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Abstract: The rapid growth of aquaculture and scarcity of conventional fish feed supplements
has prompted the introduction of new sustainable supplementation sources. In this study, the
potential of five strains of fungal biomass of Ascomycetes and Zygomycetes edible filamentous fungi,
Aspergillus oryzae, Neurospora intermedia, Rizhopus oryzae, Monascus purpureus, and Fusarium venenatum,
cultivated on vinasse, a by-product of the bioethanol industry, as alternative protein sources for
fishmeal in the fish diet was evaluated. It was observed that 5% vinasse with an initial pH of 5–6.5 can
support fungal biomass yields of 34.3± 2.4–118.5± 3.9 g DM/L for A. Oryzae, N. intermedia, and R. oryzae.
High protein contents of about 44.7%, 57.6%, and 50.9% (w/w), and fat contents of 7.0%, 3.5%, and
5.5% (w/w) were obtained for A. oryzae, N. intermedia, and R. oryzae, respectively. The latter three fungi
species contained noticeable amino acid contents, including promising profiles of amino acids that are
highly compatible with those of fishmeal. These findings provide evidence that fungal biomasses,
with their relatively high protein content, good amino acid profiles, and other essential nutrients,
are a promising supplementation alternative that can be produced from low-value by-products and
organic-rich waste streams like vinasse to meet the dietary protein requirements in fish feed.
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1. Introduction

Aquaculture has expanded rapidly during the last two decades. According to the Food and
Agriculture Organization [1] annual report, fish production has increased by 7.1% throughout
aquaculture in the last decade, while wild fish capture fisheries have been stagnant since 1980, followed
by a decreasing trend since 2011 [1]. Of the total of 170.9 million tons of fish produced (including both
captured and farmed), 80.0 million tons (46.8%) is provided by aquaculture. Under intensive fish culture
systems, fish production is significantly dependent on artificial feed supplementation [1]. Fishmeal
is the major ingredient of feed supplements that meet the protein requirements of the fish diet [2].
However, fishmeal production is strongly dependent on the capture of wild fish. Over-exploitation
of wild fish stocks has reached its maximum sustainable level [3]. It is expected that 16% of the
total fish captured from the natural resources will be used to produce fishmeal by 2030. Along with
aquaculture growth, high global demands for fishmeal and the scarcity of resources have led to an
incredible increase of fishmeal price in recent years [4]. Meeting fishmeal demands for the animal
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rearing industry, particularly for aquaculture, is a critical challenge in aquaculture expansion [5].
Hence, finding alternative and renewable sources for either the partial or total replacement of fishmeal
in the fish diet has received great attraction in recent years [6–8].

A potential alternative protein source for fishmeal must have compatible nutritional values in its
protein content, amino acid profile, and amino acid balance. Large varieties of plant-based protein
sources have been reported as potential fishmeal alternatives in the literature; these alternatives include
soybean meal [9–11], lupine [12], rapeseed and canola meal [13], pea [14], cottonseed meal [15], and corn
gluten [16]. However, their low digestibility, lower feed intake [17], adverse effects on microbiota and
intestine structure [14], and high amount of anti-nutrients (such as protease inhibitors, lectin, phytic acid,
saponins, glucosinolates, tannins, gossypol, and anti-vitamins that are involved in growth reduction and
immune system impairment) have limited their application in fish diets [18]. Although animal-based
protein sources, such as fish processing wastes [19], meat, bone and blood meal [20,21], and feather
meal [22], have some advantages over plant-based ones, such as higher digestibility and the absence of
anti-nutrient factors, they are costly and have limited availability [23]. Furthermore, there are ethical
and logical challenges in using food ingredients that can be used directly as human food for fish feed
ingredients. In this regard, concerns for the future availability of resources and recent breakthroughs in
industrial biotechnology have initiated a new era for the application of microbial protein sources in
fish feed.

Single-cell proteins, such as microalgae, bacteria, and fungi, are microbial protein sources that
can be potentially utilized as ingredients in fish feed. Among them, filamentous fungi are versatile
microorganisms that can grow on a very wide range of organic materials. Their high protein content, good
fatty acid composition, and the presence of other nutrients (such as vitamins, minerals, antioxidants,
and immune stimulant components) emphasize their potential to be introduced as suitable fish
feed ingredients [23]. Filamentous fungi are employed in different areas, including the bio-ethanol
industry, enzymes, organic acid production, and more recently in food industries. Filamentous fungi
are able to degrade complex substrates using various enzymatic systems such as amylases, lipases,
proteases, pectinases, and phytases, and then easily assimilate simple components and convert them to
value-added products, such as organic acids, ethanol, and fungal biomass [24]. Some species of fungi,
such as Aspergillus spp., Neurospora spp., Rhizopus spp., Fusarium spp., and Monascus spp. are categorized
as GRAS (generally regarded as safe) and have food applications. Filamentous fungi, particularly
Aspergillus spp. and Neurospora spp., have been used traditionally in some indigenous East Asian
foods (e.g., Oncom, Koji, and miso) and beverages (e.g., Sake, Shoyu, and Vinegar). Fusarium venenatum
is a well-known strain of edible filamentous fungi involved in mycoprotein production known as
Quorn. Depending on the fungal species and cultivation conditions (e.g., the substrate’s composition), a
filamentous fungal biomass can contain approximately 50% protein (dry weight). In addition to protein
content, the presence of essential fatty acids and minerals make them a valuable nutritious product that
can be used as an alternative protein source in fishmeal [23].

However, the main challenge in the production of microbial biomass is the provision of a reasonably
priced organic-rich cultivation medium. Applying organic-rich industrial waste or by-product streams
to the traditional fungi cultivation procedure could address concerns about both fungal biomass
production costs and the unsavory environmental effects of industrial waste disposal. Accordingly,
several industrial by-products have been investigated as microbial culture media [23].

