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Abstract
In this study a valuable fermented brewer’s spent grain (BSG) was obtained by solid state fermentation (SSF) with Rhizopus 
sp. and assessed for feed and food applications. SSF conditions were optimized by factorial design and response surface 
methodology (RSM) to maximize the value of the resulting BSG biomass. Two Rhizopus sp. strains were tested as inoculum 
(one wild and one mutant strain) and time and temperature were analyzed. Measured response variables included, among 
others, protein content, soluble protein, degree of hydrolysis, antioxidant activity, total phenolic content and antibacterial 
activity. Both strains led to the highest protein concentration (31.7 ± 7.6%) and soluble protein (47.4 ± 3.8 mg/g DM) when 
BSG was fermented at 30 °C for 9 days. The biomass obtained presented a modified amino acid profile resulting in an essen-
tial amino acid index (EAAI) of 1.58 compared to FAO human nutrition standard, with antioxidant capacity (59.7 ± 7.7% 
DPPH reduction) and 11 times higher total polyphenol content (2.7 ± 0.1 mg GAE/g DM). Hereby, results demonstrate that 
SSF of BSG results in a significant increase of highly appreciated characteristics for feed or food applications, which could 
lead to a promising valorization alternative.
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Abbreviations
AA  Amino acids
EAA  Essential amino acids
EAAI  Essential amino acid index
FA  Fatty acids
DH  Degree of hydrolysis
TEAC  Trolox equivalent antioxidant capacity
DPPH  2,2-Diphenyl-1-picrylhydrazyl
TPC  Total phenolic content

Statement of Novelty

Sustainable livestock development requires novel feed 
resources, preferably those not competing with human 
food. Until now, the most used application for beer-industry 
derived main sub-product (BSG) has been as animal feed. 
However, commercial value will be much higher if protein 
and digestibility increase and if amino acid profile and bio-
logical activities are improved in a cost-effective way. Fun-
gal SSF is a successful strategy for BSG valorization for 
production of a valuable, sustainable, non-climate dependent 
protein source. This study leads previous works presenting 
the nutritional improvement and availability of amino acids 
and antioxidant compounds but also its suitability for animal 
feed compared to other protein sources.

Introduction

Brewer’s spent grain (BSG) is a by-product of the beer 
brewing industry which corresponds to approximately 85% 
of total by-products generated during beer production [1]. 
Its composition can vary depending on the barley vari-
ety, harvesting time and malting and mashing conditions 
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[2] but, in general, it is a fiber and protein rich material, 
around 70 and 20% respectively, followed by lower pro-
portions of lipids and ash, 9–10 and 4–5% respectively 
[3]. Europe beer production was of 416 million hl in 2016 
[4] and for every 100 liters of beer produced, 15–20 kg of 
BSG was generated [5, 6]. Despite being readily available, 
it is considered an unstable product and, up to now, no 
good preservation technologies have been developed [5]. 
Hence, several strategies have been studied as an alterna-
tive to overcome the environmental problems associated 
with BSG’s disposal and/or combustion. The use of raw 
BSG has been studied in depth, including use in animal 
and human nutrition [6, 7], energy production [8], as a 
brick component [9], cellulose source [10] or adsorbent 
[11]. In most cases, not modified BSG has a low com-
mercial value due to its high humidity (75–80%) and low 
digestibility protein [12]. BSG utilization also includes 
enzymatic recovery of carbohydrate fractions [3, 13] and 
enzymatic production of antioxidant and antihypertensive 
compounds [14–16]. However, the use of commercial 
enzymes is costly. In this case, microbial fermentation 
could be a cost-effective alternative to hydrolyze biomass, 
and reports include the use of BSG for organic acids pro-
duction [17] and as substrate for microbial enzyme pro-
duction [18, 19].

Until now, BSG has been primarily used as animal feed, 
mainly for ruminants due to its high proportion of fiber [1]. 
Animal feed producers are interested in high protein, high 
digestibility and “low-toxin” products, which allow a cor-
rect nutritional balance in the recipe. Regular availability, 
low price and constant characteristics are also appreciated. 
BSG can fulfill all these requirements, but commercial value 
would be higher if protein and digestibility increased in a 
cost-effective process. In addition, some biological activities 
are important for feed application, including antibacterial 
and antioxidant activities.

BSG, as other large volumes of food processing by-prod-
ucts, can be transformed from poor-nutrient wastes to animal 
feeds, food ingredients or enzymes when appropriate technolo-
gies are used for their valorization [20]. Industrially interesting 
compounds can be produced by the use of different fermenta-
tion strategies such as solid-state fermentation (SSF) and sub-
merged fermentation (SmF). In recent years, SSF has gained 
scientific and technological attention because it is considered 
an efficient process for production of enzymes and other 
compounds such as phenols, vitamins and flavor compounds, 
among others [21, 22]. Fungi, the main microorganisms used 
in SSF, are known to produce enzymes which degrade plant 
cell walls and could also improve biochemical composition 
and bioactivity of the employed substrates [23]. Fungal fer-
mentation applied to food by-products improves digestibility 
and availability of proteins, preventing growth of pathogenic 

microorganisms and undesirable bacteria through the produc-
tion of compounds with antibiotic activity [24].

One of the most promising fungi genus for SSF is Rhizopus 
sp. This genus includes several species used for enzyme pro-
duction (glucoamylases, cellulases, tannases), organic acids 
production (lactic acid, fumaric acid) and animal feed prepara-
tion [25, 26]. They are also the traditional inoculum for human 
food production (tempeh, peka, ragi and loog-pang) [27]. Sim-
ple nutritional requirements, wide growth temperature interval 
(from 25 to 45 °C), growth and survival pH range (at least, 
from 4.5 to 7.5) and board fermentative substrates make Rhizo-
pus a good candidate to ferment agro-industrial by-products 
in order to obtain products with higher protein and vitamin 
contents [28]. R. oryzae is a well-known specie of Rhizopus 
genus, generally recognized as safe (GRAS) by the FDA; it 
is employed industrially for its capacity to consume a great 
range of carbon sources [25], lipase and protease production 
[29, 30] and it has been considered for by-product valorization 
[31–33]. Using Rhizopus oryzae strain during SSF technology, 
a previous work obtained fruit by-products enriched in fatty 
acids (FA), amino acid (AA) concentration and with improved 
AA profile [31]. Most critical parameters for highest biomass 
production (by-product, surface, Tª, time, and nitrogen) have 
been previously optimized in model substrate and in some real 
substrates (fruit and vegetable by-products) [31] but not opti-
mized for feed application.

