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Abstract

Fish processing towards production of fillet gives rise to wastewater streams that are ultimately directed to biogas production
and/or wastewater treatment. However, these wastewater streams are rich in minerals, fat, and proteins that can be converted to
protein-rich feed ingredients through submerged cultivation of edible filamentous fungi. In this study, the origin of wastewater
stream, initial pH, cultivation time, and extent of washing during sieving, were found to influence the amount of recovered
material from the wastewater streams and its protein content, following cultivation with Aspergillus oryzae. Through culti-
vation of the filamentous fungus in sludge, 330 kg of material per ton of COD were recovered by sieving, corresponding to
121 kg protein per ton of COD, while through its cultivation in salt brine, 210 kg of material were recovered per ton of COD,
corresponding to 128 kg protein per ton of COD. Removal ranges of 12-43%, 39-92%, and 32-66% for COD, total solids, and
nitrogen, respectively, were obtained after A. oryzae growth and harvesting in the wastewater streams. Therefore, the present
study shows the versatility that the integration of fungal cultivation provides to fish processing industries, and should be
complemented by economic, environmental, and feeding studies, in order to reveal the most promising valorization strategy.
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Introduction
D4l Jorge A. Ferreira Filamentous fungi contribute to the global economy
Jorge.Ferreira@hb.se through production of valuable products such as antibiotics,
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include Aspergillus oryzae for production of miso, Rhizopus
oryzae for production of tempe and tofu, Neurospora inter-
media for production of oncom, and Fusarium venenatum for
production of Quorn™ products [2]. Therefore, filamentous
fungi are taxonomically wide and enzymatically versatile
biocatalysts, able to grow on a wide range of substrates and
produce various products. Consequently, their investigation
in the context of circular bioeconomy, converting nutrients
containing low-value substrates into value-added products,
has gained momentum over the years. Potential substrates
and derived products are wide. The former include lignocel-
lulosic materials, starch- and fat-containing streams, while
the latter can include enzymes, alcohols, and fungal biomass
[3,4].

Population growth will lead to an increase in the demand
of food-producing animals. Hence, finding alternative pro-
tein sources for animal feed is currently a hot-topic [5]. Fila-
mentous fungal biomass is normally characterized by high
contents of protein contents (40-60% on a dry weight basis),
essential amino acids, polyunsaturated fatty acids, vitamins,
chitin/chitosan, and minerals [6]. Accordingly, filamentous
fungal biomass has triggered interest in the scientific com-
munity for recovery of nutrients in the form of nutritious
fungal biomass for use in feed applications [7-9]. In addi-
tion to the edible character of some of the strains (e.g. A.
oryzae), the interest on the use of filamentous fungi is fur-
ther reinforced by their growth as macroscopic filamentous
structures which can be easily recovered from the medium
leaving a stream with a lower organic load [10]. Nonetheless,
the composition and concentration of biomass, and type and
concentration of additional products produced (e.g. ethanol,
organic acids and enzymes), will be influenced by medium
composition, physicochemical parameters, and fungal strain
[10, 11]. For instance, a medium with high content of low
protein-containing suspended solids can lead to a final fun-
gal biomass with lower protein content due to entanglement
of fungal filaments with unconsumed suspended solids [12].
However, in case solid residues are used, this entanglement
can lead to an increase in protein content, since e.g. car-
bohydrates are being replaced by protein-rich fungal bio-
mass, and render the originated product more suitable for
feed applications [12]. The fungal strain can influence e.g.
the type of nutrients being assimilated, growth rate, growth
robustness, and cell wall composition [11]. The latter is of
utmost importance in the context of feed applications, since
immunostimulant activities have been reported for cell wall
components [10]. Altogether, optimization of cultivation
conditions in association with low-value streams and fungal
strain screening are needed to add definition to the potential
of filamentous fungi as alternative source of proteins.

Fish processing industries originate wastewater streams
rich in proteins, fat, and minerals. These end normally in
separation tanks originating two fractions, namely, sludge,

the solid fraction which is directed to biogas production, and
wastewater, that follows wastewater treatment [13, 14]. The
nutrients in these streams can alternatively be recovered in
the form of nutritious fungal biomass. The latter can be used
as fish feed with potential overall positive economic and
environmental impact in the sector. Research studies on the
conversion of fish processing-derived wastewater streams
into protein-rich fungal biomass are scarce in literature,
where their inhibitory effect on fungal growth, when used
without prior dilution, was found [15]. Accordingly, there is
a need to perform a wider screening to identify more robust
fungal strains that can offset potential inhibitory effects of
fish processing-derived wastewater streams.