Vinasse, the main by-product of the bio-ethanol production industry, is rich in chemicals, organic
compounds, and micro and macronutrients that can be used as a suitable substrate in the submerged
cultivation of microorganisms, including filamentous fungi. Molasses is used in bio-ethanol plants
to produce ethanol [25]. After ethanol extraction, the residual liquor, a brownish-black and dark
liquid known as vinasse, remains [26]. Vinasse has a pH of 3.5–5 (COD 50–150 g/L, and 30–70%
COD is BOD) [26], and its K+, Ca2+, Mg2+, Cl−, and SO4

2− concentrations are relatively high [27].
The abovementioned environmentally undesirable characteristics become a matter of concern when
the production of 1 m3 of ethanol results in 10–15 m3 vinasse production [28]. Currently, the main
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application of vinasse is in fertirrigation [29]. However, the long-term use of vinasse leads to soil and
water pollution, changes in the physical and chemical structure of the soil, salinization and sodification,
eutrophication of water bodies and instability in soil structures, undesirable odors, and an inhibition of
plant germination [24,30]. Therefore, finding efficient solutions to mitigate the adverse environmental
effects of the improper application of vinasse is of great importance.

Various applications have been suggested for vinasse, mainly based on the bioconversion of
vinasse to value-added products. According to the its high nutritional properties of, vinasse is proposed
as a nutritive substrate for various microorganism cultivation [31]. Aparicio, Benimeli, Almeida, Polti,
and Colin [26] and Santana, Cereijo, Teles, Nascimento, Fernandes, Brunale, Campanha, Soares, Silva,
Sabaini, Siqueira, and Brasil [27] used vinasse as a substrate for Actinobacteria and microalgae—
micractinum sp. and C. biconvexa biomass production, respectively. Also, vinasse was used as a
cultivation medium for microalgae micractinum sp. and scenedesmus sp. [32,33]. A new application
of vinasse as a substrate to produce filamentous fungi biomass and fungal products is a promising
approach that could meet both the demand for a cheap media for filamentous fungi cultivation and
reduce amount of this environmentally unpleasant material. Nitayavardhana and Khanal [34] and
Nitayavardhana et al. [35] were the first to propose vinasse as a highly potent substrate for filamentous
fungi cultivation. The authors cultivated Rhizopus microsporus and Rhizopus oligosporus in vinasse and
yielded a protein-rich fungal biomass. In addition, Nair and Taherzadeh [28] applied vinasse to the
production of fungal biomass and produced 202.4 g Neurospora intermedia and 222.8 g Aspergillus oryzae
per liter of vinasse through submerged fermentation.

In this study, the potential of vinasse to support the cultivation of five different species of
filamentous fungi, A. oryzae, R. oryzae, N. intermedia, M. purpureus, and F. venenatum, were investigated.
The metabolic production and capacity of these fungi to utilize sugar and other organic components as
a substrate for growth (resulting in a reduction of the chemical oxygen demand (COD) in vinasse) were
also measured. Moreover, the different nutritional aspects of the produced fungal biomass, including
protein, lipid, and mineral content, were analyzed to evaluate vinasse’s potential to be an alternative
ingredient for fishmeal in aqua-feed production.

2. Materials and Methods

2.1. Vinasse Characteristics

Vinasse samples were provided by Sepahan Bio-product Company (Isfahan, Iran). The vinasse
was derived from the ethanol production from molasses. The required amount of vinasse was prepared
and stored in a cold-room at 4 ◦C until further use. Some of the general characteristics and chemical
composition of the vinasse sample used for the present study, including total and suspended solids,
nitrogen content, and COD content are summarized in Table 1.

2.2. Fungi Species

Spores for the five species of edible food-grade filamentous fungi used in this study, Aspergillus oryzae
CBS 819.72, Neurospora intermedia CBS 131.92, Rhizopus oryzae CCUG 61,147 (Culture Collection University
of Gothenburg, Sweden), Monascus purpureus CBS 109.07, and Fusarium venenatum ATCC 20,334
(American Type Culture Collection, USA), were obtained from the University of Gothenburg microbial
culture collection (Gothenburg, Sweden). Spores were preserved in Potato Dextrose Agar (PDA) plates
containing 4 g/L potato extract, 20 g/L glucose, and 15 g/L agar. The inoculated PDA plates were
incubated for 3–5 days at 30 ◦C and then stored at 4 ◦C in a fridge until being used as a cultivation
inoculum. For preparation of the inoculum solution, the spores were released and collected from the
PDA. For this purpose, 20 mL sterile distilled water was added to the PDA plates, and the spores were
then released using gentle agitation and scraping of surface of the culture. The supernatant mixture,
containing spores with a concentration of 3.9 × 105–3.8 × 106 spores/mL, was collected, and 500 µL of
this mixture was added to the Erlenmeyer shake-flasks.
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Table 1. Chemical composition and general characteristics of the substrate (concentrated vinasse) used
for culturing filamentous fungi.

Parameter Value Concentration (ppm)

pH 5.5 ± 0.09 Minerals
Total solids (%) 65.27 ± 1.45 Aluminum (Al) 5.5

Volatile solid (%) 28.93 ± 0.37 Arsenic (As) 0
Ash (%) 25.16 ± 0.2 Barium (Ba) 0.1

COD (g/L) 835 ± 22 Bor (B) ppm 7
SCOD (soluble COD) (g/L) 740 ± 14 Cadmium (Cd) 0

Soluble sugar (g/L) Chromium (Cr) 0
Arabinose 1.39 ± 0.24 Cobalt (Co) 0
Cellobiose 19.27 ± 1.15 Cupper (Cu) 15
Fructose 11.03 ± 0.68 Iron (Fe) 350

Galactose 3.42 ± 0.17 Lead (Pb) 0
Glucose 14.4 ± 0.78 Manganese 35

Mannose 0.76 ± 0.04 Molybdenum (Mo) 0
Sucrose 4.71 ± 0.14 Nickel (Ni) 0.6
Xylose 0.88 ± 0.05 Potassium (K) 87,220

Organic Acid, Metabolite (g/L) Selenium (Se) 2.5
Acetic acid 39.7 ± 1.55 Strontium (Sr) 3.4

Ethanol 1.1 ± 0.11 Zinc (Zn) 50
Glycerol 90.7 ± 3.75 Concentration (%)

Lactic acid 102.6 ± 7.09 Calcium (Ca) 1.2
Magnesium (Mg) 0.1
Phosphorus (P) 0.03

Sodium (Na) 1

Different concentrations of vinasse (5%, 10%, 15%, 20%, and 50%) were used to investigate the
biomass yield. Original vinasse was diluted by adding distilled water to obtain the defined concentrations.
pH was adjusted by adding required amount of H2SO4(2M) and NaOH (2M) to get the required pH.