Along this paper, the optimization of parameters for SSF 
process of BSG is described, using Rhizopus sp. fermentation 
as an improving strategy of nutritional composition, com-
pound availability and bioactivity of the final product which 
could lead to an economically and environmentally feasible 
valorization strategy. Fermentation conditions were optimized 
with a rotatory design model for highest protein concentra-
tion, optimal degree of hydrolysis (DH), high total phenolic 
content (TPC) and looking for antioxidant and antimicrobial 
activity in order to develop a sustainable process for BSG val-
orization that allows its use as a valuable ingredient for feed 
or food applications. Resultant biomass is richer in protein 
and TPC, shows higher antioxidant activity and DH than the 
unfermented BSG and a modified AA and FA profile. This 
study leads previous works presenting the nutritional improve-
ment of fermented BSG [24, 34] but also offers insight into 
the bioavailability of the released compounds during fermenta-
tion and discusses fermented BSG suitability for animal feed 
and human nutrition compared to other protein sources and 
standards.
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Materials and Methods

Microorganism, Mutagens and Culture Media

One food-derived Rhizopus sp. strain isolated and character-
ized in our laboratory (ROR004) [31] and a strain derived from 
ROR004 after mutagenesis experiments (ROR004 G) were 
used as strains.

The wild type strain (ROR004) was treated with UV (Atom 
A/70 Nº557, Barcelona, Spain), 1-methyl-3-nitro-1-nitroso-
guanidine (MNNG, Tokyo chemical industry, Zwijndrecht, 
Belgium) and ethidium bromide (EB, 15585011 Fischer Sci-
entific, Loughborough, UK) at room temperature to induce 
mutagenesis. For treatment with UV, 10 ml of the spore sus-
pension (4 log cfu/ml) were plate on sterile petri dish (90 mm 
diameter) and exposed to UV irradiation (254 nm) for 60 and 
90 min at 20 cm. During exposition to MNNG, 1 ml of the 
single spore suspension (4 log cfu/ml) was mixed with 5 ml 
MNNG (0.1 mg/ml) for 30 and 50 min. Finally, for mutagen-
esis with EB, 7.4 ml of spore suspension (4 log cfu/ml) were 
mixed with 600 µl of EB solution (1 mg/ml) for 90 or 100 min. 
After treatment with MNNG and EB, spores were washed 
twice by centrifugation (11,330g, 5 min). Supernatant was 
discarded and pellet was resuspended in 1 ml of sterile water. 
In all cases, final spore suspension was cultivated on PDA agar 
plates for 48 h at 20 °C to obtain isolated colonies.

Potato dextrose agar (PDA), Mueller Hilton broth and bac-
teriological agar were used for bacterial and fungal propaga-
tion and count. Buffered peptone water (all from Oxoid, Bas-
ingstoke, Hampshire, England) was used for sample dilution 
when required. All media were prepared as recommended by 
the producer and sterilized at 121 °C for 15 min. The total 
microbial and fungal determination was done at 30 °C for 48 h.

Brewer’s Spent Grain (BSG)

BSG was provided by Boga Cooperative (an artisanal brew-
ery located in Mungia, Spain) as by-product after standard 
barley brewing process. Sample was frozen at − 20 °C until it 
was used. After defrost (18 h, 4 °C), sample was sterilized at 
110 °C for 15 min and cooled down up to room temperature 
in sterile conditions before inoculation. In all the experiments, 
substrate density was maintained at 0.09 g/cm2 and no extra 
nitrogen was added, as previously optimized [31]. Gross com-
position of BSG is expressed in Table 1.

Analytical Determinations

Gross Composition

Dry matter (DM) was calculated by drying the sample at 
60 °C for 24 h, until constant weight. Protein content was 

determined by Kjeldahl, total lipids by Soxhlet previous acid 
hydrolysis, and ash gravimetrically [35]. Neutral detergent 
fiber (NDF) was determined gravimetrically [36]. Mycelia 
protein content for mutant strain characterization was deter-
mined by Biuret method proposed by Satari et al. [37].

Fat extraction for FA profile determination was based on 
Bligh and Dyer [38]. Biomass (500–1000 mg) was mixed 
with 3 ml of methanol, 1.5 ml of chloroform (both from 
Fischer Scientific, Loughborough, UK) and 1.2 ml of water 
and homogenized for 1 min. In addition, 1.5 ml of chloro-
form and 1.2 ml of water were added, homogenized again 
and centrifuged (1450g, 15 min). Lipids were determined in 
the organic phase. Moisture and impurities were removed by 
passing through  Na2SO4 (Fischer Scientific, Loughborough, 
UK). The solvent was evaporated under nitrogen flush. Fatty 
acid profile was determined as methyl esters by adding 5 ml 
of sodium methylate (0.2%) to previously extracted lipid 
fraction and boiling for 10 min in a reflux system. Sam-
ples were cooled in ice, neutralized by adding HCL (5% 
v/v) (Fischer Scientific, Loughborough UK) in methanol 
and again boiled for 10 min, cooled in ice and mixed with 
5 ml of n-hexane (Fischer Scientific, UK). Saturated NaCl 
was added and the organic phase was analyzed by GC-FID. 
Chromatograph was fitted with a DB-23 column of Agilent 
Technologies (60 m × 0.25 mm) and programed at 150 °C 
for 1 min, a 5 ºC/min gradient up to 200 °C, a second gradi-
ent of 2 ºC/min up to 230 °C and 20 min at 230 °C. Fatty 
acid methyl esters were identified by comparing the retention 
times with standards and were expressed as percentages of 
total fatty acid methyl esters.

