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Abstract

Purpose This paper aims to assess the potential of basidiomycete fungi to mycoremediate brewery wastewater and generate
a bioactive molecule ($-glucan) for industrial applications.

Methods Six basidiomycete fungi, Ganoderma applanatum, Ganoderma lipsiense, Pleurotus ostreatus, Pycnoporus san-
guineus, Lentinula edodes, and Oudemansiela canarii, were grown in submerged fermentation using brewery wastewater
(BW). B-glucan production, biomass concentration, reducing sugar content, and pH were evaluated and the fungus with the
highest B-glucan production was subjected to a kinetic study of f-glucan production.

Results Results showed that BW has important nutrients for fungi growth and all species had high biomass production. The
highest production of B-glucans was for G. lipsiense (23.87%) and its kinetic study showed the highest production of p-glucans
at 14 days and the greatest increase in biomass at 21 days. There was a correlation between the production of -glucans and
the consumption of BW substrate and a decrease in chemical oxygen demand (81% at 21 days), nitrate (< 3.00 mg L"), total
phosphorus (66.326 mg L"), and total dissolved solids (634.1 mg L ™).

Conclusion This study highlighted a sustainable use of BW for its remediation besides fungal biomass production as a source
of a high-value product for the biotechnology industry, opening prospects in the circular bioeconomy.
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Statement of novelty

The novelty of this investigation was to use basidiomycete
fungi for mycoremediation of brewery wastewater and
concurrently study the potential of -glucans production
and its kinetics aiming for the biotechnology application.

Introduction

Beer is the fifth most consumed beverage globally, being
an important contributor to the world economy [1, 2].
The beer sector has grown significantly over the last half-
decade and the brewers’ impact on the global economy is
estimated to have accounted for around $251 billion [3].
Brazil is the fourth main country in beer sales (around
$ 23,652 million in 2019) among 70 countries, being
behind the US, China, and Germany [3], and represents
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an important role in beer exportation (around 241 million
kg in 2021) [4].

Nevertheless, with the increase and development of
the brewery industry, the brewery waste streams also
increase [5] and wastewater is one of the most significant
waste products of brewery operations [6]. It is estimated
that for each liter of beer produced, 4.5-10 L of brewery
wastewater (BW) are generated from the beer production
chain’s unitary operations [2], such as filtration,
fermentation, malt mashing and boiling, equipment
discharges, and cleaning [2, 5].

Even though BW is not toxic and does not usually
contain high quantities of heavy metals, it contains
biological contaminants (0.7-2.1 kg of BOD per barrel)
[6] and presents high amount of organic matter, nitrogen,
and phosphorus, which represent a polluting load and
could cause environmental problems if do not receive
the adequate destination [7]. The BW can pollute the
receiving water bodies because of the organic substance’s
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abundance, that need to be removed before discharge
into the environment. There are some effective physical,
chemical, biological, and advanced treatment methods for
this removal [1]. However, waste management is usually
a substantial cost factor, especially for micro-breweries,
creating a need for innovative solutions [7].

The BW contains residual amounts of raw materials,
including suspended solids, sugars, yeasts [2], and high
nutrient levels [5]. Therefore, a sustainable alternative to the
reuse of brewing effluents could be through biotechnology
processes using basidiomycete fungi [8], especially the
white-rot fungi (WRF), once they perform an essential
role in organic matter decomposition, assisting the nutrient
exchange and recycling [9]. Basidiomycete fungi tend to
degrade a vast number of contaminants [10—13], including
the agricultural, industrial, and agrochemical [8, 14], as well
as assist the biological effluents treatment through enzymatic
mechanisms and biotransformation [15-17].

The biotransformation of pollutants and detoxification
of soils and wastewater using fungi as conversion agents
is known as mycoremediation [18, 19]. While this method
is currently employed for investigating the detoxification
of wastewater contaminated with recalcitrant substances
like pharmaceuticals, endocrine disruptors [20, 21], and
chlorinated compounds [8], the utilization of WRF in
bioremediation processes within the field of environmental
sanitation remains largely unexplored [8].

Additionally, fungi present high biotechnological
interest and can act on bioconversion of molecules
of commercial interest, such as the p-glucans, whose
biological activities have been attracting constant interest
[22-24], and research has been focusing on medicinal
properties from these polysaccharides [25, 26]. The fungi
glucans are pharmacologically classified as biological
response modifiers [27] since the $-1,3-glucans stimulate
the immunological system, presenting biological activities
such as anti-tumor, antiviral, antibacterial [25], and anti-
inflammatory [28]. These compounds also demonstrate to
promote a lower elevation of the glycemic curve [23, 24]
and immunomodulatory and pulmonary cytoprotective
effects that may have positive relevance to SARS-CoV-2
therapeutics [29] and chemotherapy [30].

A previous study demonstrated the ability of G. lipsiense
e G. applanatum to grow and produce p-glucans in solid
media containing wastewater from the centrifugation process
of Pilsen beer production [31]. Therefore, this study aims to
assess the potential of edible and medicinal basidiomycete
fungi as mycoremediator agents of wastewater from the
centrifugation process of Pilsen beer and their influence on
B-glucans production. This process focuses on reusing and
aggregating value to the brewing wastewater and generating
molecules commercially important to the biotechnology
industry.

Material and Methods

The fungi cultivation was carried out by Submerged
Fermentation (SF) using the wastewater from the
centrifugation process of Pilsen beer (ECP) as culture media
for fungi growth and p-glucans production.

Microorganisms

The fungal strain used for SF were G. applanatum (CCIBt
2978), G. lipsiense (CCIBt 2689), P. sanguineus (CCIBt
3962), O. canarii (CCIBt 2933), L. edodes (CCIBt 2920),
and P. ostreatus (CCIBt 2339), purchased from fungi Culture
Collection of Botanic Institute (CCIBt), Sao Paulo, Brazil.
First, the fungi were cultivated in sterilized Petri plates using
a culture media composed of 35 g L™! of glycose, 5 g L™! of
peptone, 2.5 g L™! of yeast extract, 0.883 g L™! of KH,PO,,
0.5 g L™! of MgS0,7H,0, 20 g L~! of agar, and distilled
water. The Petri plates were incubated at 27 +1 °C until
complete radial growth and it was posteriorly used for the
SF.

Beer Process Wastewater

The ECP used as culture media for SF was collected in an
artisanal brewery of Blumenau (Santa Catarina, Brazil)
at the end of the centrifugation process. The ECP was
previously chemically characterized by the Laboratory
of Water and Wastewater Analyses of SENAI Blumenau
(Santa Catarina, Brazil) based on the Standard Methods
for the Examination of Water and Wastewater [32]. The
analyzed parameters were arsenic, barium, boron, cadmium,
lead, dissolved copper, real color, hexavalent chromium,
trivalent chromium, BOD, COD, total dissolved solids, tin,
phenol, dissolved iron, fluorides, total phosphorus, dissolved
manganese, mercury, nickel, nitrate, nitrite, and ammoniacal
nitrogen, as well as pH and turbidity, determined according
to Resolution 430 of May 13th, 2011, of the Nacional
Council of Environment [33].