2.3. Cultivation in Shake-Flasks

Cultivations were carried out in 250 mL Erlenmeyer shake-flasks containing 100 mL of the vinasse
medium. All used media were autoclaved separately at 121 ◦C for 20 min. The cultivation was done in
a water-bath at 35 ◦C and 125 rpm (9 mm orbital shaking radius) for 72 h. In order to monitor pH,
metabolite production, and sugar consumption, 3 mL samples were collected at 24 h intervals (0 h, 24 h,
48 h, and 72 h) during cultivation, followed by 10 min centrifugation at 20,000× g. The supernatant
solution was then separated and filtered using 0.2 µm pore size filters and stored at −20 ◦C for further
analysis by HPLC. Once the cultivation was complete, the biomass was gently separated from the
medium using a fine mesh sieve (1 mm2) and washed carefully with distilled water and dried at 70 ◦C
in an oven until reaching a constant weight.

2.4. Analytical Procedures

The total solid, suspended solid, and ash content of the samples were measured according to
the National Renewable Energy Laboratory (NREL) method [36]. An analysis of the anabolic and
catabolic metabolites from the fungi cultivation was performed using HPLC. Acetic acid, ethanol,
glucose, glycerol, and lactic acid were analyzed using an analytical hydrogen-based ion exchange
column (Aminex HPX-87H, 250 × 4 mm, Bio-Rad, California, CA, USA). The mobile phase consisted
of 5 mMH2SO4 with an elution rate of 0.6 mL/min at 60 ◦C. The HPLC-system consisted of Waters
alliance separation modul2695 (Waters Corporation, Milford, Massachusetts, MA, USA) operating at
the 210 nm wavelength, which was used with a refractive index (RI) detector (Waters 2414).

A Microwave Plasma Atomic Emission Spectroscope (MP-AES 4200, Agilent Technologies, Santa
Clara, CA, USA) was employed to measure the availability and concentration of different ionic
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components. The total chemical oxygen demand (COD) was determined using a NANOCOLOR COD
15,000 kit, with photometric determination of the samples done using NANOCOLOR photometers
(Macherey-Nagel, Düren, Germany).

The fungal spore concentration was measured using a Bürker counting chamber under a light
microscope (Carl Zeiss Axiostar plus, Germany). Minerals were analyzed using plasma emission
spectroscopy (Spectro Analytical Instruments GmbH & Co., Kleve, Germany), with samples extracted
with 7M HNO3, according to Bahlsberg–Pålsson [37]. Total nitrogen (N) was determined according
to the Kjeldahl method using a 2020 digester and a 2400 Kjeltec Analyser unit (FOSS Analytical A/S,
Hilleröd, Denmark). Crude protein content was then calculated by multiplying the factor 6.25 with the
N value from Kjeldahl [38]. Amino acid content in the feed was analyzed by an accredited laboratory
(Eurofin, Lidköping, Sweden) using the SS-EN ISO13903:2005 method.

Crude fat content was measured as described by the Official Journal of the European Communities
(1984). An extraction unit (1047 Hydrolysing Unit and a Soxtec System HT 1043, FOSS Analytical A/S)
was also used to perform crude fat analysis. The Folch method was used to extract lipids from the
samples (chloroform:MeOH (2:1 V/V)) [39]. Fatty acid methyl esters (FAME) were methylated following
the method described by Appelqvist [40]. The lipids were quantified using heptadecanoic acid (C17:0)
as an internal standard (Larodan, Karolinska Institutet Science Park, Solna Sweden). FAME were
analyzed with a GC (Agilent 6890, USA) via a flame ionization detector (FID), Split/Splitless Capillary
Inlet, and a 7683 auto sampler using a SGE BPX70 capillary 50 m Ø 0.22 mm/0.25 µ film thickness.

3. Results and Discussions

In order to investigate the potential of vinasse in the production of a fungal biomass that could
further be applied in fish feed supplementation, five different strains of edible filamentous fungi were
cultivated on vinasse. Throughout cultivation, changes in the substrate and metabolite concentrations
in the medium, as well as pH and COD, were monitored. The harvested biomass was subjected to
further analysis of its nutrients in order to evaluate its supplementation possibilities in fish feed.

3.1. Filamentous Fungi Cultivation in Vinasse

3.1.1. The Effects of Vinasse Concentration on Fungal Cultivation

The original vinasse sample, delivered from the company, was concentrated. Therefore, its
microbial activity was very low because of its acidic condition (below pH 5) and low water content [25].
Due to its high COD, different levels of dilution for vinasse were needed for it to be utilized as a
cultivation substrate for filamentous fungi.

Five different dilutions of vinasse were used for the cultivation of filamentous fungi. The results
of the evaluated parameters that made considerable changes in the biomass yield (including medium
concentration and cultivation pH) are tabulated in Table 2. Other parameters, such as the optimum
cultivation temperature for each species and shaking rate, were previously investigated, and the
optimal cultivation conditions were applied in the current study based on Mahboubi Soufiani et al. [41].
According to the collected data (Table 2), the 95% diluted (v/v) vinasse supports the best growth for
A. oryzae, N. intermedia, and R. oryzae. However, the two other species, M. purpureus and F. venenatum,
did not grow in any of the preparations. The maximum fungal biomass yield was 103.0 ± 2.7, 78.6 ± 1.0,
and 27.9 ± 2.0 (g DM/L) for A. oryzae, N. intermedia, and R. oryzae, respectively, in 5% vinasse medium.
The initial medium COD was around 21 (g/L) for the 5% vinasse solution, which may have contributed
to the better growth of all three species.