Amino acid profile was determined by liquid chromatog-
raphy and fluorescence detection after sample derivatiza-
tion using AccQ Fluor Reagent Kit (WATO52880, Waters, 
Milford, USA). Samples were neutralized by adding HCL 
6 N and left for 24 h at 100 °C. The derivatization was done 
as specified in the kit. The HPLC- FPLC analysis was fitted 
with a AccQ.Tag for hydrolysate amino acid analysis col-
umn of Agilent Technologies (3.9 × 150, 4 µm, Silica base 
bonded with C18), fluorescence detector (Ex = 250 nm; 
Em = 396  nm) and performed in gradient system (60% 

Table 1  Composition of unfermented and fermented BSG (30 °C, day 
9)

Same letters in the same row mean no significant difference between 
the means at 95% confidence; values are expressed as means ± SD 
(n = 2)

Unfermented BSG Fermented BSG

Humidity (%) 72.2 ± 0.9a 75.8 ± 0.9b

Ash (% DM) 4.1 ± 0.4a 4.2 ± 0.3a

Protein (% DM) 20.5 ± 0.2a 31.7 ± 7.6a

Fat (% DM) 11.1 ± 0.1a 3.8 ± 0.4b

NDF 67.3 ± 4.5a 74.3 ± 2.5b
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Acetonitrile-40% Buffer AccQ.Tag (10% v/v) 5 min- 100% 
Buffer Waters AccQ.tag (10% v/v) for next 9 min. Amino 
acids were identified by comparing the retention times with 
standards and are expressed as percentages of total amino 
acids.

Protein quality was evaluated by the essential amino acid 
index (EAAI) as described before [39]. EAAI is based on 
the content of essential amino acids (EAA) compared to a 
reference protein or specific requirements for human nutri-
tion [40], and it is used as a rapid method to evaluate and 
optimize the amino acid content of food and feed formula-
tions. EAAI equation is described as follow:

where n is the number of essential amino acids referenced.

Bioactive Compounds Extraction

Bioactive compounds were extracted using water in order 
to determine the real availability of those compounds. 10 g 
of sample were mixed with 25 ml of distilled water and the 
mixture was placed in a rotary shaker (1 h, 180 rpm, 37 °C) 
in order to homogenize the flask content. Afterwards, the 
broth was centrifuged (10,000g, 10 min, 4 °C) and the super-
natant, containing the water soluble metabolites, was filtered 
through a 0.45 µm filter. Those extracts were used for soluble 
protein, DH, antioxidant activity, TPC, antibacterial activity 
and reducing sugars determination.

Degree of Hydrolysis (DH)

The degree of hydrolysis (DH, %) was determined with the 
O-phthaldialdehyde (OPA) method [41]. OPA reagent was 
prepared as follows: 3.7% w/v Na tetraborate decahydrate 
(B9876, Sigma Aldrich, Steinheim, Germany) and 0.58% 
w/v Na-dodecyl-sulfate (SDS 99%, 230,421,000 Fischer 
Scientific, New jersey, USA) dissolved in deionized water. 
OPA (4% w/v 79,765, Sigma Aldrich, Steinheim, Germany) 
in methanol was prepared and both solutions were mixed in 
51.5:1 proportion. Finally, 0.38% v/v of β-mercaptoethanol 
(M6250 Sigma Aldrich, Steinheim, Germany) was added 
to the solution. Nα-Acetyl-L-lysine (250 µM J65083, Alfa 
Aesar) was prepared in deionized water and subsequent 
dilutions were used as standard. The sample solution was 
adjusted to 0.05 g protein/l and 60 µl of sample or standard 
were added to microplate wells. 180 µl of OPA reagent were 
added to each well and incubated at ambient temperature 
for 5 min. The measurement was done at 360 nm excita-
tion wavelength and 460 nm emission wavelength. DH 
was calculated as described by Nielsen et al. [41], and as 

(1)EAAI =
n

√

∑

n
mg of EAA in 1 g of tested protein

mg of EAA in 1g of reference protein

recommended for general purpose, htot was used as 0.8 g 
meq/g protein and α and β were estimated to be 1.00 and 
0.40.

Antibacterial Activity

The antibacterial activity of the extracts was determined by 
agar diffusion method based on Bougherra et al. [42]. Two 
bacterial species were used as test microorganisms, Salmo-
nella enterica (CECT 4156) and Escherichia coli (CECT 
516), and sub-cultured in Mueller–Hinton agar at 37 °C for 
24–48 h.

Sensible strains were inoculated in 10 ml of Mueller-Hil-
ton broth until optical density reached 0.50 (approx.  108 cfu/
ml) and incubated at 30 °C for 1 h. Then, 100 µl of bacterial 
suspension was added to 4 ml of Mueller Hilton soft agar 
(0.7% bacteriological agar w/v) maintained at 48 °C, vor-
texed and quickly cast in a Mueller Hilton petri plate. After 
solidification, the wells (5 mm diameter Whatman filter no 
1) and the extracts were added (10 µl per each well) and 
incubated at 30 °C 24–48 h. Antibacterial activity was meas-
ured as the diameter of the clear zone of pathogen growth 
compared to a positive antibacterial-control, tetracycline 
(> 98% Sigma–Aldrich, Steinheim, Germany), (1 g/l) and a 
negative control (sodium phosphate buffer, 0.01 M, pH 7.5).

Antioxidant Activity (DPPH Radical Scavenging Activity)

Antioxidant activity of samples was measured using the 
DPPH radical scavenging activity (DRSA) method based on 
Brand-Williams et al. [43] with slight modifications. DPPH 
(2,2-Diphenyl-1-picrylhydrazyl, D9132 Sigma Aldrich, 
Steinheim, Germany) in methanol (25 ppm) was prepared 
and 280 µl of this solution were added to 20 µl of sample 
solution. The mixture was incubated at room temperature in 
the dark for 30 min. Absorbance was measured at 515 nm. 
The standard comprised of water–methanol (50% v/v) 
and different concentrations of Trolox (218940050, Acros 
Organics, New Jersey, USA). The antioxidant capacity was 
expressed as Trolox equivalent antioxidant capacity (TEAC), 
µg Trolox equivalents/g DM using the calibration curve. The 
percentage of reduction of DPPH compared to the blank also 
was calculated:

Total Phenolic Content (TPC)

TPC was measured using the Folin–Ciocalteu method 
[44] with modifications. Initially, 30 µl of Folin–Ciocalteu 
(J/4100/08, Fischer Scientific, Loughborough, UK) solution 
were added to 140 µl sample, blank or standard and 140 µl 

(2)

DPPH reduction (%) =
Abs blank − Abs sample

Abs blank
× 100
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of  Na2CO3 7% (w/v) (Sigma Aldrich, Steinheim, Germany). 
The mixture was incubated at room temperature in the dark 
for 1 h and the absorbance was measured at 750 nm. Gallic 
acid (G7384, Sigma Aldrich, Steinheim, Germany) was used 
as standard at a concentration range of 1.4–20 ppm and results 
were expressed as mg gallic acid equivalent (GAE) per g of 
DM sample.