Submerged Fermentation

The fungi mycelial SF was performed in a static state,
using cylindrical glass jars (500 ml) containing 100 ml
of culture media and covered by metallic covers with an
orifice containing filter paper to gas exchanges. The glass
jars containing the culture media were autoclaved at 121 °C
and 1 atm for 15 min, cooled and then inoculated. The
inoculation of each fungus was carried out by grinding
a fungi Petri plate in 120 ml of distilled water, using a
sterilized laboratory grinder, and adding 20 ml of this
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suspension in each glass jar. The SF was performed in ECP
media and also in a synthetic culture media (SM), adapted
from Tang and Zhong [34], composed of glucose (35 g L™,
peptone (5 g L™1), yeast extract (2.5 g L™!), monopotassium
phosphate (0.883 g L™!), heptahydrate magnesium sulfate
05¢g L‘l), and distilled water, with pH 5.5 to the SM.

The SF process was conducted in a microbiological
incubator at 27+ 1 °C for 40 days to select the fungus that
presents the highest tendency to f—glucans production
among the studied species. In addition, two culture systems
were used for ECP media, named simple batch (ECP_SB)
and feed batch (ECP_FB). The simple batch corresponds to
a closed and discontinuous system where inoculation and
incubation occur without supplementation of cultivation
media until the end of the incubation period. The feed batch
corresponds to a discontinuous system with supplementation
of culture media during the incubation period due the
medium adsorption by the fungi growing biomass, reducing
the 15-17% of the medium from the initial volume. Both
SM and the ECP for both simple and feed batches, without
the inoculation of fungi, were considered blank cultivation
(control).

Submerged Fermentation Analysis
pH and Fungi Biomass Dry Weight

Initial and final pH analyses were performed in triplicate for
all cultivation through the potentiometric method, using a
bench pHmeter (Tecnal) [35]. The fungi biomass dry weight
(BDW) for each submerged culture was quantified after the
incubation period. The submerged media was filtered using a
paper filter Whatman n.1 and the fungal mycelia were dried
in a drying oven with mechanical air circulation (Tecnal
TE-324/1) at 55 °C until constant mass was obtained (2 h).
The biomass dry weight was obtained with the mean of five
myecelial dry weights and the results were expressed in grams

(2)
Total Reducing Sugar Content

The total reducing sugar content (TRS) was determined
in each submerged culture medium: SM and ECP_SB
at 0 and 40 days of incubation, ECP_FB (bs) before
media supplementation, and ECP_FB (as) after media
supplementation (0 and 40 days). The TRS analysis was
performed using the 3,5-dinitro salicylic acid (DNSA)
method, according to Miller [36]. Briefly, DNSA reagent
(1% of 3,5-dinitro salicylic acid and 30% of double sodium
and potassium tartrate in 0.4 mol L™! of NaOH) was added in
test tubes containing 1.0 ml of sample and kept at a boiling
water bath for 5 min. After cooling, 7.5 ml of distilled
water was added to the solution and the absorbance was
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measured at 540 nm, using a UV-VIS spectrophotometer
(Shimadzu UV-Vis-1650 PC). The reducing sugar content
was calculated from the calibration curve of ten dilutions
of standard D-glucose (Anidrol) (1.8-0.18 g L"), and
the results were expressed as g L™! of D-glucose. Sugar
consumption was also considered as substrate consumption
[37-41].

Determination of B-glucan Content

The mycelial dried samples were ground in a laboratory
mixer and then submitted to the determination of B-glucan
content by an enzymatic colorimetric method, using
an Enzymatic Mushroom and Yeast f-Glucan Assay
Kit® (K-YBGL) (Megazyme®; IDA Business Park,
Bray, Wicklow, Ireland). Total glucans and a-glucans
were determined and calculated through the protocol
recommended by the K-YBGL manufacturer and its
difference was considered as the p-glucans fraction. The
fungus that presented the highest tendency to p—glucans
production in ECP media was cultivated again to study the
B-glucan production kinetics.

B-glucan Production Kinetics Analysis

To evaluate the fungal behavior during the incubation
period, it was established a kinetics analysis of f—glucans
production, biomass growth, and substrate consumption.
The fungus capacity of effluent contaminants’ reduction was
also evaluated through Chemical Oxygen Demand (COD)
analysis. This parameter was also compared to f—glucans
production to verify the capacity of the ECP bioconversion
in a product with p—glucans’ high content.

The SF was conducted as previously described, applying
the simple batch and the selected fungus, and incubating at
27+ 1 °C for 42 days [42]. The p—glucans content, fungus
BDW, TRS, and COD were weekly analyzed, from the initial
time until the end time of incubation (0, 7, 14, 21, 28, 35,
and 42 days). Thirty-five experiments (cylindrical glass jars,
fungi and substrate) were prepared and in the zero time.
Every 7 days, five glass jars were selected and analyzed for
B—glucans content, fungus BDW, TRS, and COD.

The specific growth rate (u,), substrate consumption
(1), and product formation (B-glucans production) (u,)
were calculated according to Costa et al. [43] and modified
and Bettin et al. [40]. The specific growth rate was obtained
from fungi biomass dry weight in grams (g). A polynomial
kinetic model was used for the experimental data fitting to
obtain an equation relative to time. The w, 4,, pg and p,
were obtained by multiplying the inverse of this function
by its first derivative. All experiments were running in five
repetitions.
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Finally, biomass substrate yield was calculated by the
relationship Yx,q=(dX/dt)/(—dS/dt), where dX/dt is the
first derivative of the fungi biomass dry growth; —dS/dt is
the first derivative of the substrate consumption. f—glucans
substrate yield was calculated by the relationship Yp,g=(dP/
dt)/(— dS/dt), where dP/dt is the first derivative of the
B—glucans production; —dS/dt is the first derivative of the
substrate consumption.

Remediation of BW

After 42 days-incubation period, a sample of ECP media was
collected and analyzed based on the Standard Methods for
the Examination of Water and Wastewater [32], to compare
with the initial BW characteristics (item 2.2) and verify the
capacity of fungi as a BW remediator.

Statistical Analysis

Statistical analysis of all data obtained was performed
through Analysis of variance (ANOVA) and significance
levels were set at 95% using the Tukey test (p <0.05).

Results and Discussion
Beer Process Wastewater Characteristics

The ECP appeared to be cloudy and yellowish, and its
chemical characterization is shown in Table 1.

