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Abstract

Aspergillus niger B60 was screened for the first time toward extracellular tannase and gallic acid production by submerged
fermentation using synthetic media supplemented with tannic acid as the sole carbon source at a wide concentration range
(5-150 g/L). Maximum tannase (47 IU/mL) and gallic acid production (36 g/L) was obtained at initial tannic acid concentra-
tion 100 g/L. For this study, it was of interest to valorize non-sterile table olive processing wastewaters for fungal tannase
production. In particular, lye and washing water effluents from Spanish-style green olive processing enriched with 100 g/L.
tannic acid provided effective alternative substrates for the production of tannase (21 IU/mL and 17 IU/mL, respectively)
and gallic acid (22 g/L and 14 g/L, respectively). The fungal growth and tannase production kinetics were described by the
Logistic and Luedeking—Piret models, respectively. The maximum dry biomass content and the maximum specific growth
rate were more pronounced in the tannic acid-rich effluents (16—-18 g/L and 0.5-0.6 1/h, respectively) than in the synthetic
medium (11 g/L and 0.4 1/h, respectively) although in all cases tannase production was growth-associated. These novel
findings cast a new light on successful biorefinery strategies of the effluents and warrant further investigation via process
scaling-up and optimization.
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Statement of Novelty

Tannase, is a vital enzyme used for the production of
foods, beverages, animal feed, pharmaceuticals and chemi-
cals. Among these valuable products, tannase is primar-
ily used in the manufacture of gallic acid that has also a
plethora of commercial applications, including therapeu-
tics, cosmetics, dyes, photography, foods, antimicrobials
and radioprotection. Following the sustainability-oriented
global trends, several studies have been carried out toward
the exploitation of tannin-rich agricultural substrates for
the production of fungal tannase. In this direction, the
prospect of utilizing effluents from table olive manufactur-
ing as raw materials in a biorefinery, although challenging,
still remains largely unexplored. This study proposes a
novel process for the the production of extracellular tan-
nase by the robust Aspergillus niger B60 using tannic acid-
enriched non-sterile wastewaters from the processing of
Spanish—style Chalkidiki green olives. The novel findings
cast a new light on successful biorefinery strategies of
the effluents and warrant further investigation via process
scaling-up and optimization.

Introduction

The industrial production of enzymes is of high importance
worldwide toward their effective use in the processing line
of high-quality foods and specialty pharmaceuticals. Spe-
cifically, the global market value of enzymes was valued at
$9.8 billion in 2019 and is projected to reach $16.69 billion
in 2027 with an annual growth rate of 6.9%. In 2019, about
61% of the enzyme market share was held by microorgan-
isms. Such production systems are developed because they
have simple adaptability and low production cost. Among
the different types of microorganisms, fungi are the main
source of industrial enzymes [1].

Tannase, also known as tannin acyl hydrolase (EC
3.1.1.20), is a vital enzyme used as a catalyst in the hydrol-
ysis of ester and depside bonds in tannins to release gal-
lic acid and glucose [2]. The catalytic versatility of tannase
renders it suitable for the production of foods, beverages,
animal feed, pharmaceuticals and chemicals. Among these
valuable products, tannase is primarily used in the manu-
facture of gallic acid, instant tea, acorn liquor and coffee-
flavored refreshing drinks. Also, the enzyme can serve as a
clarifying agent in wines, beers and fruit juices [3, 4], and
as a bioremediation agent in the treatment of tannery waste-
waters [5]. Focusing on gallic acid, it has also a plethora of
commercial applications, including therapeutics, cosmetics,
dyes, photography, foods, antimicrobials and radioprotec-
tion [2]. Acid hydrolysis of tannic acid is the conventional
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method for gallic acid production. Because of its drawbacks
in terms of product purity and yield, microbial or enzymatic
hydrolysis is considered to be a prominent alternative eco-
friendly method for producing gallic acid [6-8].

Filamentous fungi are the most widely used microorgan-
isms for tannase production as they have a strong tolerance
and biodegradation potential for tannins [5, 9]. Particularly,
various strains of Aspergillus niger can survive at the highest
levels of tannic acid concentrations (100-150 g/L) reported
in literature and have shown the strongest biodegradation
ability at these levels (up to 73% reduction of tannic acid
concentration) [10-12]. Notably, tannase derived from A.
niger belongs to the list of commercial enzymes marketed
in the European Union [13].

Submerged fermentation is advantageous for the indus-
trial production of extracellular tannase as it ensures the
sterility of the process, the effective control of the process
conditions (e.g. temperature, pH, agitation and aeration), the
construction of accurate and feasible process kinetic models,
the short fermentation time, the sufficient substrate uptake as
well as the simple and efficient methods for enzyme extrac-
tion [2].

Tannase is an inducible enzyme produced by microorgan-
isms in a strain-specific matter. In this view, related literature
data are focused on the performance evaluation of different
autochthonous and allochthonous tannase producing strains
in media containing a wide concentration range of tannic
acid that induces tannase production [2, 3]. Following the
sustainability-oriented global trends, some studies have been
carried out toward the combined supplementation of the lig-
uid nutrient media with pure tannic acid (10-22 g/L) and
tannin-rich solid agricultural substrates (rice flour, Emblica
officinalis powder, pomegranate rind powder, leaves pow-
der from various fruits, grape pomace) [14—18]. It should
be pointed out that the agricultural substrates contain com-
plex tannins that are not easily biodegradable and, thus, the
simultaneous addition of pure tannic acid favors the micro-
bial performance [17].