Reducing Sugars

Reducing sugars were determined by Dinitrosalicylic (DNS) 
acid reagent method [45] adjusted to microplate assay proce-
dure. Briefly, 25 µl of DNS reagent were mixed with 25 µl of 
sample, blank or standard (0–2.5 g/l of D-glucose) and incu-
bated for 10 min at 100 °C. The microplate was cooled in an 
ice bath and 250 µl of distilled water were added to each well. 
Absorbance was read at 540 nm.

Soluble Protein

Soluble protein was determined by BCA (Bicinchoninic Acid) 
method (Pierce™ BCA Protein Assay Kit) adjusted to micro-
plate assay procedure. Bovine serum albumin (BSA 0-2.5 mg/
ml) was used as standard. Absorbance was read at 550 nm.

Solid State Fermentation (SSF)

All SSF experiments were carried out on 135 mm diameter 
sterile plate (surface area 143.1 cm2) at 30 °C. SSF process 
was done using ROR004 strain and all variables were moni-
tored from time 0 to 192 h (n = 4 in all cases except for time 
0 h, where n = 2).

Factorial design methodology was used for optimal con-
ditions determination. Factorial design consisted on two 
continuous factors (time and temperature) and one cat-
egorical factor (fungal strain). Considered runs included  23 
factorial design (eight runs) and central points (four runs) 
to determine the best combination between incubation time 
and temperature and the effect of used strain (category fac-
tor) on several response parameters (protein, soluble protein, 
DH, TEAC, DPPH reduction and TPC). Overview of the 
complete design is described in Table 2.

In all cases, substrate density was 0.09 g of dry BSG/cm2 
and 10% of spore suspension  (107 cfu/ml) was added to the 
fermentation substrates. Spore suspension was prepared as 
described before [31].

Submerged Fermentation (SmF)

During mutant selection, SmF was used to control changes 
in biomass production. Growth medium includes (g/l): 20 
glucose (G/0450/65, Fischer Scientific, Loughborough, 

UK), 0.75 nitrogen (Protease Peptone, Oxoid LP0085, 
Basingstoke, Hampshire, England), 3.0  KH2PO4 (Panreac 
Química SA, Barcelona, Spain), 0.5  MgSO4 *  7H2O, 0.5 
 FeSO4 (both from Sigma Aldrich, Steinheim, Germany) and 
0.5 KCl (Merck, Darmstadt, Germany). SmF was carried 
out on sterile 150 ml Erlenmeyer flasks (100 ml medium) 
at 170 rpm, incubated at 30 °C for 72 h in dark conditions. 
Fungal spore suspensions were prepared as described before 
[30], adjusted to  107 cfu/ml just before inoculation (1% v/v).

Statistical Analysis

Experimental factors were considered significant when their 
probability (p-value) was less than 0.05 and were analyzed 
with one-way ANOVA (analysis of variance) using SPSS 
(IBM Corp. V 24.0, New York, USA). Differences between 
fermented and unfermented BSG composition, AA and FA 
profile were determined by T-student statistics. Normal data 
distribution was verified using Shapiro Wilk test and Levene 
test to assess the equality of variances. When equal vari-
ances were not assumed, Welch statistic was used to com-
pare samples.

For factorial design analysis (software package Statgraph-
ics Centurion XVI), the F test was used to analyze the statis-
tical significance of proposed equations for each interesting 
parameter and the analysis of variance (ANOVA) for the 
response surface model. Factors were considered significant 
when their probability (p-value) was lower than 0.05.

Results and Discussion

Wild Strain Modification

Rhizopus ROR004 is a wild strain obtained from spoiled 
fruit samples. This strain presents good technological prop-
erties and has been described before [31], but looking for 
an increase in the growth rate and final biomass production, 
several procedures for genetical modifications were consid-
ered in this work. Treatment with UV result in 98.8 ± 0.4% 
of spore’s mortality and similar ratio is obtained with EB 
and MNNG, 98.7 ± 0.5 and 88.4 ± 15.6% respectively.

Table 2  Coded variables screened for three levels (−, 0, +; factors A 
and B) or two levels (factor C)

In level 0 condition (four runs), 2 where carried out with strain 
ROR004 and the other 2 with ROR004 G

Factor Low (−) 0 High (+)

A: time (h) 72 144 216
B: temperature (ºC) 20 25 30
C: strain ROR004 (2) ROR004 G (1)
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The success of our modifications was determined con-
sidering the growth rate of the obtained strains in PDA and 
comparing them with the wild strain. During initial selection 
round, strains with similar (or higher) growth rate than the 
wild strain were selected and isolated. These results were 
confirmed in successive re-growth steps in PDA. Finally, 
4 strains presented a consistently higher growth rate than 
ROR004 and were selected for further selection.

Due to the difficulty of fungal growth estimation in SSF, 
possible mutants (4 strains) were grown in SmF at optimal 
conditions and results were compared to wild type ROR004. 
After 72 h, growth, biomass, protein, and glucose consump-
tion were analyzed. ROR004 G was significantly the strain 
with the highest biomass production (g/l) and biomass yield 
(g DM/g consumed glucose) (Table 3), and, therefore, was 
used together with ROR004 during SSF optimization.

BSG Fermentation with Rhizopus sp.

In order to determine the variables that change along the 
SSF, initial experiments were performed and several char-
acteristics, like protein concentration, biological activities 
and technological properties, were analyzed.