The chemical composition of BW varies mainly according
to the operational conditions, fabrication processes,
production method, beer type, and system management [1,
44]. Levels of the most important water quality parameters in
BW have been reported in literature to be: 1250-126366 mg
L~! for COD [2, 5, 6, 45-47], 1200-18000 mg L~! O, for
BOD [2, 45], 1515.90 mg L~! for total organic carbon (TOC)
[45], 24-451 mg L™ for total nitrogen, 5—44.33 mg L~! for
NH;-N [2, 5, 6, 46, 47], 0.50 MgNO;_mg L~! for nitrate
[45], 33.25 mg L™! of nitrate nitrogen (NO;-N), <0.1 mg
L~! for nitrite nitrogen (NO,—-N) [47], 0.5-600 mg L~! for
total phosphorus [2, 5, 45-47], 1050 mg L~! for phosphates
[5, 6], 8.6 mg L! orthophosphate (PO,3-P) [47], 240.68
MgSO, mg L™ for sulfate [45], 190-3170 mg L~! CaCO,
for Al[2], 500 mg L~! for suspended solid (SS) [6], 3232 mg
L~! for dissolved solids [45], 63.62 mg L~! for total solids
(TS), and 0.264 mg L~! for volatile solids (VS) [46], 160
NTU (Nephelometric Turbidity Units: 3 NTU=1 ppm SiO,)
for turbidity [45], and pH 4.5-12 [2, 5, 6, 46-48].

BW is considered a highly pollutant due to the high levels
of organic carbon and other pollutants [1]. Organic com-
pounds in BW are mainly from sugar, soluble starch, etha-
nol, and volatile fatty acids, for example, and their removal

Table 1 Chemical characterization of ECP on the initial (Day 0) and
final (Day 42) day of the incubation period (G. lipsiense)

Parameter Concentration

Day 0 Day 42
Arsenic <0.010 <0.010 mg L'
Barium <0.200 0.030 mg L'
Boron 0.445 0.149 mg L'
Cadmium <0.001 <0.001 mg L!
Lead 0.051 0.017 mg L™
Dissolved copper 0.019 0.236 mg L!
Real color 651.90 635.90 Pt/Co
Hexavalent chromium 0.010 0.013 mg L™
Trivalent chromium <0.010 <0.01 mg L™
BOD 17,750.00 776.00 mggy, L™
Total dissolved solids 10,571.43 634.1 mg L™!
COD 32,050.00 2353.50 mgg, L™
Tin <0.200 <0.010 mg L™
Phenol 0.046 - mg L™
Dissolved iron <0.050 0.112 mg L™}
Fluorides 6.73 <3.00 mg L!
Total phosphorus 81.200 66.326 mg L™}
Dissolved manganese <0.050 0.016 mg L!
Mercury 0.0002 0.00033 mg L™
Nickel <0.010 <0.010 mg L™
Nitrate 5.89 <3.00 mg L™
Nitrite 0.59 <3.00 mg L™
Ammoniacal nitrogen 9.18 59.33 mg L™
pH 4.37 6.57 -
Turbidity 166.00 88.70 NTU

is important for the prevention of the creation of anaerobic
conditions in the receiving water bodies [49]. Nevertheless,
these characteristics are favorable to fungi development. A
decisive factor for fungi mycelial growth is the presence
and equilibrium of carbon, nitrogen, phosphorus, vitamins,
and micronutrients in the culture media [50, 51]. The main
carbon source in the ECP can be found as organic carbon
due to the high organic charge and can be measured by the
chemical oxygen demand (COD) or/and the biological oxy-
gen demand (BOD) [6]. These parameters can vary in brew-
ery wastewaters according to the fabrication process and the
presence of ethanol, glycerol, and remaining carbohydrates,
and can reach around 170,000 mg L~"! [44]. ECP presented
initial COD and BOD high contents (Table 1), being a car-
bon source for fungi development.

Nitrogen (N) and phosphorus (P) concentrations mainly
vary according to the raw materials and yeast leftover
amount in the BW [1, 48] and come from malt, adjuncts,
the amount of yeast discharged (nitrogen), and the used
cleaning agents (nitrogen and phosphorous) [6]. Nitrogen
is a critical element to cell growth and performance [52]
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and the nitrogen content presents favorable effects on fungi
development [53, 54], being reported as 16.4-280 mg L™!
TN-N in BW [1]. Phosphorus is an essential element for life,
being part of DNA and RNA molecules and participating
in the reproduction and transmission processes of genetic
characters. Moreover, fungi require it for nucleic acid and
phospholipids synthesis [55]. ECP presented ammoniacal,
nitrate, and nitrite, which can act as nitrogen sources for
fungi development, and phosphorus content (Table 1), and
did not exceed the concentration that could promote negative
effect [56].

Other important parameters for fungi development were
evaluated in the current study, such as dissolved manganese,
dissolved copper, dissolved iron, boron, and nickel (Table 1).
These elements are also required for fungi development,
once they promote the cells’ communications (boron), cell
breath (copper), nitrogenases, peroxidases, and cytochromes
formation (iron), enzymes (manganese) and hydrogenases
activation (nickel), for example [57]. Nickel and chromium
can be from wear on machines, especially conveyors in the
packaging line [6].

It is important to provide essential macro and
micronutrients for the proper fungi growth [50, 51], and
ECP seems to be promising to basidiomycete fungi to favor
the p-glucans synthesis. The p-glucans synthesis has many
influence factors, and its content is related to the substrate
used in fungi cultivation [58]. For basidiomycete fungi, other
factors that have great importance on f-glucans production
are the mushroom species, the degree of basidiocarp
maturation, the cultivation conditions [59], nitrogen and
carbon sources, and their concentrations present on the
cultivation substrate [60], for example.

A previous study [31] evaluated the radial mycelial
growth rate (V) and B-glucans production by G. lipsiense
and G. applanatum cultivated in Petri dishes (13 days) con-
taining ECP as culture media, using three concentration lev-
els (100, 75, and 50%). All treatments presented mycelial
growth and p-glucans production, with the highest values
of V,, in the treatment with 100% of ECP (4.48 mm day ™'
to G. applanatum, and 3.90 mm day~! to G. lipsiense).

The B-glucans content was high for G. lipsiense (30.28%
for treatment 50%, and 32% for treatment 100%) while G.
applanatum presented the lowest values for all treatments
(<20%). These results showed that culture media and the
fungus species influence the bio compounds and suggest
that ECP can be recovered as a substrate for basidiomycete
fungi growth and production of compounds that are of great
interest to the pharmaceutical and food industry, such as the
B-glucans [31].

