannase production strongly depends on the
interactions between those factors. Adequate precision also
evaluates the signal-to-noise ratio. A ratio of more than 4 is
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anticipated. As the ratio is 19.512, which indicates that this
model could be used to navigate the design.

The 3D response plot for the final tannase activity (U/g/
min) represents the interaction of two parameters at a time
when the other parameters are held at zero level (Fig. 3
A-F). Figure 3A demonstrated a decreasing pattern in
tannase production as the temperature and pH parameters
were increased. This effect is due to thermal denaturation
of tannase at high temperatures and basic pH, protonation,
or deprotonation of its amino acids and active sites, as well
as conformational changes caused by amino acid ionization
[3]. Figure 3 B, C, and D show an escalating pattern, where
tannase activity positively increased when potato peel and
tannin concentrations were increased. This may be attributed
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I:E:rea‘ll C?HI:I?)\S?; fj;lt; (;(f)r Source Factor Sum of DF Mean F value p-value Remarks
tannase proguction opt%mization squares square Prob > F
of P: commune strain HS2 Model 178254 14 127.32 26.78 <0.0001 Significant
A Initial pH 385.68 1 385.68 81.13 < 0.0001 Significant
B Tempera- 33.96 1 33.96 7.14 0.0174 Significant
ture
C Potato 183.87 1 183.87 38.68 < 0.0001 Significant
peel
D Tannin 649.27 1 649.27 136.58 < 0.0001 Significant
AB 17.37 1 17.37 3.65 0.0753
AC 76567 1 7.656° L6117 0.9685
AD 26.91 1 26.91 5.66 0.0311
BC 56.59 1 56.59 11.90 0.0036
BD 24359 1 243.59 51.24 < 0.0001
CD 2.83 1 2.83 0.60 0.4523
A? 7.12 1 7.12 1.50 0.2399
B? 14741 1 147.41 31.01 < 0.0001
C? 4.40 1 4.40 0.93 0.3510
D’ 14.59 1 14.59 3.07 0.1002
Value
R? 0.9615
Adjusted 0.9256
R2
Predicted 0.7784
R2
Adeq Pre- 19.512
cision
Std. Dev. 2.18
Mean 13.08
CV. % 16.67
PRESS 410.74

to the fact that most tannase-producing microbes require tan-
nic acid as an inducer. Alternatively, although potato peels
are rich in chlorogenic acid, which is resistant to tannase,
they also contain gallic acid and caffeic acid, which may
enhance tannase production [32].

3.4 Numerical optimization

A series of validation experiments were conducted for verifica-
tion, based on the conditions provided by CCD. The numerical
optimization was calculated, and the best conditions to maxi-
mize tannase production were chosen under the following cri-
teria: minimum pH, temperature, potato peel, and maximum
tannin concentrations (Table 5). The optimized critical culture
components derived from the analysis were directly applied in
solid-state fermentation. Based on the best solution, the highest
tannase activity (288.48 U/g/min) was obtained with an initial
pH of 5.00, a temperature of 25.10 °C, a potato peel content
of 1.13% (w/v), and a tannin concentration of 9.99% (w/v).

The CCD design applied in this study resulted in a 4.62-fold
increase in tannase production as it enhanced enzyme titers
from 62.44 (under un-optimized conditions) up to 288.48 U/g
dry potato peels. Alternatively, the RSM-mediated statistical
approach in the study of Lekshmi [33] showed a nine-fold
higher tannase activity than the un-optimized medium for
Bacillus velezensis TA3 grown in SSF with pomegranate peels
as a substrate. In the presence of 1.546% tannic acid, Thiyonila
and coauthors [34] obtained a 4.46 fold of tannase from Ser-
ratia marcescens IMBLS higher than their minimal medium
by CCD.

Because of the low energy requirements, the low incuba-
tion temperature for P. commune HS2 could be a technical
advantage for industrial tannase production. Additionally,
a low initial pH value represents a practical benefit because
it eliminates the need to adjust the pH value with alkalis,
thereby reducing the preparation time and the possibility
of contamination. The isolated fungus in this study has the
most important advantage of being tannin tolerant, which

@ Springer
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Fig.3 Response 3D plot of the
interaction of 4 factors affecting
tannase activity. A Temperature
and pH, B potato peel con-
centration and pH, C tannin
concentration and pH, D potato
peel concentration and tempera-
ture, E tannin concentration and
temperature, and F tannin and
potato peel concentrations

Tannase activity (U/g/min)

B: Temperature

35007800

Tannase activity (U/g/min)