The evolution of determined parameters in fermented 
BSG is very dependent on the considered incubation periods 

(up to 192 h) (Figs. 1, 2, 3). Clearly, SSF with Rhizopus 
sp. changes BSG composition and its TEAC, TPC and DH. 
Protein content significantly increases up to 50% of initial 
value, until a final concentration of 31.5 ± 3.7% after 192 h 
of incubation (Fig. 1). Other authors have required urea sup-
plementation to obtain similar protein (32.9 ± 0.6% after 
168 h) on fermented BSG using R. oligosporus [34] but our 
ROR004 seems to have lower nitrogen requirements (3.3% 
in our samples compared to 3.9% in the supplemented one, 
DM basis). In other nitrogen rich substrates, fermentation 
with Rhizopus sp. resulted in similar protein increase, such 
as rice bran (2.4% nitrogen DM basis) [21, 46] and nitrogen 
supplemented fruit wastes (1.6% nitrogen DM basis) [31]. 
Vegetable mixture (3.5% nitrogen DM basis) also showed 
similar protein increase using Aspergillus niger as fermen-
tation agent [47]. When low nitrogen substrates are used, 
otherwise, protein increase is not quite significant [31].

Soluble protein is 6.5 times higher in fermented BSG 
compared to non-fermented one, probably due to high fungal 
protease activity (Fig. 1). Other authors have reported lower 
increase (four times) compared to the non-fermented BSG 
although total soluble protein content was higher [34], which 
depends on the extraction system used. Highest soluble pro-
tein value is obtained after 192 h (29.5 ± 6.2 mg/g DM), 
while the highest increase is observed in the initial 96 h.

Table 3  Comparison of 
consumed glucose (% of 
initial glucose), biomass (g 
DM/l), biomass yield (g DM/g 
consumed glucose), protein (% 
DM) and Protein yield (g/l) of 
wild and mutant strains during 
SmF (30 °C, 72 h, 170 rpm)

Same letters in the same column mean no significant difference between the means at 95% confidence; val-
ues are expressed as means ± SD (n = 3)

Strain Consumed glucose Biomass Biomass yield Protein Protein yield

ROR004 88.1 ± 8.2a 3.3 ± 0.2a 0.19 ± 0.02a 25.1 ± 9.6a 0.8 ± 0.3a

ROR004 A 83.5 ± 9.5a 3.5 ± 0.6a 0.21 ± 0.02a 24.6 ± 3.8a 0.9 ± 0.2a

ROR004 B 98.2 ± 3.4a 3.7 ± 0.6ab 0.19 ± 0.04a 24.3 ± 5.8a 0.9 ± 0.3a

ROR004 G 85.9 ± 4.8a 5.1 ± 0.3b 0.30 ± 0.03b 28.7 ± 3.3a 1.5 ± 0.3a

ROR004 J 93.1 ± 5.7a 4.0 ± 0.2a 0.21 ± 0.02a 28.6 ± 2.3a 1.1 ± 0.1a

Fig. 1  Protein (% DM) and 
soluble protein (mg/g DM) 
during SSF of BSG (from time 
0 to 196 h). Error bars represent 
SD (n = 4 in all cases except for 
time 0 h, where n = 2)
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The DH (%) is significantly higher after 96  h 
(59.0 ± 5.4%) compared to other fermentation periods 
(Fig. 2). This could be related to maximal peptide release 
happens at that moment. As fermentation continues, those 
peptides and AA are used for fungal protein formation. In 
any case, fermentation increases dramatically the free amino 
acid content of the product, and this could improve the pro-
tein availability in feed formulations.

TEAC and DPPH reduction are also significantly higher 
in the final extracts. The highest values are obtained at long-
est fermentation time, although there are no significant dif-
ferences between 168 and 192 h, with a DPPH reduction of 
52.0 ± 4.7% and TEAC of 965 ± 84 µg/g DM (Fig. 3). TPC 
also increases together with fermentation time until a final 
value of 2043 ± 114 µg GAE/g DM (Fig. 2). Results show a 
significant lineal relation between TPC and TEAC (p < 0.05), 
with a regression coefficient of 0.984 and  R2 of 96.8. Buen-
rostro-Figueroa et al. [48] also found a positive correlation 

between antioxidant activity and TPC release during SSF 
of fig by-products. Our values show nine times higher TPC 
in the final extracts compared to unfermented BSG from 
224 ± 30 to 2043 ± 114 µg GAE/g DM, higher than the val-
ues reported previously. This release could be related to the 
carbohydrate-cleaving enzymes (β-glucosidase) of the fungi, 
which hydrolyze β-glycosidic linkages [49] and release free 
aglycones with potential high antioxidant activity. DPPH 
reduction, otherwise, is lower compared to those studies. 
TPC and antioxidant activity are closely related; it has been 
reported that the use of high polyphenol diets in ruminants 
have promising effects in animal well-being and could be a 
future strategy for producing meat and milk with antioxidant 
properties [50–52].

No antibacterial activity is detected in the extracts 
obtained from fermented BSG, while positive inhibition is 
obtained with tetracycline (1 mg/ml) for Salmonella enter-
ica (1 mm) and for Escherichia coli (2 mm). Therefore, 

Fig. 2  DH (%) and TPC (µg 
GAE/g DM) during SSF of 
BSG (from time 0 to 196 h). 
Error bars represent SD (n = 4 
in all cases except for time 0 h, 
where n = 2)

Fig. 3  TEAC (µg Trolox/g 
DM) and DPPH reduction (%) 
during SFF (from time 0 to time 
196 h). Error bars represent SD 
(n = 4 in all cases except for 
time 0 h, where n = 2)
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antibacterial activity is not taken into account for the opti-
mization process. These results agree with those obtained 
by Almeida et al. [14], who reported a negative antibacterial 
activity of BSG extracts. A similar situation is observed in 
reducing sugars concentration (result not shown), and it is 
discarded for further studies.

Finally, the visual inspection of the obtained product 
(Online resource 1, with plates photographed during fer-
mentation evolution) corroborates that BSG is an ideal sub-
strate for SSF with filamentous fungi, due to its composition 
and its particle size [12]. Small particles with rigid internal 
structure allow a complete fungal growth in a short period of 
time and a complete use of the inter-particle space [53]. This 
results in a homogenous fermented material and it avoids the 
presence of under-fermented areas (usually the inner parts 
of the solid substrates).

