
Citation: Serra, S.; D’Arrigo, P.;

Rossato, L.A.M.; Ruffini, E. Microbial

Fermentation of the Water-Soluble

Fraction of Brewers’ Spent Grain for

the Production of High-Value Fatty

Acids. Fermentation 2023, 9, 1008.

https://doi.org/10.3390/

fermentation9121008

Academic Editor: Mohammad

Taherzadeh

Received: 13 October 2023

Revised: 29 November 2023

Accepted: 4 December 2023

Published: 7 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Microbial Fermentation of the Water-Soluble Fraction of
Brewers’ Spent Grain for the Production of High-Value
Fatty Acids
Stefano Serra 1,* , Paola D’Arrigo 1,2,* , Letizia Anna Maria Rossato 2 and Eleonora Ruffini 2

1 Istituto di Scienze e Tecnologie Chimiche “Giulio Natta”-Consiglio Nazionale delle Ricerche (SCITEC-CNR),
Via Luigi Mancinelli 7, 20131 Milan, Italy

2 Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Politecnico di Milano, Piazza
L. da Vinci 32, 20133 Milan, Italy; letiziaanna.rossato@polimi.it (L.A.M.R.); eleonora.ruffini@polimi.it (E.R.)

* Correspondence: stefano.serra@cnr.it (S.S.); paola.darrigo@polimi.it (P.D.); Tel.: +39-2-23993076 (S.S.);
+39-2-23993075 (P.D.)

Abstract: Brewers’ spent grain (BSG) constitutes the primary by-product of the brewing industry. The
valorization of BSG from a circular economy perspective is of high industrial interest. The objective
of this study was the exploitation of BSG for the microbial production of branched-chain fatty acids
(BCFAs) and polyunsaturated fatty acids (PUFAs), representing two different classes of high-value
fatty acids (FAs). In the present study, this waste material underwent treatment with hot water in
an autoclave and the resultant extract was utilized for the preparation of a novel liquid medium
(BSG medium) to be employed for microbial fermentation. Screening and subsequent scaling-up
experiments confirmed the suitability of the BSG medium to support the microbial production of
various high-value FAs. In particular, Streptomyces jeddahensis and Conidiobolus heterosporus could be
employed for BCFAs production, Pythium ultimum and Mortierella alpina could be used to provide
cis-5,8,11,14,17-eicosapentaenoic acid (EPA) and arachidonic acid (ARA), whereas Mucor circinelloides,
when grown in a BSG medium, was able to accumulate γ-linolenic acid (GLA).

Keywords: brewers’ spent grain; branched-chain fatty acids; polyunsaturated fatty acids; circular
economy; fermentation; biomass valorization

1. Introduction

Brewer’s spent grain (BSG) is the main by-product deriving from the brewing process.
This lignocellulosic material constitutes the insoluble solid fraction obtained after filtration
of the barley wort accounting for 85% (w/w) of the waste materials generated through
the overall process of beer production. Currently, the production of 100 L of beer leads
to the generation of 20 kg of wet BSG [1]. Beer is one of the most consumed alcoholic
beverages and, in 2022, the European production of 34 billion liters of beer [2] generated
about 6.8 million tons of BSG.

Until a decade ago, this side product was considered a waste material to be disposed
of, with a relevant cost for breweries. Due to its high moisture content, BSG was not stored
for an extended period and was immediately utilized, as fertilizer in agriculture or added
to ruminants’ feed. However, in recent years, researchers have found new ways for BSG
valorization. Indeed, this material is a rather rich matrix containing proteins, cellulose,
hemicellulose, lignin, starch, lipids and phenolic derivatives [3]. Additionally, the high
level of dietary fibers (β-glucan and arabinoxylan), present in the BSG polysaccharide
fraction, makes this material suitable for various applications, including as an ingredient in
functional foods for human nutrition. These aspects suggest the potential of BSG as a source
of compounds to be used for the preparation of different products of commercial relevance.

Overall, the valorization of BSG from a circular economy perspective contributes to
reduce both the carbon footprint and disposal costs associated with brewing processes.
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Consequently, the number of scientific studies investigating BSG as a low-cost, renewable
feedstock for the development of new processes has increased exponentially [3–13].

Recently, we proposed an innovative and efficient method of BSG exploitation, which
is based on a multistep fractionation of the biomass [7]. The process involves two sequential
applications of different chemical–physical treatments. In the first step, BSG is extracted
using water at high temperature to separate soluble proteins and polysaccharides. The
solid residue undergoes further fractionation through a deep eutectic solvent-mediated
process, allowing the separation of a carbohydrate-rich fraction and a lignin fraction. The
first obtained fraction, namely the aqueous extract, constitutes 25–30% (w/w) of the starting
dry BSG. This nutrient-rich fraction has been successfully employed for the preparation of
a new fermentation medium (referred to as BSG medium) that can be used to support the
growth of various microbial strains. Indeed, our previous study demonstrated that some
selected fungal and bacterial strains could use BSG medium as a fermentation substrate
affording high biomass production. More specifically, some Streptomyces species as well
as Phaffia rhodozyma and Rhodococcus opacus, which are microorganisms already used in
different industrial processes, exhibited very good results.