C: Potato peel

D
é‘ E 190
é g’ 1475
g E 105
&
D: Tannin
C: Potato peel
30075500 B: Temperature
z < F
E g
o o
35 225 B
z z
2 3
¢ G
8 8
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Table 5 Numerical optimization Factor Goal Lower limit Upper limit Importance Suggested Desirability
and the suggested value for value
each factor for optimum tannase
production by P. commune Initial pH ~ minimize 5 8 3 5.00 0.963
strain HS2. Tempera-  minimize 25 35 3 25.10
ture
Potato peel minimize 1 3 3 1.13
Tannin maximize 4 10 3 9.99
Tannase maximize 4.5 324.8 3 288.48
activity

could be used to remove tannins from highly tannin-con-
taminated wastewater, especially in acidic conditions. A
similar acidic pH has also been reported for RSM-mediated
tannase production by Aspergillus awamori and bacteria
Klebsiella pneumoniae and Bacillus cereus M1GT [1, 3,
35] (Table 6). However, RSM recognized the optimum con-
centration of tannic acid at 3.5% in the culture medium for
the maximum tannase production by the fungus Penicillium

@ Springer

montanense [36]. Meanwhile, the highest accepted tannin
concentration recorded to date was 7.49%, as RSM indi-
cated for maximum Aspergillus tubingensis tannase pro-
duction (245 U/g dry tea stalk) [16], which is lower than
that tolerated by our strain.

To date, no study has optimized tannase produc-
tion using potato peel as the sole carbon source. The
studies focused on fungal tannase production via SSF
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Table 6 Comparison of tannase
yields produced from different
substrates.

Table 7 Purification steps of
Penicillium commune tannase

16773
Substrate Production condi-  Tannase yield Reference
tion (U/g ds)
Potato peel #5009, 25.1°, 288.48 This study
9.99% ¢
Tea stalk 6.00, 30.0, 0.00% 48.24 [24]
Tea stalk 5.00, 30.0, 7.49% 245.00 [16]
Black plum leaves 5.50, 30.0, 0.00% 179.95 [37]
Pomegranate peel 7.00, 30.0. 0.86% 32.00 [33]
Triphala (Emblica  5.00, 32.0, 0.40% 181.00 [351]

officinalis +
Terminalia

bellirica + Termi-
nalia chebula,
1:1:1)

#= pH, "= temperature, °= Tannin concentration, g ds= g of dry substrate

Step Total activity  Total protein  Specific activity ~ Yield  Purity level
U mg U/mg protein (%)

Crude enzyme 2562.8 850.0 7.53 100 1

Ammonium sulfate (40-60%) 2252.6 109.7 20.53 87.89 6.81

Gel filtration (Sepharose 4-B)  1882.5 68.8 27.36 7345 9.07

Fig.4 (A) Gel filtration chro-

o A) (B)
matography of Penicillium com- —a—Tannase Activity (U/ml) —e— Protein (A280) M 1 2
mune HS2 tannase. (B) SDS- 45 - - 06 180kD
PAGE of tannase produced by 135 kD:
Penicillium commune HS2. M, 4 - 75 kDa
protein marker (20-180 kDa); L 05
1, the crude enzyme; 2, sample 35 | 63 kDa
after gel filtration <
§ 3 - - 04 48 kDa
£ —_
3 )
= 2.5 4 <
£ - 03 ¢
£ 5 §  35kDa
© 2
g a
S 15 - - 02
c
]
-
1 m
) L 0.1 25 kDa
0.5 -
0 bod ...:A:-.:::v:: 0 20 kDa
0 8 10121416182022242628303234

Fraction number

have used agro-industrial wastes as substrates, such as
tea stalks, pomegranate peels, and black plum leaves
(Table 6). Regarding their tannase yield under the opti-
mized conditions, it was lower than that obtained in
our study. That indicates the remarkable application
potential of potato peel and this enzyme for commer-
cial production.

3.5 Purification and molecular weight identification
of P. commune HS2 tannase

The extracellular tannase of Penicillium commune HS2 was
purified by two steps of purification (Table 7), and only a
single band on SDS-PAGE was visualized (Fig. 4 A and B).
It was obtained with a high recovery yield of 73.45%. The
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Table 8 Comparison of tannase characteristics produced by different strains