Effluents from olive oil and table olive manufacturing
create severe environmental problems in the olive produc-
ing areas. Specifically in the Mediterranean region, large
volumes of the above-mentioned wastewaters are produced
seasonally in restricted geographic areas by small-sized
enterprises and usually disposed untreated to inland, riv-
ers or the sea leading to risks of surface and groundwater
contamination. The prospect of utilizing these phytotoxic
streams as raw materials in a biorefinery is challenging [19,
20]. Regarding the huge amounts (more than 10’ m? annu-
ally) of olive mill wastewaters generated from the olive oil
manufacturing (more than 98% of global olive oil produc-
tion in the Mediterranean region), a number of studies have
developed biological processes using Aspergillus species
to detoxify them and also produce the value-added enzyme
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tannase (0.3-8 IU/mL) [21-23]. Still, there is insufficient
evidence for the production of fungal tannase in table olive
processing wastewaters.

During the various processing stages of table olives, large
quantities of water and chemicals (such as NaOH and NaCl)
are used, resulting in the production of polluting and difficult
to handle wastewaters. Depending on the treatment applied
in each production process, these streams’ volume and com-
position vary greatly. Those that derive from the Spanish-
style green olive processing correspond to strongly phyto-
toxic streams with high organic matter (average value of
COD equal to 18.8 g O,/L). Special focus should be given to
the lye (debittering stage) and washing water (washing stage)
effluents, which correspond to the 75% of the total volume of
wastewaters from Spanish-style processing, have extremely
high pH values (10-12) and alkalinity, and are generated
on daily basis within ~1 month. On the other hand, pro-
cessing that is based on untreated green olives produces
acidified brine effluent (average value of pH 4.0) (~1 L/kg
olives produced) also with high organic load (average value
of COD equal to 32.3 g O,/L). In absolute volumes, Span-
ish-style processing appears to generate the largest volume
of wastewaters (about 7 x 10® m? annually at global scale),
thus, priority should be given in these effluents [20]. Various
biological treatment processes have been developed so far
to detoxify these streams and more recently the combined
detoxification and valorization of them has been studied as
a very promising sustainable approach toward the synthesis
of value-added products (such as methane, citric acid and
B-carotene) [20, 24-26]. In the only available study for the
production of fungal tannase using Spanish-style green table
olive processing wastewater streams [27], the extracellular
tannase activity, although low (0.89 IU/mL), was verified
in cultures of an autochthonous strain of A. niger. However,
this study was not aimed at optimizing tannase production,
thus, it is suffered from certain weaknesses by being applied
in wastewater streams with no optimum level of tannins that
maximizes the enzyme production [10, 28]. This limitation
renders difficult any explanation related to the profile of tan-
nase production. A new approach is therefore needed for
the study of optimum tannase production using table olive
processing wastewaters.

In this direction, the current study aims to investigate the
production of extracellular tannase by the robust A. niger
B60 after enrichment of the wastewaters from the processing
of Spanish-style Chalkidiki green olives with tannic acid,
a hydrolyzable gallotannin. This fungal strain was chosen
because it has succesfully aided in the remediation of the
effluents by reducing chemical oxygen demand by up to
76% mainly due to the rapid degradation of the phytotoxic
phenolic substances [24]. However, to the best of our knowl-
edge, there are no available reports dealing with the capacity
of the strain B60 to degrade hydrolyzable tannins. Thus,

the objectives in this research were twofold: Firstly to study
growth, tannic acid uptake as well as tannase and gallic acid
yield and productivity in a synthetic medium supplemented
with a wide concentration range of tannic acid as a sole
carbon source. Secondly, non-sterile effluents of Spanish-
style green olive processing were enriched with the highest
possible level of tannic acid that serves as a supplemen-
tary carbon source and an inducer of tannase synthesis and
tested as alternative feedstocks for maximum fungal tannase
production. Estimation of kinetic parameters for microbial
growth and product formation was carried out using differ-
ent nonlinear models to evaluate the fermentation processes.
The results were thoroughly discussed in comparison with
the available literature data on fungal tannase production
using other types of wastewaters under submerged fermen-
tation in order to assess the competitive advantage of the
proposed process.

Materials and Methods
Fungal Strain and Inoculum Preparation

Aspergillus niger strain B60 (A. niger van Tieghem, ATCC
201,573), generously provided by Prof. T. Roukas (Depart-
ment of Food Science & Technology, School of Agriculture,
Aristotle University of Thessaloniki), was regularly sub-
cultured every 2 to 3 months on PDA plates and maintained
at 4 °C. Fungal spores were suspended in sterile deionized
water (2 x 107 spores/mL), mixed thoroughly with the aid of
a vortex and used immediately to inoculate the fermentation
substrates.

Wastewater Sampling

Representative samples of fresh lye (50 L) and washing
water (50 L) effluents from Spanish-style processing of green
olives (cv. Chalkidiki) were collected after olive treatment
with 2% (w/v) NaOH aqueous solution for 11 h (lye) and two
water changes at 8 and 16 h (washing waters). The sampling
was from three different tanks (8 tons of olives) that were
processed in parallel in a medium-size table olive industry
located in Chalkidiki (Northern Greece) in the production
season 2016-2017. The effluents were stored immediately at
— 20 °C until further use (for a maximum of 6 months) [24].

Submerged Fermentation Conditions

The synthetic liquid medium used for extracellular tannase
production contained NaNO; (2.5 g/L), KH,PO, (1 g/L),
MgS0O,+7H,0 (0.5 g/L), KCl1 (0.5 g/L) and tannic acid as the
sole carbon source [29] at different concentrations (5 g/L,
10 g/L, 30 g/L, 50 g/L, 75 g/L, 100 g/L, 120 g/L, 150 g/L).
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The salt solution was autoclaved at 121 °C for 30 min. An
appropriate amount of tannic acid was weighed and trans-
ferred into the salt solution to achieve the desired tannic
acid concentration and the initial pH was adjusted to 5 with
concentrated HCI (12 N). Then, the synthetic liquid medium
was sterilized by filtering through a 0.22 pm pore size PTFE
filter. Non-sterile lye and washing water effluents were also
used as substrates after their enrichment with tannic acid
at the level of 100 g/L and initial pH adjustment to 5 with
12 N HCl.