The present work investigated the valorization of waste-
water streams from herring fish processing industry through
cultivation of the edible filamentous fungus A. oryzae. Fac-
tors studied included wastewater stream origin and concen-
tration, cultivation medium pH, and cultivation medium sup-
plementation. Especial emphasis was given to the amount
of harvested material, protein content, and chemical oxygen
demand (COD), total solids, and nitrogen removal, following
fungal bioconversion and harvesting.

Materials and methods
Substrate

Four different herring (Clupea harengus) processing-derived
wastewater streams were used in this work and were kindly
provided by Scandic Pelagic Ellos AB (Ellos, Sweden).
These wastewater streams and their origin are presented in
Fig. 1, and their compositional characterization has been
gathered in Table 1. Accordingly, salt brine and end-of-pipe
represent streams upstream of the separation tank, while
sludge and wastewater are the fractions obtained in the lat-
ter. The streams were heat sterilized at 121 °C for 20 min
in an autoclave (Systec, Karlsruhe, Germany) and stored at
4 °C until use.

Microorganism

Aspergillus oryzae var. oryzae CBS 819.72 (Centraalbu-
reau voor Schimmelcultures, Utrecht, The Netherlands)
was used throughout the study. This edible fungus strain
was maintained on PDA (Potato Dextrose Agar) plates
containing 4 g/L potato infusion, 20 g/L glucose, and
15 g/L agar. New plates were prepared by flooding pre-
grown agar plates with 20 mL sterile distilled water and
spores were brought into solution with an L-shape dispos-
able plastic spreader. 100 pL of spore solution were then
added to new agar plates, spread with another L-shape
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Fig. 1 Overall scheme of the
fish processing process with
originated products and waste-
water streams. The streams used
in this study are highlighted as
well as the overall aim of the
study, namely, their conver-
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disposable plastic spreader, and incubated at 30 °C for
3 days. After incubation, the newly grown fungal plates
were stored at 4 °C until use [11].

Cultivation in shake-flasks

Series of cultivations using A. oryzae were performed in
250 mL wide-necked Erlenmeyer flasks containing 50 mL
of medium (salt brine, end-of-pipe, sludge, wastewater,
or a mixture of sludge and wastewater). In addition to the
stream type, the effect of initial pH (initial pH vs. pH 5.0
adjusted with 2 M H,SO,), supplementation (trace met-
als or trace metals and vitamins according to Sues et al.
[16]) and mixing ratio of sludge and wastewater, were also
studied. Each flask was inoculated with 1 mL of A. ory-
zae spore solution containing 1.69 +0.19 x 107 spores/
mL, followed by incubation in a water bath (Grant OLS-
Aqua pro, Cambridge, UK) at 35 °C with orbital shaking
at 125 rpm for 24-120 h. At the end of the cultivation,
the medium was poured through a kitchen sieve (1 mm?
pore size); the recovered fungal biomass/solids (entangled
biomass with remaining medium suspended solids) was
washed with distilled water for removal of medium com-
ponents before gravimetric analysis, for yield determina-
tion [15]. Yields of recovered fungal biomass/solids are
reported as grams of recovered biomass/solids per liter
of medium and as grams of recovered biomass/solids per
gram of initial COD.
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Cultivation in bench-scale bubble column bioreactor

Cultivations using salt brine were performed using 4.5 L
glass bubble column bioreactors (Belach Bioteknik, Stock-
holm, Sweden), of 56 cm height and 11 cm width [15].
The bioreactors were empty sterilized at 121 °C for 20 min
and filled with 3 L of sterile salt brine. The initial pH was
adjusted to 5.5 with 2 M H,SO, using the bioreactor-cou-
pled peristaltic pump. Each bioreactor was inoculated with
20 mL/L of spore solution (1.69+0.19 x 107 spores/mL)
followed by cultivation at 35 °C with a continuous aera-
tion rate of 0.5 vvm (volume of air per volume of medium
per minute). At the end of the cultivation, the biomass was
recovered as aforementioned.

Analytical methods

Yields of recovered biomass/solids, in grams per liter of
medium, were determined via gravimetric analysis using
oven drying at 70 °C until constant weight [15].