Strain Optimum tem- Optimum pH Mw Refer-
perature (kDa) ence
(W)
Fungi Penicillium 40-50 4-5 35 This
commune HS2 study
Aspergillus 40 5.5 69.52 [19]
melleus
Aspergil- 30 6 ND [30]
lus ficuum
Commercial
enzyme
Aspergillus 35 5 95.49 [26]
niger
Penicillium 33 4.1 ND [39]
rolfsii
Bacteria Staphylococcus 40 7 66 [6]
lugdunensis
Kluyveromyces 35 4.5&8.5 65 [40]
marxianus
Enterobacter 50 6 45 [41]
cloacae
Recombinant 30-35 6 65 [42]
tannase in
Pichia pas-
toris
Fusobacterium 55 6-8 58 [43]
nucleatum
subsp. poly-
morphum
Lactobacil- 37-40 9 50 [71
lus pentosus
QAI-5
Herbaspirillum  30-40 6-7 39 [38]
camelliae
Yeast Sporidiobolus 40 7 180 [17]
ruineniae
A45.2

chromatogram of Sepharose 4-B gel filtration confirmed
four protein peaks and one tannase peak from 32 fractions
collected. A single band with a molecular weight of 35 kDa
was detected on SDS-PAGE, making it the smallest known
active tannase to date (Table 8). It is close to the Mw of
Serratia marcescens IMBLS and Herbaspirillum camelliae
tannases, which were resolved at 39 and 40 kDa, respec-
tively [34, 38].

3.6 Characterization of the purified enzyme
3.6.1 Effect of temperature and pH on tannase activity
The purified tannase exhibited the highest activity at 40

and 50 °C and pH range of 4.0 and 5.0, with no signifi-
cant difference (Fig. 5 A and B). Above 60 °C and pH

@ Springer

5.0, tannase showed lower activities, whereas at > 80 °C
or in the carbonate buffer system, it lost its activity.
Our results are comparable to those of the commercial
tannase (Table 8), which has a temperature optimum of
30 °C. The optimum temperature of P. commune tan-
nase is also higher than that reported for fungal tan-
nases (33-40 °C) and near the optimum temperature of
bacterial strains (20-50 °C). Furthermore, most fungal
tannases were most active at pH values ranging from 4.1
to 6.0, whereas bacterial enzymes were most active at
alkali pH values of 6-9 (Table 8).

The stability of tannase is one of the important factors
that demonstrate the cost-effective possibility of prevent-
ing them from degrading in tannery effluent and maintain-
ing their action under harsh conditions and throughout
industrial operations. The results (Fig. 5 C and D) showed
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Fig.5 Effect of different temperatures on the activity (A) and stabil-
ity (C) and different pH values on the activity (B) and stability after
24 h at 10 °C (D) of the purified P. commune tannase. E Lineweaver—
Burk plot of the purified P. commune tannase towards tannic acid

that the pure tannase is slightly stable. The enzyme
retained 70% of its activity after 1 h at 40 °C and 34.5%
at 50 °C. At 60 °C, it lost 95% of its activity after 40 min.
The half-life at 40 °C was 70 min, whereas a value of
40 min was recorded at 50 °C. Enzymes with high thermal
stability are particularly important for biotechnological
applications, and this enzyme may be considered a prom-
ising option. Compared with the commercial tannase of
Aspergillus ficuum, it maintained 75% at 40 °C and 60%
at 50 °C after 1 h [30].

Like the thermal stability, P. commune tannase was stable
at pH values close to the optima (4.0 and 5.0). On the other
side, it maintained at least 55% of its initial activity for 24 h
in buffers with pH 3.0 and 6.0 values. Similarly, Penicillium
rolfsii tannase was stable at the optimum pH 4.0 for 6 h [39].
Although P. commune tannase showed the same optimum
pH range as the fungal tannases, it was more stable since it
maintained 100% of its initial activity for 24 h.

Before tannase After tannase treatement

treatement

Fig.6 Tannin and gallic acid content of lemon black tea before and
after tannase treatment for 2 h at 45 °C

3.6.2 Effect of additives on tannase activity

Since several enzymes need metal ions as cofactors, the
impact of different metal ions on tannase activity was tested
(Table 9). All the cations selected for this study, except Na™,
have negatively affected the activity, particularly Cu®* and

Table 9 Effect of different additives on the activity of the purified P.
commune tannase

1mM 10 mM
Residual activity (%)
Original activity 100 + 0.00 100" + 0.00
Mineral
K* #68.36" + 5.45 60.05¢ + 5.25
Na*t 109.44* +2.78 114.02* + 2.47
cu*t 2479 +1.69 1.27" + 0.00
Ca** 72.73% + 6.18 24.54° +7.57
Ni%+ 58.52¢+ 0.00 36.56% + 1.58
Mn2* 60.82% + 1.75 50.007 + 2.16
AP 5.20%+ 1.23 9.79" + 1.54
Ba’* 73.49% + 1.39 43.77% + 1.04
Mgt 75.68° +2.00 32.95% + 6.18
Inhibitor 1%
EDTA 0.00° + 0.00
SDS 40.77° + 1.90
Tween 80 0.00° + 0.00
B-Mercaptoethanol 9.16% + 3.60
Triton-X 100 35.40° + 0.54