Submerged fermentation experiments were performed
under aerobic conditions in Erlenmeyer flasks (250 mL)
containing 50 mL of (a) synthetic liquid medium with the
desired tannic acid concentration or (b) non-sterile lye
or washing water effluents enriched with 100 g/L tannic
acid. The inoculated flasks were incubated at 30 °C on a
rotary shaker (KS 4000i control, IKA, 115 Wilmington,
NC) operating at 160 rpm for 144 h. The flasks were
withdrawn at the defined time points and the fermented
substrate was analyzed.

Determination of Total Dry Biomass Content

For the determination of total dry biomass content (g/L), the
fermented substrate (mycelium and liquid) was filtered under
reduced pressure (Pump V-700, Biichi, Flawil, Switzerland)
through a Whatman 1 filter paper. The collected mycelium
was washed with distilled water and oven dried at 103 °C
until constant mass [24]. The filtrate was used for further
analysis.

Determination of Chemical Oxygen Demand, pH
and Electrical Conductivity

The method of potassium dichromate was used to determine
the chemical oxygen demand (COD) (g/L) in the wastewa-
ters, using tube tests and an AL200 COD VARIO Set-Up
(Aqualytic, Dortmund, Germany). The measurement of
the pH value in the wastewaters was carried out with the
aid of an MP 220 pH meter (Mettler-Toledo, Greifensee,
Switzerland), while the electrical conductivity (mS/cm) was
assessed with a portable conductivity meter CM 35 (Crison,
Barcelona, Spain) [24].

Determination of Total Solids, Total Dissolved Solids
and Total Suspended Solids

The determination of total solids (g/L), total dissolved solids
(g/L) and total suspended solids (g/L) in the wastewaters was
accomplished following the procedure presented in Standard
Methods [30].

@ Springer

Determination of Ash and Metals Content

The assessment of ash content (g/L) in the wastewaters was
carried out with the following steps: sample drying (105 °C),
acidification (HCI 6 N), burning over a Bunsen burner and
incineration (550 °C) [25]. The ash was further analyzed
through inductively coupled plasma atomic emission spec-
trometry to determine the content of Cu (mg/L), Mg (mg/L),
Mn (mg/L), Fe (mg/L) and Zn (mg/L) in the wastewaters,
according to the protocol described by Papadaki and Man-
tzouridou [25].

Determination of Total Nitrogen Content

The persulfate digestion method was used to determine the
total nitrogen content (mg/L) in the wastewaters with the aid
of a total nitrogen kit LCK 338 and a DR 3900 spectropho-
tometer (Diisseldorf, Germany, Hach Lange) [24].

Determination of Soluble Sugar Content

Total soluble sugar content in the wastewaters was assessed
spectrophotometrically using the phenol-sulfuric acid
method [31] and the results were expressed as glucose equiv-
alents (g/L). Glucose (g/L) and fructose (g/L) were quanti-
fied by high-performance liquid chromatography (HPLC)
analysis as described elsewhere [24].

Determination of Polar Phenolic Compound Content

The polar extract of the wastewaters was obtained accord-
ing to the liquid-liquid extraction procedure described by
Papadaki et al. [24]. Folin—Ciocalteu assay [32] was used to
determine the total polar phenol content in the extracts and
the results were expressed as caffeic acid equivalents (mg/L).
Individual phenolic compounds in the extracts were quanti-
fied by high-performance liquid chromatography (HPLC)
analysis following the protocol of Papadaki et al. [24].

Determination of Tannase Activity and Gallic Acid
Concentration

The method of Sharma et al. [33] was used for the determi-
nation of extracellular tannase activity using methyl gallate
(0.01 M) as a substrate in citrate buffer (0.05 M, pH 5.0)
based on the formation of chromogen between gallic acid
and rhodanine. Briefly, 0.25 mL of the substrate solution was
incubated with 0.25 mL of enzyme sample (reaction mix-
ture) at 30 °C for 5 min followed by subsequent addition of
0.3 mL of methanolic rhodanine (0.667%; w/v) and 0.2 mL
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of KOH (0.5 N) every 5 min (at 30 °C). Finally, the mixture
was diluted with 4 mL of distilled water and incubated at
30 °C for 10 min. The absorbance was recorded at 520 nm
using a spectrophotometer (UV-1601, Shimadzu, Kyoto,
Japan). One international unit of activity (IU) was defined
as the amount of enzyme required to release 1 umol of gallic
acid per min under assay conditions. Tannase activity was
expressed in IU per mL of substrate (IU/mL).

Gallic acid concentration (g/L) in the culture filtrates was
also measured by the methanolic rhodanine spectrophoto-
metric method [29].

The yield of tannase and gallic acid was expressed as
product per dry biomass content (IU/g and g/g, respectively).
The productivity of tannase and gallic acid was expressed as
product per substrate volume per time (IU/mL/h and g/L/h,
respectively).

Determination of Total Tannin Concentration

The protein precipitation method of Hagerman and Butler
[34] was used for the determination of total tannin concen-
tration (g/L) using bovine serum albumin (BSA) to precipi-
tate and quantify tannins. The uptake of tannic acid was
expressed as mass of tannic acid consumed per initial mass
of tannic acid (%, w/w).