Submerged Fermentation

The wastewater from the centrifugation process of Pilsen
beer had the capability as culture media for the growth of the
six studied basidiomycete fungi species. Table 2 summarizes
the results of initial and final pH values of culture media
and fungi biomass dry weight after 40 days of incubation
of each treatment.

As can be seen from Table 2, SM cultures of G. lipsiense,
G. applanatum, P. sanguineus, and L. edodes presented a
media acidification behavior, with a statistical difference of
initial and final pH for all species, besides P. ostreatus that
did not present statistical difference comparing initial and
final pH values (p <0.05). This pH decrease may indicate
that fungi liberated acid compounds during metabolism
and growth. When microorganisms are in the actively
growing stage, the media pH is altered as long as acid or
alkali compounds are produced [61]. Only the O. canarii
culture showed a different pH behavior, with the pH values
increasing and presenting a statistical difference (p <0.05).

ECP_SB and ECP_FB cultures showed the lowest varia-
tion pH than SM cultures. It was observed that G. lipsiense
culture presented a slight pH increase for ECP_SB, statisti-
cally different from initial pH (p <0.05), while G. applana-
tum, P. sanguineus, and L. edodes turned the media more
acid, comparing initial and final pH values, presenting
significant difference (p <0.05) for ECP_SB. On the other
hand, O. canarii and P. ostreatus cultures did not present
significant differences between initial and final pH for ECP_
SB media. ECP_FB cultures presented similar behavior for

Table 2 Initial and final pH values of cultures and fungi biomass dry weight after 40 days of incubation

Specie SM ECP_SB ECP_FB

Initial pH Final pH Biomass dry Initial pH Final pH Biomass dry Initial pH Final pH Biomass dry

weight (g) weight (g) weight (g)

G. lipsiense 5458+004  530°%+£006 0.62**8+0.030 4.67*C€+0.01 4.97°4+0.11  0.50°+0.056 4.70°5¢+0.01 4.35P+0.41 0.60°5+£0.020
G.applanatum ~ 5554+£0.03  3.86"°+0.11  0.50°+0.007  4.70**+0.00  4.03"°+0.09  0.36°C+0.069 4.74*B+0.01 3.74°°£+032 0.51°3¢+0.035
P. ostreatus 5508 +0.02 5458+0.52  0.60€+0.019 4.71%4+0.01 4.994+0.18  0.51°8+£0.032 4754 +0.01 528A+0.11  0.58®+0.108
P. sanguineus  5.58*+0.03  4.42°€+0.06  0.56°C+0.033  4.64°5€+0.01  4.40°®+0.07 037°+£0.024 47281001 4.56"5°+0.19 0.42°°+0.040
L. edodes 549484002 3.16+0.07  036F+0.035  4.68+0.01 3.30+£0.08  0.38°+0.087 4.70€+£0.02 3.65F+£0.07  0.16°+£0.061
O. canarii 55184004 67724038  0.67°4+0.035 4.59°°+0.01 459+0.02  0.64°2+0.027 4.67°°+0.03  5.12°2+0.12  0.71%+0.022
Control media ~ 5.51*B+0.02  5.21°5+0.08 - 4.63"8 +0.02 4.53"8.40.01 - 470°€+0.01  4.51"€£001 -
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G. applanatum and L. edodes, with a pH decrease (p <0.05),
although the other species presented different behavior.
There was a pH increase in ECP_FB for O. canarii and P.
ostreatus, while G. lipsiense and P. sanguineus presented
no significant difference (p <0.05) between initial and final
pH values. These pH differences among initial and final
pH values occur because some basidiomycetes fungi spe-
cies can autoregulate pH, making the pH media stabilized
for optimum growth regardless of the initial pH value [62].
In addition, the maintenance of pH values results in better
enzymatic responses, which prevent dehydration of hyphae
and promote regulation of extracellular glucose concentra-
tion [63].

According to Table 2, the mycelial biomass production
on SM cultures varied between 0.036 to 0.067 mg L™!, with
the highest values for G. lipsiense and O. canarii, which did
not present a significant difference between them (p <0.05),
and the lowest values for L. edodes. Moreover, for ECP_
SB and ECP_FB cultures, the highest mycelial biomass
production was both for O. canarii, differing by the other
species (p <0.05), while the lowest biomass values were
obtained for G. applanatum, P. sanguineus, and L. edodes
for ECP_SB, and L. edodes for ECP_FB. The variation
in biomass production among the different fungi species

Control media

0 e —L abB
. canarii gy

— A:le
L. edodes

P. sanguineus
P. ostreatus
G.applanatum
G. lipsiense

aB
0 0.2 0.4 0.6 0.8

studied highlights the difference in nutritional needs and
adaptation of each fungus species [7].

Hultberg and Bodin [7] studied fungal biomass
production (7. versicolor, P. ostreatus, and T. harzianum)
cultivated in synthetic brewery wastewater. The highest
biomass production after 7 days of growth was for P.
ostreatus (1.78 +0.31 g L™! of dry weight). Also, initial pH
significantly decreased for T. versicolor and T. harzianum
cultures (4.2+0.3 and 4.4 +0.5, respectively) while there
were no significant effects on initial pH (6.4 +0.4) for P.
ostreatus culture [7].

Substrate consumption is a determining factor for the
increase in mycelial biomass by fungi. Gern [64] verified
that substrate consumption increased proportionally to the
biomass concentration increase, affected by the glucose
concentration present in the culture media. Figure 1 shows
the total reducing sugar content of each treatment, which is
proportional to the glucose content or substrate consumption
by fungi. The reducing sugar consumption in SM, ECP_SB,
and ECP_FB cultures did not differ among G. lipsiense, G.
applanatum, P. ostreatus, P. sanguineus, and O. canarii, and
just L. edodes showed significant difference from these other
species (p <0.05) but with no difference between control
media. Among different culture media (SM, ECP_SB, and

1 1.2 1.4 1.6 1.8 2

Total reducing sugars content (g.L!)

u SM

Fig. 1 Total reducing sugar content of each treatment. SM=syn-
thetic culture media; ECP_SB =effluent media in the simple batch;
ECP_FB (bs)=effluent media in feed batch before supplementation;
ECP_FB (as)=effluent media in feed batch after supplementation;
Control media=culture media with no fungi inoculation; The total
reducing sugar content (TRS) was determined in control media and

ECP SB ®WECP FB (bs) MECP FB (as)

in each submerged culture: SM and ECP_SB at 40 days of incuba-
tion, ECP_FB (bs) before media supplementation, and ECP_FB (as)
after media supplementation (40 days). * Lowercase letters indicate
the results of comparisons between treatments. Uppercase letters indi-
cate the results of comparisons between fungi species. Equal letters
indicate means that did not differ from each other (Tukey, p <0.05).
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ECP_FB), G. lipsiense, P. ostreatus, and L. edodes did not
show a significant difference in reducing sugar consump-
tion, and P. sanguineus presented the opposite behavior.
Although G. applanatum differed significantly between SM
and ECP (both SB and FB), there was no significant differ-
ence between ECP_SB and ECP_FB. In addition, O. canarii
reducing sugar consumption was different between SM and
ECP_BA, but there was no difference comparing SM and
ECP_SB and ECP_SM and ECP_FB.