The medium before and after fungal treatment was char-
acterized regarding content of total solids and dissolved
solids according to Sluiter et al. [17], ash according to Slu-
iter et al. [18], and COD using a COD kit (Nanocolor COD
1500, Diiren, Germany).

Crude protein analysis of both biomass and medium
samples was performed according to the Kjeldahl method
[11], nitrogen-to-protein conversion factors of 6.25 [11] and
5.60 [19] were used for biomass and fish processing-derived
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Table 1 Composit.ional apalysis Component Wastewater Sludge Salt brine End-of-pipe

of the fish processing-derived

"

Mo d);ﬁe 1 fm%n S“i el [1§j : Total COD (g/L) 3.53+0.19 104.00 +4.00 19.80+1.20 11.00+1.20
Dissolved COD (g/L) 3.07+0.19 11.00+0.01 9.60+0.00 4.20+0.00
Total solids (g/kg) 16.93+0.21 104.75+2.50 41.80+0.58 9.91+0.13
Dissolved solids (g/kg) 12.09+4.10 11.84+0.02 26.16+1.17 5.65+1.10
Volatile solids (g/kg) 2.62+0.31 89.17+2.30 15.92+0.00 4.93+0.06
Ash (g/kg) 14.46 +0.61 15.58+0.21 25.87+0.58 4.98+0.07
Nitrogen (g/kg) 0.51+0.03 8.43+2.06 2.64+0.06 0.60+0.03
Crude protein (g/kg) 2.83+0.17 4721+11.54 14.79+0.14 3.36+0.14
Crude fat (g/kg) 6.42+0.73 43.27+4.95 29.42+1.48 7.52+0.73
Glucose (g/L) 0.017 +0.004 0.009+0.005 0.013+0.01 0.031+0.00
Other sugars (g/L) 0.013+0.001 0.014+0.001 0.017+0.01 0.026+0.00
Glycerol (g/L) 0.003 +0.001 0.016+0.002 0.027+0.01 0.208 +0.03
Lactic acid (g/L) 0.388+0.081 0.385+0.013 0.017+0.01 0.023+0.00
Acetic acid (g/L) 0.203 +0.064 0.680+0.008 0.007+0.01 0.012+0.00
Ethanol (g/L) 0.012+0.005 0.059+0.039 0.000+0.00 0.010+0.01
Cadmium (ppm) 10.10+£6.25 nd 12.77+8.49 13.21+£7.12
Calcium (ppm) 20.34+3.41 72.92+3.38 20.24+4.95 19.45+1.69
Copper (ppm) 0.32+0.07 0.27+0.07 0.33+0.18 0.12+0.02
Nickel (ppm) 0.05+0.01 0.05+0.02 0.07+0.03 0.02+0.01
Cobalt (ppm) 1.08 +£0.52 1.33+0.73 1.24+0.77 0.98 +0.45
Lead (ppm) 0.41+0.15 0.54+0.18 0.49+0.29 0.22+0.07
Magnesium (ppm) 47.32+2.94 71.8+5.62 86.85+16.48 26.85+0.78
Iron (ppm) 0.52+0.11 2.63+0.31 0.52+0.20 0.59+0.09
Potassium (ppm) 492.33+151.33 723.02+273.25 nd 356.99+144.19
Chromium (ppm) 0.02+0.01 0.06+0.01 0.02+0.02 0.02+0.01
Aluminum (ppm) 3.26+0.37 759.55 +63.94 0.19+0.13 0.21+0.10

nd not detected

streams, respectively. Total fat content of the streams was
determined by extraction with organic solvent according to
Majdejabbari et al. [20] with modification. The substrates
were diluted with ultrapure water and then vigorously mixed
with an organic solvent (30 mL ethanol: 75 mL diethyl ether:
75 mL petroleum ether). The organic layer was separated
and evaporated under a fume hood. The amount of fat was
determined by weight of the evaporated organic materials.

Concentrations of glucose, sugars other than glucose,
lactic acid, acetic acid, and ethanol were determined by
high-performance liquid chromatography (HPLC) (Waters
2695, Waters Corporation, Milford, MA, USA) equipped
with a analytical ion exchange column based on hydrogen
ions (Aminex HPX-87H, BioRad, Hercules, CA, USA). The
HPLC analysis was operated at 60 °C with 0.6 mL/min of
5 mM H,SO, as eluent and the detection was carried out
by a refractive index (RI) detector (Waters 2414, Waters
Corporation, Milford, MA, USA) [11].