Determination of Kinetic Parameters of Microbial
Growth

Among the different models (Logistic, Gompertz, and Rich-
ards) tested to describe the growth kinetics of A. niger in the
streams, the modified Logistic model (Eq. 1) was the most
appropriate one in describing the fungal growth dynamics
in the synthetic liquid medium and the table olive process-
ing wastewaters streams containing the optimum tannic acid
concentration for maximum tannase production [24].

dPtan _ + ﬂX (1)

a - a ’

where X is the dry biomass content (g/L) at time t (h), X, is
the maximum dry biomass content (g/L), u,, is the maximum
specific growth rate (1/h), Ay is the growth lag time (h) and
t is the fermentation time (h).

The biomass productivity Py (g/L/h) was calculated by:

P. — X, =X,

B - &)
where X, and X, were the dry biomass content (g/L) at
time t; (starting point of cultivation, h) and t, (timepoint of
maximum dry biomass content, h), respectively.

Determination of Kinetic Parameters of Tannase
Production

The Luedeking—Piret equation (Eq. 3) [35] was used to find
growth associated parameter ‘a’ and non-growth associ-
ated parameter ‘#’ by fitting tannase production data from
the synthetic liquid medium and the table olive processing
wastewaters containing the optimum tannic acid concentra-
tion for maximum tannase production.

% = acll_)t( + pX, 3)
where P, is the tannase activity (IU/mL) at time t (h), X is
the dry biomass content (g/L) at time t (h), « is the growth
associated product formation constant (IU/mL), /3 is the non-
growth associated product formation constant (1/h) and t is
the fermentation time (h).

Statistical Analysis

All measurements and treatments were performed in trip-
licate. Statistical comparisons of the mean values were
performed by one-way ANOVA followed by Duncan’s test
(p <0.05 confidence level) using the SPSS 20.0 software
(SPSS Inc., Chicago, IL, USA). The kinetic models were
fitted to the experimental data with Microsoft Excel spread-
sheet using the Solver function (Microsoft Corp., Redmond,
WA, USA) in order to find the values of the kinetic param-
eters that result in the minimum level for sum chi-squared.

Results

Growth, Gallic Acid and Tannase Production
in Synthetic Media

The ability of A. niger B60 to grow as well as to produce
extracellular tannase and gallic acid was evaluated under
submerged fermentation conditions in synthetic media
containing tannic acid as a sole carbon source in a wide
range of concentrations (5 g/L to 150 g/L). The curves of
biomass, tannase activity and gallic acid content versus
time in the different culture media are presented in Fig. 1.
Tannic acid uptake as well as maximum values of tannase
and gallic acid yield (based on biomass) and productivity
under the different initial tannic acid levels are given in
Table 1.

According to data in Fig. la, tannic acid favored fungal
growth and biomass gradually increased with the increase
of tannic acid concentration. Tannic acid was almost com-
pletely assimilated (98.2-99.8%) at up to 75 g/L initial level
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Fig. 1 Evolution of dry biomass a
content (a), tannase activity (b)

and gallic acid content (c¢) dur-

ing A. niger B60 growth in syn- 15 4
thetic media containing tannic
acid as the sole carbon source at
different initial concentrations
(fermentation time: 144 h)

Biomass (g/L)

\
-
W
|

=

Tannase activity (IlU/mL)

Gallic acid (g/L)

48 72 96
Fermentation time (h)

120 144

Fermentation time (h)

—e—5g/L tannicacid

—&—75 g/L tannic acid

of the substrate. Notably, even at the highest level of tannic
acid tested (150 g/L), the percent uptake of the compound
was high (90.5%) (Table 1). Under the latter fermentation
conditions, it was reported the maximum biomass content
(16.9 g/L) (Fig. 1a). The above findings highlight the strong
affinity of the strain for tannic acid uptake thus accelerating
the growth of the strain.
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Fermentation time (h)

—&—10 g/L tannic acid —=—30 g/L tannic acid ——50 g/L tannic acid

~=—-100 g/Ltannic acid —+—120 g/Ltannicacid —&— 150 g/L tannic acid

The uptake of tannic acid was associated with tannase
production by the fungus. Figure 1b reveals that secretion
of extracellular tannase activity increased with increasing
tannic acid concentrations at up to 100 g/L. In particular,
tannase activity detected in the culture medium containing
the lowest initial content of tannic acid (5 g/L) was up to
2.4 TU/mL after cultivation for 48 h. Experiments in the
culture media supplemented with 10 to 75 g/L tannic acid
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Table 1 Tannic acid uptake as well as maximum values of tannase and gallic acid yield and productivity during A. niger B60 growth in synthetic
media containing tannic acid as the sole carbon source at different initial concentrations

Initial tannic acid  Tannic acid concentration Total tannic

Maximum yield (Y px)

Maximum productivity?

concentration (g/L) at the end of fermenta-  acid uptake - - - -

(¢/L) tion (144 h) (%)! Tannase (IU/g) Gallic acid (g/g) Tannase (IU/mL/h) Gallic acid (g/L/h)
5 0.09 +0.00* 98.2+0.2° 3.42+022* 328 +043%°  0.05+0.00° 0.05+0.00*

10 0.12 +0.00 98.8+0.1° 6.72+1.14>  2.99+0.37* 0.11+0.01° 0.07 £0.00*

30 0.10+0.00° 99.7+0.1¢ 4814047  6.25+0.39° 0.19+0.01° 0.27 £0.02°

50 0.10+0.00° 99.8+0.1¢ 4.16 £ 031> 4.02+0.32¢ 0.26+0.01¢ 0.32+0.01°

75 0.78+0.02° 99.0+0.2° 4.52+0.40° 6.51+0.30° 0.34+0.01° 0.58 +0.02¢

100 4.69+0.14° 95.3+0.2¢ 430 +0.39%  3.61 £0.18*¢  0.66+0.03" 0.75+0.03°

120 9.20+0.29¢ 923+0.1° 2.06+0.02¢ 2.30+0.03° 0.43+0.018 0.69 +0.02°

150 14.27+0.31¢ 90.5+0.1° 1.71+£0.02¢  2.16+0.14° 0.39+0.01" 0.66 +0.02"