The ECP supplementation (ECP_FB) in the feed batch
system occurred when the reduction of culture media
achieved 15-17% from the initial volume. Therefore, it
occurred for G. lipsiense and P. sanguineus at 26 incubation
days, while for the other species the supplementation
occurred at 32 incubation days. The sugar content before
and after the supplementation did not differ for G. lipsiense
and L. edodes but differed for the other species (p <0.05).

In summary, the lowest and the highest total reducing
sugar values were, respectively, 0.06 g L™ (0. canarii)
and2 g L~! (L. edodes) for SM; 0.04 g L~! (G. lipsiense)
and 1.47 g L™! (L. edodes) for ECP_SB; 0.04 g L™! (P.
sanguineus); 1.62 g L' (L. edodes) for ECP_FB before
supplementation, and 0.12 g L™! (P. sanguineus) and 1.71 g
L' (L. edodes) for ECP_FB after supplementation.

Total sugars are one of the most important variables to
evaluate in terms of growth and nutrient removal with a
microorganism system. The differences in sugar consumption

among the species might rely on the media sugar profile
or because of rich media use. Some microorganisms show
different affinity levels to maltose, glucose, galactose, and
fructose, needing different retention times to consume the
sugars on the substrate [45]. This carbohydrate control is
important once it can show the amount of sugar that was not
fermented by the fungi, reducing the process efficiency and/
or changing the product quality [65].

The grown fungi mycelium can be recovered and used
as a source of income, such as an ingredient for animal feed
due to the high protein content, a biomaterials component
because of the high content of chitin, a source of enzymes
such as laccase [5, 7], as well as a source for extraction of
bioactive molecules, such as the B-glucans, as proposed in
the current study. Figure 2 provides the -glucans content
of each fungi mycelium, after 40 days of culture incubation
for each culture media.

It is apparent from Fig. 2 that SM cultures have no
differences in p-glucans production between the studied
species (25.60-30.62%). However, for ECP_SB, G. lipsiense
and L. edodes presented the highest f-glucans content (23.87
and 23.68%, respectively), while P. ostreatus presented the
lowest content (13.89%). The p-glucans production was
similar for ECP_BS, which resulted in the highest value for
G. lipsiense (22.00%) and the lowest value for P. ostreatus
(12.98%). These results allowed us to infer that the lowest
values of biomass production and sugar consumption

40
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Fig.2 p-glucans content of each fungi mycelium after 40 days of
culture incubation. SM=synthetic culture media; ECP_SB =efflu-
ent media in the simple batch; ECP_FB=effluent media in the
feed batch. * Lowercase letters indicate the results of comparisons
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between treatments. Uppercase letters indicate the results of compari-
sons between fungi species. Equal letters indicate means that did not
differ from each other (Tukey, p <0.05).
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do not necessarily result in low fB-glucans production,
once L. edodes and G. lipsiense presented high content
of B-glucans but the lowest values for mycelial biomass
production and sugar consumption. In the same way, low
B-glucans production by P. ostreatus generated high biomass
production.

Comparing the three studied culture media (SM, ECP_
SB, and ECP_FB), the species G. lipsiense, G. applanatum,
P. ostreatus, and O. canarii did not show significant
differences regarding p-glucans production, while P.
sanguineus and L. edodes showed significant differences
among culture media. f-glucans production by P. sanguineus
cultivated in SM was different from the cultures of both
ECP_SB and ECP_FB media, which were similar between
them. L. edodes B-glucans content was significantly different
among the culture media, but not differing between SM and
ECP_SB and between ECP_SB and ECP_FB.

The B-glucans content can range from 1.58 to 56.28%
for Agaricus, Flammulina, Lentinula, and Pleurotus genres,
for example [22, 25, 66-71]. According to Mahapatra and
Banerjee [72], the B-glucans production by fungi depends
mainly on the strain and the culture media composition,
as well as physical conditions. Also, B-glucans content
depends on the maturation degree, dietary fiber content
[26], microorganism behavior, and incubation conditions
[73]. Therefore, the B-glucans production resulting in the
current study seems to be associated with the individual
characteristics of each species during the growth and the
BW degradation.

Fungal p-glucans are known as immunostimulant and
immunosuppressive molecules [74], presenting an effect
of inducing innate and adaptive immune responses in
the human body [75]. In addition to immunomodulatory
activity [25], these molecules present bioactive properties,
such as antioxidant, neuroprotective [71], hepatoprotective,
antimicrobial, anti-allergic, anti-inflammatory [76], anti-
atherogenic, anti-diabetic, cardiovascular, radioprotective
[26], anti-cancer [74] activities. Therefore, p-glucans
have a great potential for application in the biotechnology
industry, such as pharmaceuticals, nutraceutical products,
and functional foods [77].

Although several techniques of B-glucans extraction
and its analysis were already described, the majority of
fungi cultivation processes are conducted by solid-state
fermentation systems using conventional substrates, such
as wood, or agro-industrial wastes, or by submerged
fermentation system, using synthetic liquid substrates for
mycelium growth [59, 78]. BW has been reported as a
low-cost substrate for organisms cultivation in submerged
fermentation, reducing the culture medium cost and the
environmental pollution, besides allowing to obtain high
content of value compounds [48, 79], as well as contributing
to the circular economy [48]. However, there was no

identified evidence of submerged-fermentation processes
using BW for fungi p-glucans extraction and application in
industrial biotechnology.

Some authors studied the use of BW for microorganism
growth and molecule production. Giraldo et al. [45] studied
the transformation of brewery subproducts into valuable
biomass using Chlorella pyrenoidosa and associated
bacteria. Depending on operation conditions, total
carbohydrate depuration ranged from 50-80% [45]. Wang
et al. [46] studied the cultivation of the microalga Chlorella
sp. in brewery wastewater and investigate the potential value
of biomass obtained as a bioproduct. For the treatment of
100% BW as cultivation media, the biomass production
reached 1.96 g L~', and the biomass presented maximum
lipid, carbohydrate, and protein contents of 36.19, 36.51, and
19.77%, respectively [46]. Sheela et al. [79] studied amylase
production by Aspergillus niger and Penicillium species
by submerged cultivation using brewery wastewater as a
substrate [79]. Dias et al. [48] reviewed different brewery
wastewater treatment strategies using oleaginous yeast and
microalga in pure and mixed cultures, aiming the lipids
and carotenoid production [48]. Hultberg and Bodin [5]
evaluated the amount and the quality of the fungal biomass
produced, resulting in a total biomass amount of 13.2 g L~
of P. ostreatus and a protein concentration of 11.6% [5].