Minerals including cadmium, calcium, copper, nickel,
cobalt, lead, magnesium, iron, potassium, chromium,
and aluminum, were determined through Microwave

Plasma-Atomic Emission Spectroscopy (MP-AES 4200,
Agilent Technologies, Santa Clara, CA, USA) [15].

Statistical analysis

All experiments were carried out in duplicate and
the obtained results were statistically analyzed using
Minitab17®. Analysis of variance (ANOVA) using general
linear models was carried out, and significant differences
were considered at p value < 0.05 within a 95% confidence
interval. Pairwise comparisons among groups of data were
also carried out according to the Tukey’s test. All error bars
and intervals represent 2 times the standard deviation.

Results and discussion
Herring fillet: process and wastewater streams

After capture, herring can be stored in salt water and ice
before entering the filleting process, giving rise to storage
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wastewater (Fig. 1). During filleting, fish solid components
such as heads, tails, backbones, and trimmings are separated
and normally used for production of fish meal/oil [21], and
the fillet is washed with tap water giving rise to filleting
wastewater. Before marination, the fillet is treated with salt
brine (3—-13% for 6-24 h), giving rise to salt brine waste-
water. After marination, the fillet is ready for the market
leaving marinade as wastewater. All originated wastewater
streams are mixed giving rise to “end-of-pipe”, if all pro-
cessing steps take place in the same facility. For instance, in
the process reported in this study, marinade is not originated
and it does not join the end-of-pipe stream collected for this
study. The end-of-pipe stream goes to the separation tank,
where addition of polyaluminum chloride and pH adjustment
take place to induce solid aggregation [22]. Phase separa-
tion originates sludge, corresponding to the solid phase and
generally directed to biogas production, and wastewater,
corresponding to the liquid phase and normally directed to
wastewater treatment (Fig. 1).

As a consequence of salt water addition and the treat-
ment taking place in the separation tank, a high amount of
minerals was found in the wastewater streams in addition to
fish-derived proteins and fat (Table 1). Therefore, consid-
ering their composition, the wastewater streams have the
potential to support filamentous fungal growth and originate

protein-rich biomass that can be used as a replacement for
fish meal in aquaculture [6].

The wastewater streams used in this study had dissimi-
lar composition regarding the amount of minerals and of
suspended solids. For instance, the ratio of total solids to
dissolved solids, which points out the amount of suspended
solids, was found to be considerably higher in sludge in com-
parison to the other wastewater streams (Table 1). Therefore,
a growth screening will reveal the effect of the stream origin
on growth of an edible filamentous fungus regarding growth
rate, biomass production yield, and biomass composition.
Consequently, it will shed light onto the most promising
integration strategies leading to wastewater valorization with
potential positive economic and environmental impacts on
overall fish processing process.

Cultivation in sludge and wastewater

The filamentous fungal biomass obtained after cultivation
in sludge was visibly entangled with medium suspended
solids into an easily recovered macroscopic structure by
sieving. Therefore, the term “recovered solids” instead
of “fungal biomass” was used to characterize the growth
performance of A. oryzae (Fig. 2). Entanglement of fungal
filaments with suspended solids and its impact on the final

Fig. 2 Effect of the sludge 100 o
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(a, b), sludge supplementation, =) a
and initial pH (c), and extent of 5 80 T (@)
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concentration of recovered product has also been reported
by Rasmussen et al. [8] and Souza Filho et al. [23].