Each value was expressed as mean =+ standard deviation of three replicates. Different lowercase letters (a, b, ¢, d, e, f, g and h) in the same col-

umn represent significant differences in values (p <0.050)

'Uptake = Mass of tannic acid consumed per initial mass of tannic acid

2Yield = Product at the timepoint when its maximum was reached per dry biomass content.’Productivity = Product at the timepoint when its

maximum was reached per substrate volume per time

showed variation in the maximum tannase activity from 10.4
to 32.7 IU/mL at 96 h of cultivation. Interestingly, the high-
est enzyme activity of 47.5 IU/mL was recorded after 72 h of
cultivation in the medium supplemented with 100 g/L tannic
acid, which corresponded to a production yield of 4.3 TU/g
and a productivity of 0.5 IU/mL/h (Fig. 1b; Table 1). How-
ever, a reduction in tannase activity, yield and productivity
was evident by increasing the initial concentration of tannic
acid from 100 g/L to 120 g/L and 150 g/L (Fig. 1b; Table 1).
The latter observation indicates that A. niger B60 tolerates
tannic acid concentrations as high as 100 g/L. without having
a deleterious effect on both growth and enzyme production.

Next, gallic acid co-production capability of the fungus
cultivated in media with different concentrations of tannic
acid and incubation times was evaluated to determine also
the highest level of tannic acid bioconversion to gallic acid.
As depicted in Fig. 1c, maximum gallic acid production of
36.1 g/L from 100 g/L tannic acid was detected after 48 h
of cultivation, which corresponded to a product yield of
3.6 g/g and a productivity of 0.75 g/L/h (Table 1). When
the fungus was cultivated in media supplemented with 75,
120 or 150 g/L initial tannic acid, gallic acid was satis-
factory obtained (35.0, 33.1 or 31.8 g/L, respectively). A
decrease in the initial tannic acid level below 75 g/L was
followed by a decrease in maximum gallic acid production
(2.3-13.1 g/L). It should be noted that, in all cases, gal-
lic acid content declined after reaching a maximum value,
revealing the ability of the fungal strain to catabolize gal-
lic acid via gallic acid decarboxylase into pyrogalloll which
enters the TCA cycle as pyruvic acid, cis-aconitic acid, and
3-hydroxy-5-oxo hexanoate [2]. Regarding glucose, the other
product generated along with gallic acid via the action of
tannase, not any level of this sugar was detected under all the

initial tannic acid conditions tested (data not shown). This
highlights the instant consumption of glucose by the fungus
after the biodegradation of tannic acid.

Growth, Gallic Acid and Tannase Production in Table
Olive Processing Wastewaters

A further research question was whether non-sterile table
olive processing wastewaters (lye and washing waters)
enriched with tannic acid have a strong potential for pro-
duction of fungal extracellular tannase in order to improve
the economics of the bioprocess and to reduce the environ-
mental issues associated with water resource management
and wastewater disposal.

The main physicochemical characteristics of the lye and
washing water effluents used in the current studies are dis-
played in Table 2. It is clearly evident from the results that
these streams did not contain any tannic acid, thus, their
pre-enrichment with tannic acid was the only way for ren-
dering possible the production of fungal tannase. The level
of 100 g/L of tannic acid chosen for the enrichment of the
wastewaters was the optimum one found in the experiments
carried out under submerged fermentation conditions in
synthetic media containing tannic acid as a sole carbon
source in a wide range of concentrations (5 to 150 g/L) to
maximize enzyme activity. The initial level of total sugars
(glucose and fructose) in the effluents was 6 g/L, consisting
of glucose and fructose at a ratio of ~0.9. Simple phenolic
compounds were also present in lye (0.4 g/L) and washing
waters (0.7 g/L). In addition, the effluents contained growth
factors like nitrogen and metals. The ash content (inorganic
matter) of lye and washing waters resulted in high electrical
conductivity level. The latter was more pronounced in lye
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Table 2 Physicochemical

Y Parameter Lye Washing waters

characteristics of lye and

washing water effluents . pH 12.0+0.1 102402

ffy‘;grjie‘g}r;r;g; Z‘r’z::};iive Electrical conductivity (mS/cm) 202400 9.8+0.1

processing (production season COD (g/L) 17.5£02 15.6+0.1

2016-2017) Total solids (g/L) 17.8+0.4 12.2+0.3
Total dissolved solids (g/L) 13.1+0.1 9.0+0.2
Total suspended solids (g/L) 47+0.2 3.2+0.1
Total ash content (g/L) 72+0.2 5.3+0.1
Mg (mg/L) 484+1.5 51.7+1.8
Fe (mg/L) 11.2+0.3 12.1+0.4
Cu (mg/L) 1.9+0.1 2.0+0.2
Zn (mg/L) 0.8+0.2 1.0+0.2
Mn (mg/L) 0.3+0.1 0.5+0.1
Total nitrogen content (mg/L) 942+2.6 127.1+24
Total soluble sugar content (g/L) 6.0+0.1 5.5+0.1
Glucose (g/L) 2.8+0.0 2.6+0.0
Fructose (g/L) 3.2+0.0 2.9+0.1
Total tannic acid content (g/L) Not detected Not detected
Total polar phenol content (mg/L) 434.5+5.9 731.6+8.7
Hydroxytyrosol (mg/L) 138.7+6.5 392.4+9.7
Methoxy derivative of hydroxytyrosol (mg/L) 113.1+34 Not detected
Tyrosol (mg/L) 77.4+3.0 1782+7.5
Cafteic acid (mg/L) 55+0.2 7.2+0.3
Luteolin-7-O-glucoside (mg/L) 159+0.5 14.0+0.5
p-Coumaric acid (mg/L) 19.7+0.6 20.2+0.8

Each value was expressed as mean + standard deviation of three replicates

COD Chemical oxygen demand

due to the use of NaOH in the debittering stage of the olive
fruit [20]. Also, the strong alkalinity of both effluents led to
the adjustment of their initial pH value to 5 as a mandatory
pretreatment step to enable the fungal growth.