In the same way, Morais et al. [2] reported recovered
resources from some other technologies applied for BW
treatment, such as Hydrogen (H,) and energy for batch
anaerobic reactor and immobilized-cells continuously stirred
tank reactors (immobilized-cells CSTR); methane (CH,)
as biogas for up-flow anaerobic sludge blanket (UASB)
reactor, anaerobic membrane bioreactor (AnMBR), and
UASB reactor; algal biomass, bacterial biomass, and derived
products (proteins, polysaccharides, bacteriochlorophyll, and
coenzyme Q10), for photosynthetic bacterial-membrane
bioreactor (PS-MBR); and carboxylic acids (CAs) for a
batch anaerobic reactor.

B-glucan Production Kinetics

Ganoderma lipsiense was selected for kinetics analysis of
the p-glucan production on this species showing the highest
tendency to B-glucans production in ECP media and high
mycelial biomass production. Additionally, studies using this
fungus for wastewater remediation and p-glucans production
seem to be rare. Moreover, Costa et al. [80] highlighted
the great potential of G. lipsiense for the production of
medicinal compounds, being promising for bioactive
molecules research.

The variation of pH values ranged from 4.75 to 5.85
during the incubation period (42 days) when there was an
adjustment or autoregulation of the media pH. During the
first part of the period (initial time until the 21st incubation
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day), it can be seen an acidification behavior (4.75*+£0.030
to 3.92°+0.066), and during the second part of the
incubation period (from the 21st day until the 42nd day)
there was a pH increasing (3.92°+0.066 to 5.85%+0.349),
which might be related to the cellular autolysis [80]. Similar
pH values to G. lipisiense culture (4.4—6.07) were obtained
by Costa [80].

Although the kinetics of microorganisms’ growth
is already studied, it is necessary to improve the models
to use in reactor projects. There are some difficulties
in technological applications in terms of heat and mass
transfer to control microorganisms’ growth conditions, as
well as reactor modeling, once most biological reactors are
constructed under empirical conditions [81]. Commonly,
the microorganisms’ kinetics are expressed as a first-
order kinetics or a non-structured empirical model and
based on experimental observations. Because of these
conditions, the equations might present a complete growth
curve in one equation, including the lag, exponential, and
stationary phases together [82]. Therefore, it is important
to study the kinetics parameters of microorganism growth
to describe more efficiently the studied fungi in terms of
biomass growth, substrate consumption, and specific product
formation. Table 3 shows the general results obtained for
kinetics parameters of G. lipsiense cultivation in ECP_SB
culture media.

Figure 3 compares the relationship between the p-glucans
content (%) and (A) the consumption of Chemical Oxygen
Demand (COD) (mg, L1, (B) the total reducing sugars
content (g L"), and (C) the fungus biomass dry weight (g),
during the kinetics study of G. lipsiense in ECP_SB culture
media.

From Fig. 3A, it can be seen the COD behavior dur-
ing the incubation period. There was a reduction of COD
from the initial day to 28 days (from 26,576.00% + 1952.80
to 2786.67°+324.33 mg0, L~!). After the 28th day,
the COD values were maintained almost constant (up to
2478.67° £243.33 mg0O, L~"). There was a slight decrease
in COD values in the first 7 days (around 13% from the
initial value; up to 23,048.67% + 1843.85 mgO, L_l) and a

Table 3 General results of G. lipsiense cultivation in ECP_SB culture
media

Parameter Obtained result

Maximum specific growth rate (u,) 0.4099 day~!

Maximum specific substrate* consumption rate (y;)  0.1825 day™!

Maximum specific product/p-glucans formation rate  3.027 day ™!
(1p)

Substrate* yield on Biomass (Yx/g) 29612 gg™!

Substrate* yield on p-glucans (Ypg) 19.410% g~

*Substrate is specified in terms of total reducing sugar content (TRS)
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significant decrease between the 7th and 14th days (around
61% from the initial value; up to 10,230.00°+3841.63 mgO,
L_l). On the 21st day, there was a reduction in COD values
of 81% (4942.67° +854.70 mgO, L), followed by a media
color change, suggesting that G. lipsiense might have a posi-
tive response to the studied wastewater and the reduction
capacity of organic charge.

Kurcz et al. [83] obtained 91% of COD reduction
by Candida utilis cultivated in a supplemented potato
wastewater, while Souza Filho [84] cultivated Aspergillus
niger using manioc processing wastewater and obtained
91.19% of COD reduction, highlighting the fungi potential
of COD reduction from wastewaters. COD is, also, an
important parameter due to its influence on biomass
production and concentration. High nutrient concentration
and removal rates lead a high biomass production [7]. In the
current study, it was also observed that G. lipsiense culture
in ECP presented an inversely proportional relationship
between COD reduction and B-glucans production. This
behavior might be because of basidiomycetes fungi
B-glucans are one of the main cellular wall compounds
[70], fungal exopolysaccharides that are produced during
the stationary phase of microbial growth and considered
secondary metabolites [85].

The reducing sugar content profile (Fig. 3B) during the
incubation period (42 days) was observed. The lowest values
of reducing sugar consumption were obtained until the 7th
cultivation day (1.00°+0.078 g L™1), when the specific
sugar consumption (u,) (0.1825 g day™') and B-glucans
production (u,) (3.027% day™!) presented the maximum
values (Table 3). After 7 days, it can be observed expressive
sugar consumption until the 14th day (0.44°+0.088 g L),
which subsequently decreased, achieving the lowest values
on the 42nd cultivation day (0.05°+0.023 g L™!). There is
a sharp decline of reducing sugars on the 14th incubation
day (from 1.00*+0.078 to 0.44°+0.088 g L"), which
is associated with its consumption by the fungus, which
occurs in the exponential growth phase. After that, there is
a stabilization period of the reducing sugar concentration
(14th until 28th days; 0.44°+0.088, 0.41°+0.316, and
0.40°+0.335 g L™1), associated with the stationary growth
phase, when the de B-glucans are also stably synthesized.
In addition, the highest yields of the substrate on biomass
Yx,5 (2.9612 g g7") and yields of the substrate on product
Ypi5 (19.410% g~ 1) are observed (Table 3) during this period
(14 days).