3.1.2. The Effect of pH on Fungal Cultivation in Vinasse

In a 5% vinasse medium, the best initial pH for cultivation was 6.5, 5.5, and 5 for A. oryzae,
N. intermedia, and R. oryzae, resulting in biomass yields of 118.5 ± 3.9, 85.1 ± 3.9, and 34.3 ± 2.4
(g dry biomass/L), respectively (Table 2). Nitayavardhana and Khanal [34] previously reported a
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similar result for the cultivation of R. oryzae using three different type of vinasse. Considering the
original pH of vinasse (5.48), the addition of acid or alkali solutions could be useful to reach the
optimum pH for each species. However, in the case of N. intermedia, which showed maximum growth
around the original vinasse pH, this may be of great importance when considering the industrial scale
production of fungal biomass from vinasse.

Table 2. Filamentous fungi cultivation in vinasse: Optimization of the substrate concentration and
initial cultivation pH for maximum growth (n = 2). Biomass is presented as g DM/L ± SD.

Culture Condition A. Oryzae N. Intermedia R. Oryzae M. Purpureus F. Venenatum

Concentration (% v/v)
5% 103.0 ± 2.7 78.6 ± 1.0 27.9 ± 2.0 0.0 0.0

10% 91.1 ± 3.6 70.0 ± 2,4 23.6 ± 1,2 0.0 0.0
15% 66.9 ± 1.5 56.2 ± 1.9 14.7 ± 1.3 0.0 0.0
20% 31.6 ± 2.4 9.3 ± 0.6 0.0 0.0 0.0
50% 0.0 0.0 0.0 0.0 0.0

5% Concentration
pH
5.0 88.6 ± 4.2 79 ± 1.7 34.3 ± 2.4 0.0 0.0
5.5 103.1 ± 5.3 85.1 ± 3.4 25 ± 1.1 0.0 0.0
6.0 111.2 ± 4.2 77.2 ± 1.9 21.1 ± 0.8 0.0 0.0
6.5 118.5 ± 3.9 75 ± 3.1 29.9 ± 1.7 0.0 0.0

3.1.3. The Organic Removal and Metabolite Production of Fungi in Vinasse

The substrate assimilation and metabolite production profile during the 72 h cultivation of A. oryzae,
N. intermedia, and R. oryzae is illustrated in Figure 1. Most of glucose and acetic acid were consumed in
the first 24 h of cultivation by A. oryzae and N. intermedia. However, only 20% of the glucose content was
consumed by R. oryzae during the same period. This might be due to the better adaptability of A. oryzae
and N. intermedia to the substrate, which has resulted in a shorter lag phase. Regarding acetic acid
assimilation, N. intermedia and R. oryzae consumed about 69.2% ± 0.8% and 62.6% ± 0.5% of the initial
amount in 24 h, while only 14.4% ± 0.3% of the initial amount of acetic acid was utilized by A. oryzae.
After 72 h cultivation, 54.7% ± 0.5%, 84.8% ± 0.6%, and 80.1% ± 0.9% of acetic acid was consumed
by A. oryzae, N. intermedia, and R. oryzae, respectively. Similarly, Ghasemian et al. [42] reported that
A. oryzae; N. intermedia, and R. oryzae can effectively utilize acetic acid as a growth substrate. They stated
that, although acetic acid consumption is dependent on its concentration, biomass yield is increased
when acetic acid is added to the cultivation medium. During cultivation, glycerol was efficiently
utilized by A. oryzae. While glycerol consumption was poor during the first 24 h of cultivation, it
increased from 24 to 48 h, so glycerol content was reduced in the media by 88.6% ± 0.2%. However,
N. intermedia and R. oryzae showed a limited reduction rate for glycerol—9.6 ± 0.5 and 14.7% ± 0.3%,
respectively. A. oryzae was able to utilize glycerol as a carbon source. When a nitrogen source, such as
yeast extract, was present in the cultivation medium, A. oryzae could assimilate 25.6 g/L of the total
27 g/L available glycerol during a 96 h cultivation period [41].

Another metabolite of interest during the cultivation of the aforementioned fungal strains on
vinasse is ethanol. The highest ethanol production (4.6 ± 0.1 g/L) on 5% vinasse took place when
employing R. oryzae. A. oryzae was the second-best ethanol producer, with about 3.4 ± 0.2 g/L,
followed by N. intermedia (1.8 ± 0.0 g/L). Most ethanol production occurred during the first 24 h,
followed by its utilization by filamentous fungi as cultivant. Similar phenomena have been reported by
FazeliNejad et al. [43] for Rizhopus sp., utilizing ethanol as a carbon source after 48 h cultivation. From
an industrial biorefinery viewpoint, ethanol produced through fungal cultivation in vinasse has the
potential to be reintroduced into the molasses fermentation broth processed downstream, which has
already been established to increase process efficiency. Considering the results acquired in this study,
up to 70.2 L more ethanol per 1 m3 ethanol produced from molasses can be added to the production
stream by fungal cultivation in residual vinasse.
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Figure 1. Substrate utilization and ethanol production of A. oryzae (pH = 6.5), N. intermedia (pH = 5.5),
and R. oryzae (pH = 5) at a 5% concentration of vinasse (glucose (�), lactic acid (�), glycerol (×), ethanol
(�), and acetic acid (N)).

Considering the changes mentioned at the substrate and metabolite level during cultivation, the
COD content of vinasse was also altered. The initial COD was measured to be around 835 ± 8 g/L for the
as-received vinasse, while after 72 h of fungal cultivation, it reduced to 450 ± 3, 485 ± 7 and 555 ± 4 g/L
for A. oryzae, N. intermedia, and R. oryzae, respectively, which represent 46.1%, 41.9%, and 33.5% of total
vinasse COD. Organic material reduction, which is carried out at a range of 33–46% of the initial COD
content, can address environmental issues arising from the conventional dispose of vinasse.

3.2. Nutritional Characteristics of Fungal Biomass Cultivated on Vinasse

Different nutritional properties of filamentous fungal biomass, such as dry matter, protein, lipid,
and mineral content, as well as the amino acid and fatty acid profile for A. oryzae, N. intermedia, and
R. oryzae were measured, and the results were presented.