Figure 2 illustrates the evolution of biomass formation
as well as tannase activity, tannic and gallic acid production
during the treatment of the enriched lye and washing waters
with A. niger B60. The biomass content reached 16.6 g/L
in the lye and 18.9 g/L in the washing waters. The easily
assimilable sugars, glucose and fructose, were completely
catabolized by the fungus within the first 24 h of treatment
(data not shown), while tannic acid was constantly used as
the main carbon source. The tannic acid consumption and
fungal growth in the lye resulted in a maximum extracellular
tannase activity of 21.5 IU/mL at 72 h, which corresponded
to yield and productivity values of 1.30+0.11 TU/g and
0.30+0.02 IU/mL/h, respectively. The maximum extracel-
lular tannase activity in the washing waters was 17.3 IU/mL
at 48 h corresponding to a yield of 1.05 +0.06 IU/g and a
productivity of 0.36 IU/mL/h+0.01 IU/mL/h. This enzy-
matic activity led to the release of gallic acid in the streams.
Specifically, the maximum gallic acid content detected in
lye and washing waters was 21.6 g/L (yield 1.30+0.12 TU/g

@ Springer

and productivity 0.45+0.03 IU/mL/h) and 14.1 g/L (yield
0.85+0.03 IU/g and productivity 0.29 +0.02 IU/mL/h),
respectively, after 48 h of incubation. It should be also noted
that after 60 h of fermentation, the tannic acid was almost
depleted (Fig. 2), i.e. tannic acid reduction of 75% in lye and
77% in washing waters. As a result, the fungus started to cat-
abolize the other carbon sources present in the streams, lead-
ing to the gradual reduction of gallic acid content (Fig. 2) as
well as the complete biodegradation of the simple phenolic
compounds, hydroxytyrosol, methoxy derivative of hydrox-
ytyrosol, tyrosol, caffeic acid, luteolin-7-O-glucoside and
p-coumaric acid (data not shown).

Kinetics of Fungal Growth and Tannase Production

The experimental data on biomass formation and tannase
activity in synthetic medium and non-sterile effluents (lye
and washing waters) containing initial tannic acid con-
centration of 100 g/L. were interpreted using the modified
Logistic sigmoid function and the Luedeking—Piret models,
respectively, to characterize the fermentation processes. The
derived biological parameters are given in Tables 3 and 4.
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Table 3 Growth kinetic
parameters (modified

Fermentation substrate

Growth parameters'

Goodness of fit

logistic model) of A. niger

B60 in synthetic medium

and non-sterile effluents
containing 100 g/L tannic acid
(fermentation time: 144 h)

X, (g/L broth) u,, (1/h) g (h) R?
Synthetic medium 11.083+0.464°  0.369+0.012° 15.413+0.741*  0.995+0.001°
Lye 16.187+0.662°  0.540+0.026" 14.800+0.209* 0.990 +0.002°
Washing waters 18.497+0.794°  0.594+0.021¢ 14.452+0.402°  0.992 + 0.001*°

Each value was expressed as mean =+ standard deviation of three replicates. Different lowercase letters (a, b
and c) in the same column represent significant differences in values (p <0.050)

!X, = maximum value of dry biomass content, u,, =maximum specific growth rate, A = growth lag time

In the case of fungal growth in the synthetic medium,
findings demonstrated that the non-linear models can be suc-
cessfully used to predict the kinetic parameters of growth
(R*=0.99) (Table 3) and tannase production (R*=0.97)
(Table 4). Specifically, after a lag time (43) of 15 h, fungal
biomass was formed with a maximum specific growth rate
(u,) of 0.369 1/h, reaching up to 11 g/L (X,,) (Table 3). It
seems that fungal growth influenced strongly the production
of extracellular tannase during the incubation period as the
value of a was 20-fold higher than that of g (Table 4).

The kinetics of fungal growth and extracellular tannase
production in lye and washing waters were also adequately

described by the modified Logistic (R>=0.99) (Table 3)
and the Luedeking—Piret models (R*=0.96-0.97) (Table 4),
respectively. In both effluents, a lag period of 15 h was evi-
dent prior to the exponential growth phase. The biomass
formation was faster in the washing waters (u,=0.594
1/h) as compared with the lye (u,, =0.540 1/h), leading to a
significantly higher maximum biomass content (18 g/L vs.
16 g/L) (Table 3). The recorded tannase activity during the
treatment of the effluents was growth-associated; a finding
that was more evident in the lye (a/f = 10) than in the wash-
ing waters (a/ff=5) (Table 4).
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Table 4 Tannase production Kkinetic parameters (Luedeking—Piret
model) during A. niger B60 growth in synthetic medium and non-
sterile effluents containing 100 g/L tannic acid (fermentation time:
144 h)

Fermentation Tannase production Goodness of fit
substrate parameters!
a (IU/mL) $ (1/h) R?