In the first approach, the effect of sludge percentage
mixed with wastewater was investigated during cultiva-
tion for 72 h at the stream original pH (Table 1). As it is
presented in Fig. 2a, <1 g/L solids were recovered when
only wastewater was used, in agreement with the low con-
centration of nutrients available in this stream (Table 1).
An increase in the sludge fraction mixed with wastewa-
ter was found to not influence negatively the amounts of
recovered solids following A. oryzae cultivation (Fig. 2a),
and the yield of recovered solids per gram of initial COD
(Fig. 2b). The sludge fraction used during cultivation was
found to have an effect (p value <0.001) on the amounts
of recovered solids, where the cultivation in 100% sludge
led to the highest amount. Altogether, when only sludge
was used as cultivation medium, ca. 42 g/L of solids were
recovered corresponding to a yield of 0.33 g of solids per
gram of total initial COD. In a previous study, the fraction
of sludge was found to play a role on the amount of recov-
ered solids after cultivation of the zygomycete fungus R.
oryzae, where a sludge fraction above 50% had a detri-
mental effect on fungal growth [15]. Therefore, A. oryzae
seems to be a more robust filamentous fungus in the con-
ditions studied, likely towards the amount of suspended
solids, nutrient balance, and concentration of potential
inhibitors. For instance, an aluminum concentration of
500-1000 ppm has been reported to lead to growth failure
of Aspergillus spp. [24]. The fact that A. oryzae could
grow in 100% sludge-containing 759.55 + 63.94 ppm of
aluminum, corroborates the thesis that the inhibitory effect
by e.g. minerals can be influenced by medium recipe, culti-
vation conditions, and fungal strain [25]. For instance, dif-
ferent dilution strategies of ethanol side-streams, namely,
rum-(127 g/L. COD), molasses-(79 g/L COD), and cane-
(COD) derived vinasse, were needed in order to achieve
optimal growth of Rhizopus microsporus (var. oligospo-
rus). In another study, concentrated vinasse needed to be
diluted to a final concentration of 5% (21 g/L. COD) to
achieve optimal growth of A. oryzae, Neurospora inter-
media, and R. oryzae [10].

In addition to the medium recipe, parameters such as pH
can influence the growth performance of the filamentous
fungus. Therefore, the effect of supplementation and initial
pH on growth of A. oryzae in 100% sludge was also studied
(Fig. 2¢). A clear effect of the initial pH on the amounts
of recovered solids was observed when adjusting the initial
pH of 6.1-5.0; a reduction of more than 50% on the amount
of recovered solids was obtained. Such difference was cor-
roborated by statistical analysis (p value <0.001), that also
demonstrated that medium supplementation, and factor
interaction, namely, of pH and medium supplementation,
did not have an effect on the amount of recovered solids.

Due to visible entanglement of A. oryzae filaments with
sludge-containing solids, the effect of extent of washing on
the amounts of recovered solids was also studied (Fig. 2d).
During sieving, the recovered solids were only pressed,
washed with 200 mL of distilled water (the reference
method) and with 500 mL of distilled water. Washing the
solids with 200 mL distilled water had a significant effect
on the recovery amount (p value =0.16) leading to a reduc-
tion of 43% in comparison to that when only pressing was
applied. A further increase in the amount of distilled water
used for washing did not influence the final recovery solids
(from ca. 42 to 38 g/L) (Fig. 2d).

Lastly, the effect of cultivation time on the amount of
recovered solids and pH was studied (Fig. 3). A cultiva-
tion time of 72 h, at which all aforementioned results were
obtained, was found to lead to the highest value of recov-
ered solids; a shorter or longer cultivation time by 24-48 h
led to significantly lower amounts of recovered solids (p
value <0.001). The medium pH was found to remain rather
constant after 48 h of cultivation; an increase in pH from 6.1
to 6.7 was observed after 72 h of cultivation (Fig. 3).

The obtained results from the study on the effect of initial
pH, medium supplementation, and cultivation time are in
agreement with previous results obtained from the cultiva-
tion of R. oryzae in 50% fish processing-originated sludge
[15], a cultivation time of 72 h was also needed to obtain the
highest amount of harvested solids.