In Fig. 3C there is a clear trend of the different phases
of a microbial growth curve. Initially, it can be identified
the lag phase (around 5 days), then, there is the exponential
phase until the 17th day, with maximum specific growth
rate (0.4099 day_l) (Table 3) on the 7th day and, finally, the
stationary phase, until the final day (42 days). Figure 3C
shows, also, the f-glucans behavior during the incubation
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Fig.3 Relation between the f-glucans content (%) and A The consumption of Chemical Oxygen Demand (COD) (mgq, L), B The total reduc-
ing sugars content (g L"), and C Fungus biomass dry weight (g), during the kinetics study of G. lipsiense in ECP_SB culture media

period. The pB-glucans content was 34.1% between the 0 and
14th day (from 36.89°+0.309 to 48.48%+ 1.245%), with
significant differences (48.48%) during the exponential
growth phase. Subsequently, there was a decrease of 0.5%
between the 14th and 28th days (up to 48.25%+0.654),
but also maintaining the highest values in the stationary
phase. After 35 days of incubation, there was a decrease
in p-glucans production (up to 32.65°+4.479%), which
occurred, probably, because G. lipsiense needed to use its
energy supply for survival when nutrients in the culture
media were insufficient [86] or there was a release of
enzymes that are involved in the B-glucans degradation,
named B-glucanases, during the stationary phase [87].
Finally, it can be inferred that it is not necessary to maintain
a long incubation period of G. lipsiense for p-glucans
production, once the lowest -glucans content was observed

on the 42nd incubation day (32.65°+4.479%), and the
maximum production occurred between the 14th and the
28th incubation days (48.48 +1.245 and 48.25* +0.654%).

Also, the p-glucans production increased while
the biomass production also increased (21st day;
46.74*+0.146% and 0.52*+0.116 g, respectively) and it
was stable until the 35th day (47.90%+ 1.422%) (Fig. 3C),
which represents the stationary phase of the fungus growth.
During the stationary phase (from 28 days on), there is
also a substantial decrease in reducing sugars (from 35th
to 42nd days; 0.03°+0.011 and 0.05°+0.023 g L™!) and an
increase in B-glucans synthesis (42nd day; 32.65° +0.000%).
This behavior suggests that from 28 days of incubation,
there is a necessity for reducing sugars from the culture
media by G. lipsiense to its maintenance on the stationary
phase. It can be hypothesized that the increase of reducing
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sugars (35 days) induces the fungus to start to consume the
synthesized p-glucans to survive until the 42nd incubation
day. The production of polysaccharides such as p-glucans
by fungi seems to depend on the type of carbon source and
its concentration in the culture media [88]. Smits et al. [89],
in a review of yeast cell wall synthesis, report that changes
in cell wall metabolism and polysaccharide composition
occur under stress conditions. Stress signals, such as nutrient
limitation, and osmotic or temperature stress, activate
a regulatory subunit of glucan synthase, increasing the
production of wall glucans [89].

In this study, reducing sugar consumption during
incubation was found to be 60% in the period from O to
14 days (from 1.09%+0.072 to 0.44°+0.088 g L™!) and
just over 10% in the period from 14 to 28 days (up to
0.40°+0.335 g L™1). Regarding the fungal biomass, there
was a formation of 12 times the initial mass in the period
from 0 to 14 days (from 0.03°+0.010 to 0.39°+0.030 g)
and slightly above 10% in the period from 14 to 28 days
(up to 0.43% +0.025 g). The highest biomass increments
were observed between the 7 and 14th days and then, after
this period, it was stabilized. Serbent [14] observed similar
behavior when Lentinus crinitus growth kinetics was studied
to promote the degradation of the 2,4D herbicide. The
reducing sugar consumption was inversely proportional to
the biomass increase: while sugar availability decreased,
biomass remained stable. Furthermore, Hultberg and Bodin
[7] studied a fungi-based treatment of real brewery waste
streams and monitored biomass production over time. No
significant differences were observed on days 3 and 6, and
the maximum biomass yield was obtained on day 10 (1.78 g
LY [7]. In addition, Eliopoulos et al. [37] observed the
same behavior for -glucans and sugar consumption obtained
in the current study during a solid-state fermentation (SSF)
process using brewers’ spent grain (BSG) as a substrate for
P. ostreatus cultivation. This behavior occurs because fungi
consume fermentable sugars as an energy source for their
growth, and enzymes such as cellulases and glucosidases
result in reducing sugar release [37].

BW Remediation

The chemical characteristics and effluent discharge limits
from the brewery process depend on local environmental
legislation [49]. White-rot fungi can be promising
candidates for the treatment of contaminated wastes [90].
Basidiomycetes fungi are known for degrading a wide
range of materials, colonizing and using them as useful
substrates, producing enzymes classified as hydrolytic
(cellobiohydrolases, endoglucanases, -glucosidases) and
oxidative enzymes (laccases, lignin peroxidases, manganese
peroxidases) which promote the degradation of different
substances [11, 13, 37, 91].
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The effectiveness of fungi in the removal of organic
matter and nutrients from the studied BW was verified. The
incomplete removal of COD under experimental conditions
can indicate that the BW contains refractory organic matter
or extracellular substances produced by microorganisms
[46]. As can be seen from Table 1, BOD and COD
concentrations decreased. These removals highlight the
potential of fungi as a pretreatment of brewery wastewater
and the use of organic matter for their growth. Morais et al.
[2] summarized some technologies for BW treatment and
reported a removal efficiency of 98% COD for anaerobic
membrane bioreactor (AnMBR), 78.97% COD and 60.21%
BOD for upflow anaerobic sludge blanket (UASB) reactor,
97% COD for photosynthetic bacterial-membrane bioreactor
(PS-MBR), and 76% COD for a batch anaerobic reactor.

Moreover, nitrogen and phosphorus are important
nutrient sources during fungi growth [46], and the
decreasing/removal of nitrate and total phosphorus
(Table 1), for example, could highlight this importance and
the consumption of nitrogen sources by fungi [46]. On the
other hand, the ammoniacal nitrogen increased (Table 1)
after 42 days, and this might occur due to the cellular
autolysis and excessive cultivation period [92] and the media
mineralization [7]. Faria [92] verified that the reducing
sugars exhaustion can lead to fungi mycelium concentrations
decreasing and ammoniacal nitrogen increasing, which
indicates possible cellular autolysis during a kinetics study.

In addition to ammoniacal nitrogen, there was an
increase in copper and iron values (Table 1). Basidiomycete
fungi have the potential to bioaccumulate metallic ions
available in the culture medium, such as iron and copper,
for example [93, 94]. When the cultivation system contains
these ions, they can be bioaccumulated in the fungus
hyphae. Furthermore, the addition of ions to the culture
medium enhances their bioaccumulation, and the increased
bioaccumulation boosts the solubility of iron and copper.
The elevation of ions in the medium can be associated with
the autolysis of the fungi hyphae. This typically occurs from
the middle to the end of the cultivation period when the
carbon reserves in the medium decrease [93, 94].