Synthetic medium ~ 1.403+0.056" 0.072+0.001* 0.973 +0.006*
Lye 0.240+0.008" 0.025+0.002° 0.963+£0.010°

Washing waters 0.174+0.012° 0.037+£0.002° 0.967 +0.009°

Each value was expressed as mean + standard deviation of three repli-
cates. Different lowercase letters (a, b and c) in the same column rep-
resent significant differences in values (p <0.050)

! o= growth-associated product formation constant, f=non-growth-
associated product formation constant

Discussion

Evaluating the Performance of A. niger B60
in Synthetic Media

A. niger B60 followed a normal pattern of growth and met-
abolic activity over a wide concentration range of tannic
acid in synthetic medium (Fig. 1). The maximum attainable
biomass concentration increased with the increase of the
initial tannic acid concentration, and they were correlated
in a linear relationship (correlation coefficient of 0.9919).
Moreover, the stationary phase in biomass production in
media containing high initial tannic acid content (> 100 g/L)
occurred almost at the same fermentation time point (i.e.
48 h after inoculation). This resulted in higher biomass
productivity under higher initial tannic acid concentration
(0.095 g/L/h vs. 0.1408 g/L/h at an initial tannic acid con-
centration of 100 g/L and 150 g/L, respectively).

From the mechanistic point of view, the fungal cells pro-
duced tannase to hydrolyze tannic acid into gallic acid and
glucose [2]. At the stationary phase of fungal growth, tan-
nase activity decrease was associated with the depletion of
tannic acid, while the reduction of gallic acid concentration
was attributed to the catabolic activity of the fungus [36,
37]. End-product repression by gallic acid and catabolite
repression by glucose might as well have been involved in
the decline of tannase activity during the submerged fermen-
tation [10, 28, 37].

When comparing our results to those of previous stud-
ies using other strains of Aspergillus species and the fungal
genera Penicillium, Trichoderma and Fusarium, maximum
tannase activity and accumulated gallic acid were of simi-
lar values under submerged fermentation with initial level
of tannic acid 5 g/L. In particular, Bajpai and Patil [38]
reported values for A. niger MTCC 282 (1.6 IU/mL and
2.3 g/L, respectively), A. niger MTCC 404 (1.6 IU/mL and
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2.3 g/L, respectively), A. aureus MTCC 151 (1.7 TU/mL
and 2.4 g/L, respectively), A. parasiticus MTCC 411 (2.3
IU/mL and 3.3 g/L, respectively), Penicillium chrysogenum
MTCC 161 (2.3 IU/mL and 3.3 g/L, respectively), T. viride
MTCC 167 (2.4 IU/mL and 3.5 g/L, respectively) and F.
solani MTCC 350 (2.5 TU/mL and 3.7 g/L, respectively)
under submerged fermentation in synthetic medium with
tannic acid 5 g/L. Extracellular tannase production by A.
niger B60 at an initial tannic acid concentration of 10 g/L
(10.4 TU/mL) was considerably higher than those reported
for other A. niger strains under the submerged fermenta-
tion using the same tannic acid concentration. For example,
A. niger FETL FT3 free and immobilized cells produced
2.8 and 4.0 IU/mL of tannase, correspondingly [29], while
(A) niger Van Tieghem released 6.2 IU/mL of the enzyme
[39]. The results were even better than those reported for
the bacterial species Bacillus licheniformis KBR6 (0.4 TU/
mL) [40], (B) subtilis AM1 (1.4 TU/mL) and Lactobacillus
plantarum CIR1 (1.2 ITU/mL) under anaerobic submerged
fermentation [41]. However, Igbal and Kapoor [42] reported
higher tannase activity of the fungus 7. harzianum MTCC
10,841 (32.3 IU/mL).

The ability of A. niger B60 to grow well and produce
extracellular tannase in the media with high initial tannic
acid concentrations (50-150 g/L) (Fig. 1) is a characteristic
of the species [36, 43]. Tannase activity of the strain B60
in the presence of 50 g/L initial tannic acid concentration
(25.4 TU/mL) was superior to those reported for the strains
Aa-20 (2.7 IU/mL) [28], GH1 (0.35 TU/mL), GH2 (0.50
IU/mL), NH4 (0.50 IU/mL) and PSH (0.35 IU/mL) [12].
However, even higher tannase activity was detected when
using 100 g/L tannic acid (47.5 IU/mL) (Fig. 1b), which
was about 20-fold greater than that reported for the strain
Aa-20 (2.4-2.6 IU/mL) [10, 28]. These differences seem to
be related to the ability of strain B60 to uptake efficiently
the compound by 95% (Table 1) in contrast with the limited
hydrolytic performance of the strains Aa-20 (54-65%), GH1
(67%) and PSH (70%) [10, 12].

Evaluating the Performance of A. niger B60
in Enriched Table Olive Processing Wastewaters