Cultivation in salt brine and end-of-pipe

As presented in Table 1, and discussed in previous sec-
tions, the ratio between total solids and dissolved solids in
salt brine and end-of-pipe is lower in comparison to that
of sludge. Therefore, the extent of entanglement of fungal
filaments with suspended solids should be lower, produc-
ing a “purer” filamentous fungal biomass, and hence worth
studying.
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Fig.3 Profile of the yield of recovered solids and pH during cultiva-
tion of A. oryzae in 100% sludge
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Cultivation of A. oryzae in salt brine was found to be
very sensitive to the cultivation time in comparison to that
in end-of-pipe (Fig. 4a, b). The highest amount of biomass
was obtained after 48 h of cultivation in both streams. How-
ever, a higher amount of biomass of 4.1 g/L. was obtained
after cultivation in salt brine in comparison to that obtained
after cultivation in end-of-pipe (1.9 g/L). Similarly to the
cultivations carried out in sludge, medium supplementation
did not have a significant positive impact on the production
of fungal biomass (Fig. 4a, b). Altogether, yields of 0.21 and
0.17 g of biomass per gram of initial COD were obtained
after cultivation of A. oryzae in salt brine and in end-of-pipe,
respectively, which are lower than that obtained during culti-
vation in 100% sludge, namely, of 0.33 g/g. The higher yield
obtained by A. oryzae cultivation in sludge might be a result
of higher biomass entanglement with suspended solids or
due to dissimilar nutrient balance. For instance, Nitayavard-
hana, Khanal [7] reported the need of nutrient balancing,
namely, the ratio of soluble COD:N:P, for optimal growth
of R. microsporus (var. oligosporus) in ethanol production
side-streams. The yields obtained in this study are similar
to those available in the literature. For instance, Hultberg,
Bodin [26] have reported a yield of 0.32 g of biomass per
gram of COD following cultivation of Pleurotus ostreatus
for 3 days in synthetic brewery wastewater; Hultberg, Bodin
[27] reported a yield of 0.26 g of biomass per gram of COD

following cultivation of P. ostreatus for 10 days in brewery
waste streams; and Souza Filho et al. [23] have reported a
yield range of 0.21-0.39 g of biomass per gram of COD
following growth of R. oryzae and A. oryzae for 3 days in
starch plant wastewater.

The fungal biomass obtained during cultivation in salt
brine and end-of-pipe was visibly less influenced by entan-
glement with suspended solids than the recovered material
after cultivation in sludge. Therefore, a further cultivation
in salt brine, from which a higher biomass amount was
obtained in comparison to that in end-of-pipe, was carried
out in a bubble column bioreactor (Fig. 4c). The amounts
of fungal biomass obtained in both shake-flasks and bubble
column bioreactor were not statistically different (p value
0.091). Cultivation in bubble column bioreactors leads nor-
mally to higher yields of biomass, in comparison to those
obtained using shake-flasks, due to the continuous supply of
air that increases oxygen availability to the cells. Aeration
rate has been used to steer the share of biomass and ethanol
produced by the ascomycete N. intermedia during cultiva-
tion in ethanol side-streams [28].

Similar biomass yields, in grams of biomass per gram
of initial COD, were obtained in a previous work, where R.
oryzae was cultivated in salt brine and end-of-pipe [15]. A
similar cultivation time was needed to achieve the highest
amount of fungal biomass in salt brine, whereas the highest
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amount of R. oryzae biomass was obtained already after 24 h
of cultivation under similar conditions.

Characterization of fungal biomass

In addition to the effect of stream origin, cultivation time,
medium supplementation, washing extent, and experimen-
tal scale, on the amount of recovered solids/fungal biomass
from the medium, their effect on the biomass crude protein
content was investigated (Fig. 5).

The cultivation time and the extent of washing during
material harvesting were found to play a significant role in
the protein content of the recovered solids/fungal biomass
(Fig. 5b, ¢), contrary to medium supplementation and culti-
vation scale (Fig. 5a, b). The effect of cultivation time was
observed after 48 h of cultivation, where the recovered solids
were composed of ca. 30% protein, in comparison to those
after 24 h of cultivation, which were composed of 42% pro-
tein (Fig. 5b). An effect on the protein content of the bio-
mass was found when 500 mL of distilled water were used
instead of pressing or addition of 200 mL of distilled water,
where a reduction from 34 to 27% was found. Therefore,
there is the potential of increasing the amount of harvested
material from 42 to 75 g/L without compromising the final
protein content. Overall, the results obtained point out that
lack of accessible nitrogen in the medium, metabolic shifts
leading to the production of other cell mass components,
or the presence of high amount of suspended solids, might

have influenced the composition of the final product. Further
investigations are needed on the effect of cultivation time,
nitrogen supplementation, and presence of suspended solids
on the overall composition of the recovered solids including
protein, fat, and cell wall components, especially chitin.
Aspergillus oryzae biomass obtained after cultivation
in salt brine was found to contain a comparatively higher
protein content, of 58-62%, which was similar at both culti-
vation scales investigated (Fig. 5d). Altogether, the protein
contents of the material recovered after cultivation in sludge
were lower as compared to those reported in the literature,
where fungal biomass was produced from ethanol side-
streams using various strains of filamentous fungi, yielding
protein from 42 to 58% [7, 8, 10, 11, 28]. A study carried out
by Souza Filho et al. [23] has hypothesized that the amount
of suspended solids influenced the protein content of A. ory-
zae and R. oryzae biomass, where a decrease from 35% to
less than 17% protein was found when potato starch waste
stream higher in suspended solids was used for cultivation.
A similar situation might have taken place in the current
study in view of the dissimilar concentration of suspended
solids among sludge and salt brine. Nonetheless, as afore-
mentioned, further studies are need to clarify this outcome.