Optimization of Fermentation Conditions

The statistical analysis of the results obtained shows that 
proposed models are significant for the response factors con-
sidered (Table 4). As an overview, equations derived from 
proposed variables can predict positively protein proportion, 
soluble protein concentration, DH, TEAC, DPPH reduction 
and TPC. In all cases, p-values are lower than 0.05 (Table 4). 
The percentage of variation  (R2-value) that can be attributed 
to the independent variables indicates that those significant 
variables can explain in around 80–90% of the final value 
(65.5 for total protein, 96.8 for soluble protein, 77.7 for DH, 
78.4 for TEAC, 78.6 for DPPH reduction and 92.6 for TPC).

Protein concentration (% DM) depends on the tempera-
ture and on the interaction of time and temperature. When 
fermentation time is shorter there are no differences between 
samples; otherwise, when fermentation time increases, 
higher temperature increases the protein content (Fig. 4a). 
Fermented BSG is composed of 31.7 ± 7.6% of protein at 
30 °C and 9 days of fermentation (Table 1).

Soluble protein concentration significantly depends on 
time, temperature and the interaction between those two 
(Fig. 4b). High temperature and long fermentation have a 
positive significant effect in protein content. Our model 

describes the maximal soluble protein (47.4 ± 3.8 mg/g 
DM) after 9 days of fermentation (Table 5). Other authors 
[34] have reported a maximum soluble protein after 6 days 
of fermentation.

Time and temperature–time interaction are significant 
parameters for DH (Fig. 4c). The DH is higher at middle 
fermentation time (72 h). When time is shorter, higher 
temperature increases the DH, but when fermentation time 
is longer, lower temperature leads to higher DH. As men-
tioned above, fungal metabolism is higher at 30 °C and as 
fermentation time increases, this activity would result in 
amino acid assimilation for biomass production and would 
lead to a decrease in the DH of soluble proteins. However, 
DH is higher at any fermentation time compared to the 
unfermented BSG, showing that even short fermentation 
process would improve the amino acid availability of the 
BSG protein.

TEAC and DPPH reduction depend on time and tem-
perature (Fig. 4d, e). Higher fermentation time and tem-
perature provide the highest antioxidant activity, 723 ± 21 
(strain ROR004) and 867 ± 15 (strain ROR004 G) µg 
Trolox equivalent/g DM, and DPPH reduction, 54.2 ± 1.2 
(strain ROR004) and 65.1 ± 1.1% (strain ROR004 G) 
(Table 5). There is no significant interaction between 
time and temperature. TPC also depends on time and 
temperature (Fig. 4f). Long fermentation time and high 
temperature is the best combination for the highest TPC 
(2747 ± 112 µg GAE/g DM). Temperature and time inter-
action is also a significant factor, while at lower fermenta-
tion periods temperature effect is lower, at higher fermen-
tation time this effect increases. Other authors have also 
reported a release of phenolic compounds and an increase 
of antioxidant activity during rice bran and plum fruit fer-
mentation using R. oryzae and R. oligosporus as fermen-
tation agents [21, 54, 55]; nonetheless, to the best of our 
knowledge there are no studies related to BSG.

During the SSF processes, the production of enzymes 
(amylases, pectinases, xylanases, proteases, β-glucosidase, 
tannase, and ellagitannase) and their synergic activity 
would increase the TPC release, enhancing the TEAC of 
the obtained extracts.

Table 4  Statistical parameters 
(ANOVA) of the equations in 
each studied variable; protein 
(% DM), soluble protein (mg/g 
DM), DH (%), TEAC (µg 
Trolox equivalent /g DM), 
DPPH reduction (%), TPC (µg 
GAE/ g DM)

*Statistically significant (p < 0.05)

Model Protein Soluble protein DH TEAC DPPH reduction TPC

Transformation None None None None None None
Model d.f 3 4 4 4 4 4
P-value 0.0297* 0.0000* 0.0196* 0.0177* 0.0171* 0.0005*
Error d.f 8 7 7 7 7 7
Stnd. Error 2.98977 2.50646 9.60358 131.34 9.94542 200.804
R2 65.5 96.8 77.7 78.4 78.6 92.6
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Strain effect is not significant for any of the studied var-
iables, that could be because mutagens did not have any 
significant effect on the protein synthesis metabolism, TPC 
release and other studied variables.

Optimal conditions for all variables, except for DH, are 
high temperature and long fermentation time (30 °C, 216 h, 
Table 6). However, for DH, optimal conditions are high tem-
perature but short fermentation time (Table 6). Although 
there are no statistical differences between strains, protein 
concentration, DH and DPPH reduction are maximal using 
strain 2 (ROR004) and the highest soluble protein, TEAC and 
TPC are obtained using strain 1 (ROR004 G). As an overall 

strategy for BSG valorization, the attempt is to optimize all 
responses at a time; in that case, the optimal conditions are 
30 °C, 216 h of fermentation time. These conditions would 
lead to a fermented BSG with 31.1% protein, 48.6 mg soluble 
protein/g DM, 29.9% DH, 746 µg Trolox equivalent/g DM, 
55.9% DPPH reduction and 2736 µg GAE g/DM.