Fermentation 2019, 5, 99 8 of 17

3.2.1. Protein and Amino Acid Composition of Fungal Biomass Cultivated on Vinasse

Protein inclusion and amino acid balance are the most important factors in formulating a fish
diet; therefore, protein sources have great importance in fish feed from biological, functional, and
economic points of view. Considering the results presented in Table 3, among the three species
investigated, N. intermedia contained the highest protein content (57.6%), whereas A. oryzae had the
lowest protein content (44.7%), besides its high biomass yield in the vinasse medium. Proteins are
the primary organic components of fish tissue, comprising 65–75% of a fish’s dry weight. As with
all animals, a fish diet’s protein to energy ratio, amino acid profile, protein digestibility, non-protein
energy sources, environmental conditions, and stage of life are of critical importance. Fish are the
most protein-dependent animal, with a CP (crude protein) retention rate of around 30%, while that of
chicken and pig has been measured to be around 25% and 13%, respectively [44]. Regardless of fish or
shrimp species and the life stage of the organism, aqua-feeds should contain 26 to 55% protein, and
inadequate protein supplementation in the feed can hamper fish growth [45], while other animals, for
example swine, do not have certain requirements for %CP (ranging from less than 10% to 20% CP
(dry matter)), with their growth more dependent on amino acid provisions [46]. Fishmeal and soybean
meal, the two most usual protein supplementation sources in aqua-feed, contain 62–70% and 46–50%
crude protein, respectively [5]. Considering this, new protein sources, such as fungal biomass, with
comparatively high protein content (see Table 3 for a comparison), have the potential to be used as an
alternative protein source for fishmeal and soya.

Table 3. Proximate composition and AA profile of A. oryzae, N. intermedia, and R. oryzae, fishmeal, and
soybean meal (SBM).

AA (g/Kg DM) AA (% of Total AA Content)

AO NI RO FM SBM AO NI RO FM SBM

DM (%) 93.6 94.9 92.3 94.3 87.6
CP (%) 44.7 57.6 50.9 62.6 43.3
CF (%) 7.0 3.5 5.5 8.9 1.7

Indispensable Amino Acids
Arginine 19.9 20.7 18.7 38.2 32.0 6.42 6.15 6.03 6.75 7.81
Histidine 7.51 8.65 7.66 15.9 11.5 2.42 2.57 2.47 2.81 2.81
Isoleucine 13.8 16.1 15.7 25.0 19.9 4.45 4.78 5.07 4.42 4.85
Leucine 24.6 27.1 24.5 44.5 31.9 7.94 8.05 7.9 7.86 7.78
Lysine 21.4 24.4 22.9 46.4 26.6 6.91 7.25 7.39 8.2 6.49

Methionine 5.66 6.05 5.98 16.3 6.2 1.83 1.8 1.93 2.88 1.51
Phenylalanine 14.2 15.8 14.6 24.3 21.7 4.58 4.69 4.71 4.29 5.29

Threonine 16.9 18.1 16.2 25.6 17.7 5.45 5.38 5.23 4.52 4.32
Valine 17.2 20.2 18.5 30.0 20.8 5.55 6.0 5.97 5.3 5.07
Sum 123.9 136.9 126.24 236.2 167.5 45.55 46.67 46.7 47.03 45.93

Dispensable Amino Acids
Alanin 23.7 27.8 23.7 39.7 19.0 7.65 8.26 7.65 7.02 4.64

Aspargine 32.3 36.6 32.3 57.7 49.0 10.42 10.87 10.42 10.2 11.95
Cystein 2.75 3.27 3.01 5.1 0.5 0.89 0.97 0.97 0.9 0.12

Glutamine 43.3 47.7 40.9 77.3 77.0 13.97 14.17 13.2 13.66 18.79
Glycin 17.2 18.9 16.5 48.0 18.1 5.55 5.61 5.32 8.48 4.42

Hydroxyproline ND ND ND ND ND ND ND ND ND ND
Ornithine 0.97 ND 0.51 ND ND 0.31 ND 0.16 ND ND

Proline 18.5 14.1 20.2 28.3 21.6 5.97 4.19 6.52 5.0 5.27
Serine 17.2 17.6 15.6 24.5 21.8 5.55 5.23 5.03 4.33 5.32

Tyrosine 12.8 13.6 12.5 19.0 14.6 4.13 4.04 4.03 3.36 3.56
Sum 168.72 179.57 165.22 299.6 221.6 54.44 53.34 53.3 52.95 54.07

FM and SBM [47].



Fermentation 2019, 5, 99 9 of 17

The protein quality in a diet is of crucial importance, regardless of the animal species. Therefore,
the amino acid composition and the ratio of each amino acid to the total amino acid content of
the supplemented protein is of particular importance in evaluating each protein source’s value [48].
The amino acid profile of the obtained fungal biomass is presented in Table 4. Of the total protein
content of the studied fungi species, 64.8%, 58.4%, and 60.9% was pure amino acid content. Fishmeal
and soybean meal had 90.4% and 94.6% pure amino acid content, respectively. Since crude protein is
measured using the Kjeldahl N content multiplied by 6.25, a high concentration of nitrogen containing
compounds other than protein contributes to an overestimation of CP-content when 6.25 is used as the
correction factor in a Kjeldahl analysis. Nitrogenous components in the biomass are not necessarily
limited to proteins or amino acids, as a large number of other substances, such as nucleic acids, amines,
urea, ammonia, nitrates, nitrites, phospholipids, nitrogenous glycosides, etc., have nitrogen as one of
their main structural constituents [49]. The cell walls in fungi species (15 to 30% of the DM of the biomass)
are composed of a large amount of glucosamine derivatives [50] and also high RNA content [23].

Table 4. Fatty acid content of A. oryzae, N. intermedia, and R. oryzae, fishmeal (FM), and soybean meal (SBM).