Other authors also identify low concentrations of COD,
nitrogen, phosphorous, and derivative compounds after the
incubation period of different microorganisms cultivated in
BW. Hultberg and Bodin [5] studied a fungi-based treatment
of real brewery waste streams by five fungal species
(Agaricus bisporus, L. edodes, P. ostreatus, T. harzianum,
and T. versicolor) and the effects on water quality. Nitrogen
was well removed and presented a maximum total nitrogen
reduction of 91.5% for P. ostreatus and 77.0% for T.
harzianum. Removal of total phosphorus was 30.8% for P.
ostreatus and 16.6% for T. harzianum [5].

BW has been successfully described as feedstock for
yeast and microalga presenting encouraging results [37].
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Giraldo et al. [45] studied the transformation of brewery
subproducts into valuable biomass using Chlorella
pyrenoidosa and associated bacteria. The authors reported
a maximal removal of nitrate and phosphate between 90
and 100%, respectively, after 6 days of cultivation. Wang
et al. [46] reported the removal of ammonia nitrogen
(NH,4,-N), chemical oxygen demand, total nitrogen, and
total phosphorus reached 92.44, 79.89, 92.46, and 78.26%,
respectively, using the cultivation of the microalga
Chlorella sp. in brewery wastewater [46]. Papadopoulos
et al. [47] studied an integrated system of algal-bacterial
brewery wastewater treatment process combined with
bioethanol production using sludge. The pollutant removal
was 78.7, 94.2, and 75.2% for d-COD, TKN, and PO,
3-P, respectively [47]. Dias et al. [48] reviewed different
brewery wastewater treatment strategies using oleaginous
yeast and microalga using pure and mixed cultures and
the treatments reached more than 60% of COD removal,
total N removals were higher than 70%, and until 73.86%
ammoniacal N removal [48].

Some heavy metals in BW could be toxic for water body
receptors and for micro-organisms [49], although the heavy
metals concentration is normally very low [6]. The fungi in
the current study seemed to be tolerant to these elements
and other metals, such as arsenic, cadmium, lead, dissolved
copper, chromium, tin, mercury, and nickel. In addition, pH
is an important parameter to be monitored in wastewater
treatment, since the solubility of many pollutants depends
on the pH [7]. The pH of wastewater normally needs to
be between 5.0 and 12.5, because when it is too acidic
(pH < 5.0) or too alkaline (pH > 12.5), it can affect both the
sewer system and the environment [95]. In the current study,
the pH was established by the fungal growth, increasing from
4.37 (0 days) to 6.57 (42nd day), following the mentioned
secure range. Finally, the total dissolved solids of BW need
to be avoided and the turbidity needs to decrease [49]. These
parameters presented a decreasing behavior in the current
study comparing the initial and the final values (Table 1).

Treatment of wastewater from the brewing process is
important for controlling water pollution and needs to be in
a costly and safest way to meet the discharge regulations to
protect life (both human and animal) and the environment
[6]. Currently, breweries, mainly microbreweries, discharge
the wastewater directly into municipal sewer systems or into
water bodies, which can cause systems and management
issues and environmental and health problems due to its
high concentrations of organic matter and other nutrients [5].
Although some large-scale breweries have their wastewater
treatment plant, using usually anaerobic reactors (UASB)
and/or activated sludge systems. These treatment systems
normally do not recycle nutrients and produce large
quantities of low-value effluent, which also create disposal
problems, such as failure to meet water quality standards

set by local authorities and/or large amounts of low-value
sludge, which is costly to dispose of [5, 7].

Biological processes usually used for BW treatments
present some disadvantages. Aerobic processes demand
high energy consumption and produce a high amount of
sludge which raises the system operation cost. However,
the anaerobic processes present high sensitivity to
operational conditions and temperature variations, resulting
in low performance. Also, both systems may not reach the
discharge standards [1] and the adsorbents used in sorption
technologies are high cost and raise the BW treatment costs
[96]. Furthermore, biological treatment of BW is frequently
used using bacteria-based treatment and the microalgae use
for BW treatment has also been investigated. However, there
are many limitations to their cultivation, such as the risk
of low light transmittance because of the high amount of
suspended particles in BW [7].

The nutritional composition and the high biodegradability
of BW suggest that they could be a suitable medium for
the cultivation of heterotrophic microorganisms such as
fungi [7]. Therefore, it is possible to develop microbial
biomasses through submerged cultivation of filamentous
fungi, which use the BW’s nutrients as a source of energy
for their growth [5]. Although wastewater treatment
techniques using bacteria are more established, fungi-
based treatment presents advantages over bacteria-based
treatment, mainly because bacteria produce low-value
sludge, but fungi convert organics and nutrients of BW
into fungal biomass. In addition, basidiomycete fungi
colonize great superficial areas, are highly adaptable to pH
and temperature changes, present high tolerance to heavy
metals, and have the capacity to metabolize a wide range of
environmental chemicals [90, 97]. Finally, it is important
to select fungal species that are considered non-harmful
considering a perspective of mycelium recovery to avoid
secondary health or environmental problems. Therefore, the
edible basidiomycete fungi play an important role, once they
have a long record of safe use, as well as their capacity to
remediate the BW [7].

To the best of the authors’ knowledge, this is the first
study that investigates the mycoremediation of brewery
wastewater using basidiomycete fungi and the potential
of B-glucans production for biotechnology application.
Future research is needed to establish the techno-economic
feasibility of this technology on pilot and industrial scales.

Conclusions

The high amount of brewery wastewater is recyclable
or reusable through the application of appropriate
techniques and procedures of the circular economy.
The nutritional composition of BW (organic matter and
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other nutrients), allows use as a suitable and low-cost
substrate for submerged fermentation for white-rot fungi
cultivation, reducing the overall cost of the high-value
molecules process for industrial applications, such as the
fungal p-glucans. The obtained data on the current study
allows us to conclude that ECP has nutritional sources
adequate for the cultivation of the six basidiomycete fungi
studied species, presenting significant results on B-glucans
production, mainly for G. lipsiense.

The kinetics study pointed out the possibility of
time reduction of the fungus incubation and, likewise,
meeting the expected p-glucans production. Results also
showed the G. lipsiense efficiency as an important agent
to use the ECP on biotechnological processes to obtain
B-glucans, opening prospects for low-cost production
of bioactive molecules from mushrooms. Moreover, G.
lipsiense provided COD, BOD, nitrogen, and phosphorous
reductions, as well as tolerance to heavy metals, showing
a promising future application for small wastewater
treatment systems, such as microbreweries. Therefore, the
proposed technique has potential both as mycoremediation
and fungi mycelium recuperation and application in the
biotechnology industry, emphasizing the use of fungi to
implement technologies based on a circular bioeconomy.
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