Fig. 4  Response surface methodology (RSM) analysis of variables a 
RSM analysis for protein concentration (% DM); b RSM analysis for 
soluble protein (mg/g DM); c RSM analysis for DH (%); d RSM anal-

ysis for TEAC [(µg Trolox/g DM); e RSM analysis for DPPH reduc-
tion (%); f RSM analysis for TPC (µg GAE/g DM)]
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Fermented BSG Composition and Amino 
Acid and Fatty Acid Profile

Fermented BSG gross composition changes during fer-
mentation (day 9, 30 °C) (Table 1). Total lipid content 
goes from 11.1 ± 0.1% in the not fermented sample to 
3.8 ± 0.4% after complete fungal growth (Table 1). Other 
authors have reported also a decrease in total lipids of 
fermented rice bran [56] due to fungal lipase activity [23]. 
Protein and NDF, however, increase. NDF is composed 
by cellulose, hemicellulose, lignin and cutin, and it is also 
known as fibrous carbohydrate [57]. Its main objective is 
to maintain ruminal function avoiding the appearance of 
digestive disorders [58] and therefore, minimum quanti-
ties are stablished depending on the specie and production 
objective. Unfermented BSG is already used by ruminants 
due to its high proportion of fiber compounds and like 
proportion is slightly higher in the fermented product, it 
should continue using as ruminant animal feed [1]. How-
ever, there are studies that reported the use of unfermented 
BSG as fish feed (30% w/w) with improvement of body 

weight gain [59]. The increase in protein proportion is one 
of the most interesting effects of SSF in the fermented bio-
mass, which could convert it into a high value alternative 
of plant proteins. In any case, important factors such as, 
metabolizable, digestible and absorbable protein should 
be determined before production of ruminant feed [58].

The AA profile of the fermented BSG is dominated by 
Glu, Asp, Ala, Leu and Lys (Table 7), with high propor-
tion of essential amino acids (EAA up to 43.1%). Fermented 
BSG AA profile differs from the unfermented sample in 
some of the AA: an increase in Met, Gly and Ala proportion 
and a decrease of Glu, Arg, Pro, Leu and Phe percentage. 
However, the total EAA percentage does not differ signifi-
cantly (p < 0.05) within the samples.

Although the general profile does not differ significantly, 
the total amount of almost all AA significantly increases in 
the fermented BSG (Table 7). Compared to unfermented 
BSG, the concentration of Asp, Ser, Glu, His, Thr, Ala, 
Cys, Val, Met, Lys, Ile, Leu, Tyr, Arg and Phe (mg AA/g 
BSG) is significantly higher in the fermented BSG. In con-
sequence, overall EAA content in fermented BSG is 1.5 
times higher than in the unfermented one. AA composition 

Table 5  Observed and adjusted results of factorial design during BSG fermentation

Protein (% DM), soluble protein (mg/g DM), DH (%), TEAC (µg Trolox equivalent /g DM), DPPH reduction (%), TPC (µg GAE/ g DM)
Data are average of three determinations for each obtained extract (n = 1); pre: predicted; obs: observed; coded variables are described in Table 2

Time Strain Tª Protein Soluble protein DH TEAC DPPH reduction TPC

Pre Obs Pre Obs Pre Obs Pre Obs Pre Obs Pre Obs

1 2 1 31.5 37.0 ± 0.9 45.7 44.7 ± 2.6 30.3 32.3 ± 0.5 709 723 ± 21 53.2 54.2 ± 1.6 2564 2668 ± 48
− 1 1 − 1 22.5 23.2 ± 0.4 15.5 14.2 ± 0.4 53.2 55.5 ± 1.6 97 138 ± 44 6.5 9.6 ± 3.4 1005 1012 ± 21
0 2 0 24.1 22.9 ± 0.5 25.1 21.8 ± 0.5 53.0 55.4 ± 0.9 355 255 ± 46 26.2 18.6 ± 3.5 1475 1120 ± 24
0 1 0 24.1 23.3 ± 0.4 28.0 26.2 ± 3.5 52.6 54.4 ± 1.6 392 277 ± 79 28.9 16.5 ± 6.0 1646 1491 ± 269
− 1 2 1 22.3 22.2 ± 1.2 16.5 19.0 ± 1.3 77.5 66.0 ± 0.7 291 362 ± 66 21.3 26.7 ± 5.0 1144 1263 ± 47
− 1 2 − 1 22.5 23.0 ± 1.4 12.5 14.2 ± 0.8 53.6 46.0 ± 0.8 60 154 ± 60 3.7 10.8 ± 4.6 834 1020 ± 54
1 1 − 1 20.4 21.9 ± 0.6 28.4 28.6 ± 1.7 50.3 48.3 ± 0.5 396 443 ± 52 29.2 32.7 ± 4.0 1528 1671 ± 8
1 2 − 1 20.4 20.1 ± 1.1 25.5 25.8 ± 6.4 50.7 47.3 ± 1.0 359 446 ± 15 26.4 33.1 ± 1.1 1357 1406 ± 62
1 1 1 31.1 26.3 ± 1.4 48.6 50.0 ± 3.2 29.9 22.5 ± 0.2 746 867 ± 15 55.9 65.1 ± 1.1 2736 2825 ± 59
0 1 0 24.1 23.7 ± 2.0 28.0 31.5 ± 4.8 52.6 51.7 ± 1.8 392 282 ± 36 28.9 20.6 ± 2.8 1646 1486 ± 39
− 1 1 1 22.3 23.7 ± 0.3 19.4 17.4 ± 0.2 77.1 83.3 ± 1.5 328 392 ± 282 24.1 28.9 ± 1.1 1316 1391 ± 7
0 2 0 24.1 21.6 ± 0.4 25.1 24.8 ± 0.6 53.0 71.1 ± 1.0 355 188 ± 26 26.2 13.6 ± 1.9 1475 1372 ± 34

Table 6  Optimal conditions and maximal value for each variable; protein concentration (% DM), soluble protein (mg/g DM), TEAC (µg Trolox 
equivalent /g DM), DPPH reduction (%), TPC (µg GAE/ g DM)

As described in Table 2, Strain ROR004 G is coded as strain 1 and strain ROR004 is coded as strain 2

Factor Protein Soluble protein DH TEAC DPPH reduction TPC

A: time (h) 216 216 72 216 216 216
B: temp. (ºC) 30 30 30 30 30 30
C: strain 2 1 2 1 1 1
Maximal 31.1 48.6 77.5 746 55.9 2736
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of fermented BSG was evaluated for the essential amino 
acid index (EAAI). Higher EAAI indicates the presence of 
higher concentration of EAA. EAAI for fermented BSG is 
1.58 compared to human nutrition FAO standard [40], what 
means that AA fulfills human requirements.