Fatty Acids (% of Extracted Lipid Fraction)

A.
Oryzae g/kg N.

Intermedia g/kg R.
Oryzae g/kg FM

(%)
FM

(g/kg)
SBM
(%)

SBM
(g/kg)

C14:0 (Myristic acid) 0.47 0.33 0.73 0.26 0.86 0.47 6 4.10 0.1 0
C14:1 (Myristolicacid) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C16:0 (Palmitic acid) 19.93 13.93 17.28 6.13 22.87 12.50 17.8 12.30 10.5 1.3
C16:1 (Palmitoleic acid) 3.17 2.21 3.84 1.36 5.78 3.16 7.2 5.00 0.2 0.00
C18:0 (Stearic acid) 7.73 5.40 4.97 1.76 6.26 3.42 3.6 2.50 3.8 0.5
C18:1 (Oleic acid) 33.93 23.72 39.70 14.09 27.97 15.29 12.3 8.50 21.7 2.8
C18:1 (Vaccenic acid) 0.48 0.33 1.97 0.70 1.42 0.78
C18:2 (Linolelaidic acid) 32.36 22.62 29.40 10.43 34.31 18.76 2.1 1.40 53.1 6.8
C18:3 (Linolenic acid) 0.29 0.20 0.92 0.33 0.53 0.29 1.9 1.30 7.4 0.9
C20:0 (Arachidic acid) 0.31 0.22 0.26 0.09 0.00 0.00
C20:1 cis-11-ecosenoic acid 0.00 0.00 0.00 0.00 0.00 0.00 6.6 4.5
C20:2 (cis-11,14-ecosadienoic acid) 0.00 0.00 0.00 0.00 0.00 0.00
C20:3 (11,14,17-Eicosatrienoic acid) 0.00 0.00 0.00 0.00 0.00 0.00
C20:4 (Arachidonic acid) 0.55 0.38 0.36 0.13 0.00 0.00 2.4 1.7
C20:5n-3 (Eicosapentaenoic acid) 0.00 0.00 0.00 0.00 0.00 0.00 9.0 6.2
C22:0 (Behenic acid) 0.23 0.16 0.20 0.07 0.00 0.00
C22:1 (Erucic acid) 0.00 0.00 0.00 0.00 0.00 0.00 7.7 5.3
C24:0 (Lignoceric acid) 0.55 0.39 0.37 0.13 0.00 0.00
C24:1 (Nervonic acid) 0.00 0.00 0.00 0.00 0.00 0.00
C22:6n-3 (Docosahexaenoic acid) 0.00 0.00 0.00 0.00 0.00 0.00 6.6 4.5
Total 100.00 100.00 100.00
% SFA 28.13 19.66 22.98 8.15 29.99 16.40
% MUFA 37.57 26.26 45.51 16.15 35.17 19.23
% PUFA 33.20 23.21 30.68 10.89 34.84 19.05
PUFA/SFA 1.18 1.34 1.16

SFA: Saturated fatty acids, MUFA: Mono unsaturated fatty acids, PUFA: Poly unsaturated fatty Acids. FM and
SBM [47].

Glutamine, asparagine, leucine, alanine, lysine, and arginine are the most abundant amino acids
in fungal biomass that are comparable with those of fishmeal, with the exception of glycine, which is
higher in fishmeal. The abovementioned amino acids represent more than 50% of the total amino acid
content of the fungal biomass. Among these amino acids, lysine, arginine, and leucine are considered
indispensable amino acids (IAA), since animals do not have the capacity, or are poorly capable of,
synthesizing them de novo. As these IAA should be supplied to the fish diet, fungal biomass may be a
promising IAA supplementation source. On the other hand, dispensable amino acids (DAA) are those
that can be synthesized in the animal’s body [45]. Amino acids are involved in many cellular processes,
such as the synthesis and degradation of proteins, the urea cycle, energy metabolism, synthesis and
metabolism of lipids, and glucose and cell signaling [51].

Lysine, the first limiting amino acid in feed, is very sensitive to heat during fish feed processing,
which reduces the availability of lysine [52]. Common fishmeal contains a high amount of lysine, while
plant proteins contain low amounts of lysine. Lysine serves as a key substance, playing important roles
in the body, such as regulation of the carnitine synthesis responsible for the transportation of long chain
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fatty acids into the mitochondria [53] and osmoregulation [54]. Lysine is also involved in maintaining
the acid–base balance, nitrogen retention in the tissue [55], reducing the fat levels of the body, and
increasing muscle growth in fish by rapidly increasing the size and length of muscle fibers [56] and
eventually increasing weight gain [57]. Besides reduced growth and feed efficiency, dorsal and caudal
fin erosion is also a consequences of lysine deficiency in rainbow trout [58]. According to [45], the fish
requirement for lysine is 3–6%, which can be met by this fungal biomass. In the present study, all fungi
species biomasses contain a high proportion of arginine. Arginine is involved in protein synthesis, urea
production, and the metabolism of several amino acids, such as proline and glutamic acid [59]. Arginine
is precursor for creatine and nitric oxide synthesis, a stimulant of insulin, and a growth hormone;
therefore, it has an important role in anabolic processes [60]. However, in fish and shrimp, arginine
has been shown to be an IAA due to its very poor activity in the urea cycle. Moreover, arginine has
been reported to have an effect on immunological functions in mammals [61]. A supplementation of
dietary arginine can modulate some innate immune mechanisms in channel catfish [62]. Buentello
and Gatlin [63] found that the survival rate of channel catfish challenged with Edwardsiella ictaluri
critically depended upon the dietary arginine level. Arginine also plays a crucial role in regulating
endocrine and reproductive functions, as well as extra-endocrine signaling pathways [64]. The arginine
requirement of fish (6%) can be provided by the biomasses from all fungi species studied in the present
investigation. As one of the most abundant amino acids in fungal biomass, leucine has a critical role in
protein structures and comprises a relatively high proportion of most proteins. Fungal biomass contains
even higher amounts of leucine than fishmeal. Therefore, it seems that there is no deficiency in leucine
supplementation in the feed if a fungal biomass is used as the protein ingredient. Leucine is considered
a functional amino acid to stimulate muscle protein synthesis and inhibit proteolysis in mammals [65].

In addition to what was described above regarding indispensable amino acids, fungal biomass is
rich in glutamine, which is a conditionally indispensable amino acid [58], and asparagine and alanine,
which are categorized as dispensable amino acids. Glutamine and glutamate represent 20% of the amino
acids in plant and animal proteins involved in all transamination process. Glutamine and glutamate are
some of the most abundant amino acids present in fish plasma and muscle and are necessary for purine
and pyrimidine nucleotide synthesis, acid-base balance regulation, and protein synthesis stimulation;
they also constitute the main energy substrate for enterocytes [66]. The presence of an adequate amount
of glutamine in the diet enhances weight gain, feed intake, intestinal development, and digestive enzyme
activity. Glutamine and glutamate are also essential for fish immunity response. The fungal biomass
contains average amount of 13.5% glutamine that can support growth and immunity in fish [45].