Characterization of cultivation-derived streams

In addition to the value-added products, such as a protein-
rich product for feed applications, the use of filamentous
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fungi for valorization of industrial side-streams can also
have an impact on water reclamation due to reduced load of
organic matter, following solids/fungal biomass separation
by sieving. Accordingly, the streams originated after fungal
growth and harvesting, were characterized regarding COD,
total solids, and nitrogen (Fig. 6).

After 72 h of cultivation of A. oryzae in sludge and siev-
ing, COD, total solids, and nitrogen had been reduced by ca.
12-35%, 39-55%, and 55-66%, respectively, while applying
different supplementation strategies (Fig. 6a). Reasonably,
medium supplementation did not have a significant influ-
ence on these parameters (p values > 0.05), similarly to the
results obtained for the amounts of sieved solids. After culti-
vation of the ascomycete in salt brine using shake-flasks and
bubble column bioreactor, COD, total solids, and nitrogen
removal ranges of 33-43%, 91-92%, and 32-39%, respec-
tively, were obtained. Statistical differences were only found
on the removal of nitrogen (p value 0.028), where cultiva-
tion in bubble column bioreactor led to the highest removal.
The fact the nitrogen was not totally removed gives further
weight to the hypothesis of lack of accessible nitrogen, lead-
ing to a decrease in the protein content of fungal biomass
during progression of the cultivation.

COD, total solids, and nitrogen removal ranges following
cultivation of R. oryzae in 50% sludge with wastewater were
34-58%, 61-77%, and 62—-72%, respectively [15]. These
results corroborate, therefore, the superior growth robust-
ness of A. oryzae in sludge-containing medium. Aspergillus
oryzae has also been reported to exhibit a superior growth
performance than that of R. oryzae in potato plant wastewa-
ter [23]. COD, total solids, and nitrogen removal ranges of
56-69%, 92-93%, and 35-39%, respectively, were obtained
during R. oryzae cultivation in end-of-pipe, using shake-
flasks and bubble column bioreactors [15]. Therefore, simi-
lar total solids and nitrogen removal ranges, and somewhat

lower COD removal ranges, were obtained after cultivation
of A. oryzae in salt brine, which has comparatively higher
COD (19.8 vs. 11 g/L), total solids (ca. 42 vs. ca. 10 g/L),
and nitrogen (2.6 vs. 0.6 g/L). Other research works applying
filamentous fungi for valorization of ethanol side-streams
have reported reductions of 42% in soluble COD (initially
of 69 g/L) using Rhizopus microsporus (var. oligosporus)
[7] and 33-46% (initial COD of 21 g/L) using A. oryzae,
N. intermedia, and R. oryzae [10], and up to 85% (initial
COD of 27-37 g/L) following growth of A. oryzae and R.
oryzae in potato plant wastewater [23]. Overall, the aim of
reducing the COD of fish industry’s wastewaters, for easier
further treatment, was fulfilled. However, it is hypothesized
that developing a process centered on carbon and nitrogen
balance, medium dilution, and combination of biological
and chemical processes, can lead to effluents that can respect
discharge limits and offset the need of further wastewater
treatment. However, these strategies need to be parallelly
supported by techno—economic analyses and life-cycle
assessments.

Conclusion

The results of this study point out that fish processing waste-
waters provide versatility to the development of biological
processes leading to their conversion into protein-rich fun-
gal biomass, for feed applications, and effluents with com-
paratively lower COD levels. Aspergillus oryzae was found
to grow in all wastewaters studied in this work; however,
further studies are needed on the impact of medium sup-
plementation and dilution, and combination of biological
and e.g. chemical strategies, on the remaining COD levels
and consequent need of further wastewater treatment. This
together with the dissimilar output regarding concentration
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of recovery material and protein concentration, point out
the need of economic, environmental, and feeding studies
to reveal the most promising valorization route.
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