* Different letters within columns show the significance at p < 0.05
versus original activity, all experiments were performed in triplicate

and the data are presented as means + S.D.
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AI**. Higher levels of inhibition were observed in the pres-
ence of high ion concentrations. This might be attributed
to an increase in the ionic strength of the solution [6]. Tan-
nase retained 68.36 to 75.68% of its initial activity in the
presence of K*, Ca**, Ba>*, Mn?*, and Mg?*, with no sig-
nificant differences (p <0.05). Furthermore, tannase activity
was enhanced by Na* ion addition by 9.44% and 14.02% at
1 mM and 10 mM, respectively. A reduction in the tannase
of Enterobacter cloacae and Penicillium rolfsii CCMB 714
in the presence of Cu?*, Ba**, Mn?*, and Mg>* at | mM
was also reported [41]. On the other side, yeast tannase of
Sporidiobolus ruineniae A45.2 was not affected by Na™ and
K* [17].

The tested detergents and the chelator, EDTA, listed
in Table 9 had different significant effects (p <0.05) on
the purified tannase. Among the detergents, only Tween
80 at a concentration of 1% completely inhibited tan-
nase. It lost 90.84% of its activity in the existence of
B-mercaptoethanol, which also inhibited many tannases
[6, 38]. SDS and Triton-X 100 decreased the activity by
59.23% and 64.6%, respectively. These findings suggest
that the surfactants may interfere with the hydrophobic
interaction of the protein, leading to partial activity loss of
the obtained enzyme [41]. The activity of an enzyme that
requires metal ions as cofactors drastically decreases in
the presence of EDTA. Here, P. commune tannase is inhib-
ited by this chelator, suggesting that this enzyme needs
metal ions as cofactors. A previous study showed that tan-
nase was inactivated by EDTA [41], whereas Tween 80
inhibited 19.5 and 24% after 5 min and 1 h of incubation,
respectively.

3.6.3 Kinetic constants of the purified tannase

The K,, value of the purified tannase was 0.217 mM tannic
acid, whereas V,, . was 8.08 U/ml as calculated from the
Lineweaver—Burk plot (Fig. SE). It indicates that this enzyme
exhibited a higher affinity towards tannic acid than that of
Penicillium notatum [44] (3.13 mM) and Enterobacter cloacae
[41] (3 mM). Furthermore, many fungal strains reported
higher K,, values for methyl gallate [38, 42]. The V,,,, of the
pure investigating enzyme is two-fold the velocity recorded
by Govindarajan [41] of Enterobacter cloacae tannase in the
presence of tannic acid (4.4 U/ml), suggesting that P. com-
mune tannase could be a novel and promising fungal member
of the tannase family.

3.7 Tannins removal from lemon black tea

The purified tannase obtained in this study was applied to
reduce the tannin content of lemon tea. Among the tea types,

@ Springer

lemon tea is used in medicine for colds, influenza, diarrhea,
and infection treatments [45]. Tea products with high tannin
content, on the other hand, can result in an unmarketable
turbid product with an astringent flavor. As a result, tannin
removal is desired not only to reduce the astringent taste of
tea but also to improve its clarity and its medicinal benefits
[30].

Figure 6 illustrates the tannin and gallic acid content in
lemon black tea before and after tannase treatment. Tan-
nin content was reduced in the final product by 33.89%,
whereas gallic acid increased by 69.42% by the action of
tannase. This rise in gallic acid concentration is predictable
as it is the final product of hydrolyzable tannin hydrolysis,
consistent with early studies [46]. De Lima [30] successfully
removed 22% of tannins from boldo tea in 2 h at 40 °C using
170 U/ml of free Aspergillus ficuum tannase (the commercial
enzyme). Aharwar and Parihar [25], on the other hand, used
immobilized Talaromyces verruculosus tannase at 60 °C to
achieve the highest tannin reduction percentage (78.02%)
in black tea.

4 Conclusions

The production efficiency of tannase and gallic acid is
limited by the microbial inhibition caused by high con-
centrations of tannic acid, a potent microbial inhibitor. The
reliability of statistical optimization of external factors in
increasing the tannase production by Penicillium commune
HS2 was demonstrated in the current work. For maximum
tannase production by this strain, high tannin content and
acidic pH were evidenced. Furthermore, the ability of
this fungus to utilize potato peel waste makes this iso-
late an excellent choice for low-cost commercial tannase
production. Taking into consideration the characteristics
of the purified enzyme, e.g., thermal and pH stability, it
was applied to reduce tannins and their astringency in one
of the tea products, lemon tea. Further research into the
characteristics of its immobilized form, as well as finding
new applications in the food sector, is encouraged.
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