The alanine content was highest in the N. intermedia biomass, exceeding that of fishmeal. This
amino acid is a major gluconeogenesis precursor, energy supplier, a preferred nitrogen carrier for
amino acid metabolism and has stimulatory effects on feeding rate. Aspartate and asparagine comprise
around 10% of the AA in plant and animal proteins. They play roles in stress tolerance under high
salinity conditions and changes in other environmental factors during migration [67]. Fungal biomass
contains an appropriate level of alanine (8%) and asparagine (10.5%), which are slightly higher than
the amount contained by fishmeal and can address the concerns regarding dietary supplementation of
these amino acids when fungal biomass is used as a protein source in a fish diet.

Regarding amino acid composition, the fungal biomass contains a higher percentage of serine and
threonine than fishmeal, while fishmeal is richer in glycine, lysine, and methionine. Serine participates
in gluconeogenesis, sulfur amino acid metabolism, and fat digestion [68]. Serine also stimulates feed
intake for many fish species [69]. It is presumed that serine content can compensate for the insufficiency
of sulfur-based amino acids, such as methionine and cysteine [45]. Threonine is normally found in
limited amounts in plants; it is, however, insufficient to feed fish with protein only derived from plants.
Dietary threonine levels can affect immunity responses, like in mammals [61]. In addition, threonine
is the primary component of mucin in the small intestine and, therefore, plays an important role in
maintaining the intestinal barrier integrity and function [58]. Although the potential use of threonine
in aqua-feed has received little attention, its requirement has nonetheless been assessed to be 2–4% of
total amino acids, which is matched by the 5% threonine content of the fungal biomass [45].



Fermentation 2019, 5, 99 11 of 17

Compared with SBM, fungal biomass contains a higher proportion of alanine, cysteine, glycine,
lysine, methionine, proline, threonine, tyrosine, and valine, while SBM is richer in arginine, asparagine,
glutamine, histidine, and phenylalanine. The content levels of isoleucine, leucine, and serine are
comparable in SBM and fungal biomass. Riley et al. [70] showed that that dietary supplementation of
glycine increased hepatic thyroxine 50 monodeiodinase activity in rainbow trout, which enhances the
efficiency of nutrient absorption and anabolic events. Facilitating T4 to T3 conversion, which are more
active types of thyroid hormones, is a direct effect of the dietary inclusion of glycine. Thyroid hormones
act to increase the basal metabolic level and protein synthesis. Therefore, they can affect the growth
status of organisms [71]. The proline and methionine content of fungal biomass is higher than that of
SBM. Proline is considered a dispensable amino acid in fish and can be derived from other amino acids
like arginine, ornithine, and glutamic acid. However, this mechanism is not clear in fish, and proline is
categorized as conditionally EAA. Methionine is usually the first limiting amino acid in many fish diets,
especially when the fish diet contains a high proportion of plant protein sources, such as soybean meal
and crop meal [51].

According to the amount of each amino acid (g/Kg DM), between the three species investigated
in the present study, N. intermedia had the highest total amino acid content, except for proline, which
was highest in R. oryzae. Ornithine was at its highest level in A. oryzae. Ornithine can be used for the
synthesis of proline and polyamines and plays a crucial role in the synthesis of arginine in the urea cycle.

Histidine is one of most abundant amino acids in fish plasma [72]. Histidine is involved in one-carbon
metabolism and, therefore, has a positive influence on DNA and protein synthesis. In addition to
serving as an energy fuel during starvation, histidine is a major component of noncarbonated buffers
that protect fish against changes in pH resulting from hypoxia. Histidine and its related imidazole
derivatives (anserine and carnosine) induce a desirable taste (e.g., sweetness, heaviness, and thickness),
so supplementation of histidine in the diet can improve the sensory attributes (e.g., flavor) of fish
feed [73]. Additionally, R. oryzae is richer in isoleucine, lysine, methionine, phenylalanine, and proline
compared to the other two fungal species.

3.2.2. Lipid and Fatty acid Composition of the Fungal Biomass Cultivated in Vinasse

The results for the lipid content and fatty acid profile of fungal biomass are presented in Table 4.
The lipid contents of the investigated fungi species were 7.0%, 5.5%, and 3.5% for A. oryzae, R. oryzae,
and N. intermedia, respectively. However, from the perspective of protein content, our fungal species
showed an opposite order of importance. The constituents and nutritional properties of the fungal
biomass are significantly related to the cultivation medium and conditions [41]. It was observed
that vinasse has a good potential to support lipid deposition in fungal biomass. Usually, dietary fat
inclusion in a fish diet is provided by fish oil and other vegetable oils, but it seems that having high
enough lipid content and a good fatty acid profile in a fungal biomass can improve a feed’s nutritional
quality. Apart from the fact that lipids, as a macronutrient, are the main source of energy, it is not
simple to define the exact “optimum” level of dietary lipids for any species, though there is a range
within which dietary lipids should be supplied [48]. Most lipid fatty acids have several key functions
in the body and preparing appropriate lipid content in the feed will have a “protein sparing effect” [45].
Many farmed fish species can utilize lipids in up to 20% of the dry weight of their diet, which means
that protein can be effectively utilized and support growth without depositing excessive lipids in the
tissues [74]. Since more than 85% of all farmed fish are freshwater fish species, such as carp and tilapia,
and have moderate dietary energy and protein requirements (Tacon et al., 2010), filamentous fungal
biomass is a potential supplement to be used as a protein source in aquafeed.

While the concentration of fatty acids varied in each biomass, the highest proportions of fatty acids
in all three fungal biomasses were for oleic acid (C18:1), linoleic acid (C18:2) (LA), and palmitic acid
(C16:0). In addition to serving as an energy source throughout oxidation, palmitic acid has antioxidant
effects [75]. Moreover, a much better taste is reported when rainbow trout were fed with a diet containing
sunflower oil instead of fish oil, the former of which contains higher amount of oleic acid [76]. Skonberg,
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Yogev, Hardy, and Dong [76] reported that these fish fillets contain lower levels of PUFAs and are more
resistant to oxidation.