Sterilization has been considered a significant part of the
costs of A. niger biorefinery for the production of hydrolytic
enzymes [44]. Thus, in an attempt to render the fermentation
process cost effective and resource efficient, non-sterile lye
and washing waters from Spanish-style green olive process-
ing (Table 2) were enriched with the highest possible level of
tannic acid (i.e. 100 g/L) for extracellular tannase production
using the robust A. niger B60. Fungal growth was favored in
lye and washing waters as X, (16 and 18 g/L, respectively)
and yu,,, values (0.540 1/h and 0.594 1/h, respectively) were
about 1.5-fold higher than those estimated in the synthetic
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medium with the same initial tannic acid concentration (X,
=11 g/L and u,,=0.369 1/h). It is important to note, that the
present evidence relies on the presence of metals in the efflu-
ents (e.g. Mg, Fe, Cu, Zn and Mn) (Table 2) acting as fungal
growth factors through the catalysis of redox reactions, the
activation of enzyme systems and/or their participation in
the molecular structure of the enzymes [26, 45]. Biomass
formation became more pronounced in the washing waters
than in the lye. This could be associated to the elevated con-
tent of NaOH in lye than in washing waters [20], leading
to higher salinity levels (ash content 7 g/L in lye vs. 4 g/LL
in washing waters) (Table 2) that cause nutritional imbal-
ance and osmotic stress as well as to higher alkalinity that
decreases the solubility of the nutrients [24]. It should be
also taken into consideration that the total suspended solids,
which were more pronounced in the lye (5 g/L) than in the
washing waters (3 g/L) (Table 2), tend to increase the turbid-
ity of the medium and decrease the available dissolved oxy-
gen concentration for the microbial growth [24, 46]. In addi-
tion, the lag phase of growth (15 h) did not differ within the
three substrates signifying that the fungal cells were easily
adapted in the effluents. The growth kinetic parameters of A.
niger B60 in this research were better than those reported for
the same strain in lye (1,,=0.061 1/h, X, = 3 g/L) and wash-
ing waters (u,,=0.085 1/h, X, = 3 g/L) without pre-enriched
step [24]. Alternatively, a similar rate of growth (u,,=0.458
1/h) was observed for the strain B60 in a lye/washing water
mixture enriched with 100 g/L sugars (glucose and fructose)
of white grape pomace for citric acid production [25]. On
the other hand, the fungal growth rate (1, =0.146 1/h) of A.
niger Aa-20 in a synthetic medium containing 100 g/L tan-
nic acid was 2.5-fold lower than the respective one estimated
for A. niger B60 providing, however, a similar maximum
value for biomass (X, = 12 g/L) [28].

Extracellular tannase production was efficient in lye (21.5
IU/mL) and washing waters (17.3 IU/mL) but 2.2- and 2.7-
fold lower, respectively, than in the synthetic medium with
an initial tannic acid concentration of 100 g/L (47.5 ITU/mL).
This might be caused by the metals contained in the effluents
(such as Mg, Fe, Cu, Zn and Mn) [25], which have been
acknowledged as inhibitors of tannase activity by Asper-
gillus species [17, 37]. On the other hand, the low level of
soluble sugars in both effluents (6 g/L) was not expected to
contribute significantly to the fungal tannase activity repres-
sion [10, 28]. In any case, the negative influence of the olive-
derived phenolic compounds on fungal performance should
not be precluded [22] as the simple phenolic compounds,
hydroxytyrosol, methoxy derivative of hydroxytyrosol,
tyrosol, caffeic acid, luteolin-7-0-glucoside and p-coumaric
acid were completely catabolized by the fungus. Yet, the
tannase activity levels obtained by A. niger B60 after the
enrichment of the effluents with tannic acid were found to
be antagonistic to those of other Aspergillus strains using

different wastewaters and residues from food processing.
Submerged fermentation of undiluted olive mill wastewa-
ters by A. niger MUM 03.58 led to an extracellular tannase
production as low as 0.3 IU/mL [23], while tannase activity
after fermentation of the diluted streams with A. niger HA37
was 0.6 IU/mL [21]. The maximum tannase activity (8 IU/
mL) was achieved only after oxidation and further dilution
of the olive mill wastewaters to minimize the inhibitory
effect of phenolic compounds on the growth of Aspergillus
Sflavus F2 [22], although these levels were 2.7- and 2.2-fold
lower than those obtained by A. niger B60 in the enriched
lye and washing waters, correspondingly. Comparable levels
with the current study were obtained after supplementation
of liquid nutrient media with tannin-rich pomegranate rind
(29.2 TU/mL by A. niger ITCC 6514.07) [17] and or Emblica
officinalis powder (35.6 IU/mL by Aspergillus sp. from soil)
[16]. It should be noted that the growth-associated nature
of tannase production by A. niger B60 in the effluents and
the synthetic medium (a >> f) coincides with the litera-
ture data on the growth of A. flavus MTCC 3783 (a=18.02
1/h, f=0.041 1/h) [35] or Aspergillus foetidus MTCC 3557
(@=21.20 1/h, #=0.035 1/h) in redgram husk [47], Bacil-
lus cereus M1GT (a¢=0.58 1/h, = —0.002 1/h) in Triphala
residue [48] and Lb. plantarum MTCC 1407 (¢=5.50 1/h,
F=0.685 1/h) in synthetic medium [49].

Conclusion

Overall, submerged fermentation is the preferred method
for industrial tannase production at a global level. Thus,
efforts to optimize the process are currently needed. Maxi-
mum extracellular tannase production by A. niger B60 (47.5
IU/mL) was obtained in a synthetic medium with an initial
tannic acid concentration of 100 g/L. The obtained value
was found to be competitive with those reported in literature
for other fungal as well as bacterial strains. Gallic acid was
also produced at satisfactory levels as a secondary product.
Tannic acid degradation was almost complete and consider-
ably higher than other A. niger strains studied previously,
signifying the strong potential of strain B60. Replacement
of process water and growth factors with non-sterile lye and
washing waters from Spanish-style green olive process-
ing provides a cost-effective advantage to the process and
promotes environmental protection. Remarkably, effluents
enrichment with 100 g/L tannic acid followed by submerged
fermentation with A. niger B60 was effective for fungal
growth and extracellular tannase production. The latter was
considered a process with competitive advantage to other
wastewaters and residues from food processing proposed as
alternative feedstocks for the production of fungal tannase.
However, a major source of limitation is due to the fact that
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commercial tannic acid is a costly substrate. These findings
seem encouraging toward the direction of scale up in biore-
actors that should be carried out together with optimization
studies using cost-effective tannin-rich agro-residual sub-
strates and provision of process economics.
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