The essential AA profile of fermented BSG is comparable 
to standardized feed (fish meal and soybean meal) [60, 61] 
except for Met. However, each EAA content (mg/g product) 
of fermented BSG is lower than fish meal due to its high 
protein proportion, 64–70%, and more similar to soybean 
meal [62]. Lysine is a critical component in protein source 
for aquatic feed and feed ingredients. Lysine percentage in 
fermented BSG is similar (6.8 ± 0.4%) compared to fish meal 
and soybean meal (7.5 and 6.08% respectively). The essen-
tial amino acid composition of fermented BSG makes it an 
interesting alternative protein source and could contribute 
greatly towards promoting a sustainable protein source for 
feed and food applications.

Fermentation modifies the fat fraction of the BSG. 
For raw or fermented BSG, predominant FA include pal-
mitic (C16:0), oleic (C18:1n-9) and linoleic (C18:2n-6), 
but fermentation changes FA profile (Table 8). Fungal 
growth result in a significant increase of C16:0, C18:0, 
C18:1n-9, C20:0, C20:1n-9, C22:0 and C24:0, leading to 
a significant increase of the saturated fatty acids (SFA) 

and monounsaturated fatty acids (MUFA). Linoleic acid 
(C18:2n-6) decreases significantly in the fermented BSG 
leading to an overall significant decrease of polyunsatu-
rated fatty acid (PUFA) proportion. Gamma linolenic acid 
(GLA C18:3n-6), a characteristic FA of Rhizopus sp. bio-
mass [56, 63] and related to anti-inflammatory effects [64], 
is only detected in fermented BSG as expected. Several 
medium and long-FA (14:1, 15:0, 15:1, 17:0, 17:1, 20:5n-
3, 22:1, 22:5n-3 and 22:6n-3) are not detected in any of 
the samples.

Biomass composition is a critical aspect for using fungi 
biomass protein (FBP) for animal feeding or human con-
sumption purposes. Using filamentous fungi as fermenta-
tion of BSG leads to a protein rich substrate with higher 
EAA content and DH. SSF also increases the antioxidant 
activity of the fermented BSG related to the release of phe-
nolic compounds, what makes SSF a promising alternative 
to revalorize this agro-industrial by-product as high valu-
able ingredient for feed and food applications. Further-
more, BSG is also known for containing peptides related to 
antihypertensive activity [15], for its beneficial nutritional 
composition (high fiber, protein and β-glucans content) 
[5] and for specific phenolic compounds (ferulic, caffeic 
and p-coumaric acid) related to anti-cancer, anti-athero-
genic and anti-inflammatory effects [6]. Further research 

Table 7  Amino acid profile (% 
of total AA) and total amino 
acid content (mg/g BSG) of 
the unfermented and fermented 
BSG at optimal conditions 
(30 °C, 216 h)

Same letters in the same row mean no significant difference between the means at 95% confidence; values 
are expressed as means ± SD (n = 4)
1 Based on [40]

AA AA profile AA content

Unfermented BSG Fermented BSG Unfermented BSG Fermented BSG

His 2.6 ± 0.4a 2.7 ± 0.5a 5.4 ± 0.7a 8.5 ± 1.5b

Ile 3.7 ± 0.1a 3.7 ± 0.2a 7.6 ± 0.3a 11.6 ± 0.5b

Leu 8.3 ± 0.1b 7.6 ± 0.3a 16.9 ± 0.4a 23.9 ± 1.0b

Lys 5.7 ± 1.1a 6.8 ± 0.4a 11.5 ± 2.2a 21.3 ± 1.3b

Met 1.0 ± 0.1a 1.6 ± 0.2b 2.1 ± 0.2a 5.1 ± 0.7b

Cys 1.1 ± 0.3a 1.3 ± 0.3a 2.2 ± 0.6a 4.2 ± 0.9b

Phe 5.4 ± 0.2b 4.7 ± 0.4a 11.0 ± 0.4a 14.7 ± 1.1b

Tyr 3.3 ± 0.5a 4.4 ± 1.1a 6.7 ± 0.9a 13.8 ± 3.4b

Thr 4.3 ± 0.3a 4.6 ± 0.3a 8.7 ± 0.8a 14.4 ± 0.9b

Val 5.8 ± 0.1a 5.9 ± 0.5a 11.8 ± 0.2a 18.5 ± 1.5b

EAA 41.1 ± 1.6a 43.1 ± 2.3a 83.9 ± 2.6a 135.8 ± 7.3b

EAAI1 1.47 ± 0.05a 1.58 ± 0.08a

Arg 6.1 ± 0.5b 5.0 ± 0.7a 12.5 ± 0.9a 15.8 ± 2.1b

Asp 7.4 ± 2.0a 10.1 ± 0.5a 15.1 ± 4.1a 31.7 ± 1.5b

Ser 5.0 ± 0.1a 5.3 ± 0.3a 10.3 ± 0.3a 16.5 ± 0.9b

Glu 20.8 ± 0.3b 16.0 ± 0.8a 42.5 ± 0.9a 50.3 ± 2.7b

Gly 4.5 ± 0.3a 5.6 ± 0.7b 9.2 ± 0.7a 17.5 ± 2.3b

Ala 5.9 ± 1.0a 9.6 ± 1.7b 12.0 ± 1.9a 30.3 ± 5.3b

Pro 9.2 ± 0.4b 5.4 ± 1.2a 18.9 ± 1.1a 17.1 ± 3.6a

NEAA 59.9 ± 1.6a 56.9 ± 2.3a 120.5 ± 4.2a 179.2 ± 7.3b
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is needed to evaluate the effect of SSF by Rhizopus sp. 
in the liberation of those specific peptides and phenolic 
compounds.

Conclusion

Hereby, fungal SSF is a successful strategy for BSG val-
orization in order to produce a valuable, sustainable, non-
climate dependent protein source for animal feed or human 
food formulations. Compared to the original BSG, the fer-
mented product has a higher protein content, DH and total 
soluble protein. Furthermore, the TPC of the final product 
is 11 times higher leading to an increase of its TEAC and 
is richer in EAA. In any case, specific feed formulations, 
in vitro digestibility analysis and feeding trials are vital 
to determine the effect of using fermented BSG as ani-
mal feed and fermentation optimization at higher scale 
is required to validate the BSG fermentation as a cost-
effective industrial process.
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