According to beneficial health properties described below, the most important fatty acids in fish
nutrition are LA, alpha linolenic acid (ALA), and arachidonic acid (ARA). Fungal biomass contains
a valuable amount of these fatty acids. The ω3 and ω6 fatty acids represent two classes of PUFAs
that are derived from ALA (18:3n-3) and LA (18:2n-6), respectively [77]. ARA, an important PUFA
derived from LA, is a precursor for eicosanoid production, which is important in immune responses
and cell signaling [78]. ARA content up to 1% and 1.5% of the dry weight of a diet was found to
improve growth in larval sea bream (Bessonart et al., 1999) and larval Japanese flounder (Estevez et al.,
1997), respectively. Therefore, there is qualitative evidence on the importance and probable essentiality
of dietary arachidonic acid (20:4n-6) for the optimal growth and development of marine fish larvae
(Rodriguez et al., 1994; Ishizaki et al., 1998; Estevez et al., 1999; Bessonart et al., 1999). Recently, the role
of ARA in the metamorphosis of marine fish and crustaceans has also been reported [79]. ALA is the
precursor of two important longer chain omega-3 fatty acids, EPA and DHA, which have vital roles in
brain development, cardiovascular health, and inflammatory responses [80]. While A. oryzae contains
high levels of LA and ARA, the maximum ALA concentration was measured in the N. intermedia
biomass. In addition, N. intermedia contains the highest PUFA/SFA ratio, which makes it a potential
high-quality source for PUFAs. Hence, the inclusion of N. intermedia in a diet could benefit cold water
fish species like salmonids, which have high ALA requirements. Comparing the fungal biomass fatty
acid profile with SBM (Table 4), the most common alternative protein source for fishmeal, it can be
seen that the concentrations of palmitic, myristic, palmitoleic, stearic, oleic acid, and linoleic acids are
higher than SBM, while they contain less linolenic acid than SBM. The presence of higher LA content is
a benefit fungal biomass. Fish, especially cold freshwater fish species, have the capacity to synthesize
LC-PUFA from C18 PUFAs, such as linoleic and linolenic acids [81]. In the case of freshwater fish, a 1%
inclusion of C18 PUFA linoleic and linolenic acids could be satisfactory for growth.

3.2.3. Minerals

Macro-minerals have vital functions in the animal body. They are a component of skeletal and other
hard tissues such as the exoskeleton, teeth, fin rays, etc., and engage in electron transfer, acid–base balance
regulation, cell membrane properties, and osmoregulation [82]. The mineral composition of the fungal
biomass was analyzed to assess the nutritional quality of the biomass’ mineral supplementation. Mineral
content data, including Ca, K, Mg, Na, P, and S, are presented in Table 5. The results show that A. oryzae,
N. intermedia, and R. oryzae contain considerable levels of all these elements in order of importance.
The minerals with the highest concentration in the fungal biomass were Ca, K, and P, respectively.
Between these three fungi species, N. intermedia contained higher amounts of Ca, K, and S, while the
concentrations of Mg, Na, and P were higher in R. oryzae. The dietary mineral requirement is highly
variable among fish and crustacean species [81]. From a nutritional point of view, the supplementation
of minerals is very important, especially in crustacean rearing and breeding practices. According to the
NRC [45], the Ca, P, and K dietary requirements of fish and shrimp ranges between 3.5–15, 5–13, and
2–12 g/Kg, respectively. Considering the mineral content of the fungal biomass, the inclusion of these
fungal biomasses could adequately meet the dietary requirements of fish and shrimp.

Ca and P are the primary mineral components of a complete diet. Ca is involved in blood clotting
(vertebrates), muscle functions (such as contractions), nerve impulse transmission, osmoregulation,
membrane permeability, hormone and enzyme secretions, and acts as a structural component of teeth
and bones. In addition, P is a component of nucleotides, skeletal tissues, phospholipids, coenzymes,
DNA, RNA, and special enzymes involved in energy production [83,84]. Moreover, P has a buffering
effect and helps an organism maintain a normal pH [85]. Compared to FM, fungal biomass has a
higher K content. However, FM was richer in other mineral elements. On the other hand, the fungal
biomass is superior to SBM in its higher content of Na, P, S, and Ca. K is an essential macro mineral
used particularly to balance the acid–base equilibrium, as well as for osmoregulation and maintaining
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muscle and nerve activity. If these minerals are not supplied at sufficient levels in the diet, the organism
will become susceptible to different pathological problems [86]. For example, a deficiency in P will lead
to a reduction in growth capacity and feed conversion, skeletal malformation, intermediary metabolism
impairment, a reduction in tissue hardness, a reduction in antibody production, and reduced weight
gain [84,85].

Table 5. Macro mineral content of A. oryzae, N. intermedia, and R. oryzae, fishmeal (FM), and soybean
meal (SBM).

Mineral (g/Kg) A. oryzae N. intermedia R. oryzae FM SBM

Ca 23.8 58.5 26.4 55.4 3.4
K 12.0 15.8 8.9 7.4 21.2
P 9.1 8.9 16.4 31.0 6.2

Mg 0.9 0.8 1.2 2.6 2.9
Na 1.1 1.3 1.6 11.2 0.0
S 4.7 4.8 3.9 7.4 ND

FM and SBM [47].

4. Conclusions

The potential of the application of filamentous fungal biomass cultivated on vinasse as a dietary
protein source in a fish diet was thoroughly assessed in this study. Vinasse, as a low-value substrate,
shows great potential to yield high concentrations of a protein-rich fungal biomass up to 118.5 g/L
(A. oryzae). Moreover, as a promising protein source supplement, a fungal biomass grown on vinasse has
the possibility to contain up to 57% protein (dry biomass) in N. intermedia. In addition to its high protein
content, the noticeable compatibility of the obtained fungal biomass’ amino acid profile, fatty acid
profile, and mineral content, compared to fishmeal, supports the possibility of fungal biomass inclusion
in a fish diet. Overall, based on the acquired results, it is of great probability that the application of a
fungal biomass grown on organic-rich, low-value residual streams, such as vinasse, can remediate the
challenges arising from fishmeal shortage and facilitate sustainable aquaculture development.
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