According to the latter findings, our research was extended further. The present study
focused on the exploitation of BSG medium for the microbial production of high-value
fatty acids (FAs). Two different classes of FAs were investigated: branched-chain fatty acids
(BCFAs) and polyunsaturated fatty acids (PUFAs) (Figure 1).
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BCFAs are saturated fatty acids possessing one methyl branch on the carbon chain
located at the ultimate (iso, general structure 1) or penultimate (anteiso, general structure 2)
carbon. BCFAs possess distinctive physical, chemical and biological properties. The
presence of the methyl branch greatly decreases the melting point of the BCFAs as well as of
their esters that have been selected as the biofuels of choice for use in cold environments [14].
In addition, BCFAs have shown potential health effects in relation to various human
diseases [15]. In particular, recent studies have proven that the latter class of FAs reduces the
incidence of neonatal necrotizing enterocolitis (NEC) [16]. For these reasons, BCFAs have
been employed as ingredients in infant food formulas as human milk fat substitutes [17].
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PUFAs exhibit protective activity against cardiovascular diseases and are of funda-
mental relevance in brain, nerve and eye functioning [18]. PUFAs are essential fatty acids
because humans are not able to synthesize them de novo. Therefore, these compounds have
become of great commercial value, being widely employed as food supplements. Among
the PUFAs present on the market (compounds 3–8), only linoleic acid (LA, 3) is easily avail-
able by extraction from vegetable oils. The natural occurrence of the other two C18-linolenic
acid isomers, namely α-linolenic (ALA, 4) and γ-linolenic (GLA, 5) acids, is restricted to a
limited number of seed oils such as linseed oil and borage seed oil, respectively. Finally, the
most health-beneficial (and most sought-after) PUFAs are arachidonic acid (ARA, 6) [19],
cis-5,8,11,14,17-eicosapentaenoic acid (EPA, 7) and cis-4,7,10,13,16,19-docosahexaenoic acid
(DHA, 8) [20]. These FAs are usually supplied to the human body from dietary animal
sources, where they occur in very minute amounts. A relevant exception concerns EPA
and DHA, whose main dietary sources are marine fish (salmon, sardines, mackerel and
shrimps) that accumulate the above-mentioned FAs as a result of their marine phytoplank-
ton consumption. Until recent years, fish oils have been largely used to prepare food
supplements containing PUFAs. Despite this fact, extreme overfishing and climate change
have affected fish fat composition, which has shown a remarkable reduction in PUFAs.
In addition, the quality of the fish oils can also be reduced by the possible contamination
with organo-mercury derivatives. Overall, these drawbacks created a relevant gap between
demand and supply, fostering the search for alternative sources of PUFAs [21]. In this
context, different microbial fermentation processes turned out to be the best methods for
PUFA production and, currently, the industrial production of ARA and DHA is performed
using specific strains of the fungi Mortierella alpina and of the protists Crypthecodinium cohnii,
respectively. Different agro-food industrial waste materials have been used as substrates
for microbial growth [13,21], but the aqueous extract of BSG has not yet been exploited.

According to the scope of our study, the potential use of a BSG medium for the
microbial production of BCFAs and PUFAs was investigated. Overall, 28 strains were
tested and the most promising microorganisms were employed in scaling-up experiments.

2. Materials and Methods
2.1. BSG Aqueous Extraction and Preparation of BSG Media

BSG waste was obtained as a wet residue directly from the brewery within 12 h after a
batch of beer production. The BSG used in this study is derived from the production of pale
ale beer. This material was brought to dryness in a ventilated oven (60 ◦C, 24 h) and was
finely minced by using an electric blender. The obtained dried BSG, designated as BSGD,
contained 4.3% of residual humidity and was stored, sealed and refrigerated (4 ◦C). BSGD
was used for the preparation of BSG medium and marine BSG medium (MBSG medium).

BSG medium: BSGD (40 g) was suspended in deionized water (700 mL) and was heated
in an autoclave (121 ◦C, 30 min). The solid was filtrated, washed three times with deionized
water (3 × 250 mL) and dried in a ventilated oven (60 ◦C, 24 h), leading to 28.9 g of exhausted
BSG (4.1% of residual humidity). The combined liquid phases were used for the preparation
of the BSG microbial growth medium. Accordingly, ammonium sulfate (4.5 g), yeast extract
(1.5 g) and trace elements solution (15 mL) were added to the extract. Hence, the final volume
of the liquid was adjusted to 1.5 L by the addition of further deionized water and the obtained
medium was sterilized by autoclaving (121 ◦C, 15 min).

MBSG medium: The extraction of BSGD (40 g) was performed as described above,
for the preparation of the BSG medium. Then, the combined liquid phases were used for
the preparation of the MBSG medium. Accordingly, unrefined sea salt (30 g), MgCl2·6H2O
(7 g), MgSO4·7H2O (3 g), CaCl2 (1.5 g), KCl (0.75 g), SrCl2·6H2O (0.75 g), NaBr (0.75 g),
NH4Cl (4.5 g), soil extract (80 mL), NaOAc (1.5 g), yeast extract (1.5 g) and trace elements
solution (15 mL) were added to the extract. Hence, the final volume of the liquid was
adjusted to 1.5 L by the addition of further deionized water and the obtained medium was
sterilized by autoclaving (121 ◦C, 15 min).
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2.2. Fermentation with a BSG Microbial Growth Medium

The BSG medium, prepared as described above, was used for the growth of all the
investigated strains, except for Crypthecodinium cohnii, Shewanella hanedai and Moritella
marina, which were grown in the MBSG medium. The experiments were carried out in
triplicate and the presented results are the media of three experimental samples.

Preparation of microbial inoculum: The microbial strain was grown in its suitable
medium (40 or 100 mL) contained in 100 mL or 250 mL Erlenmeyer flasks, respectively.
The pre-growth was stirred at 130 rpm for 4–7 days (depending on the strain). Then, the
microbial biomass was separated by centrifugation, was suspended in a small volume of
BSG or MBSG medium and was used to inoculate the flask or the bioreactor.

Screening experiments: Each fermentation trial was performed using a 1 L Erlenmeyer
flask, sealed with a cotton plug and containing 250 mL of either BSG or MBSG medium.
After the inoculum of the microbial strain, the flask was stirred at 130 rpm until the complete
growth of the same. All the strains tested were grown at 24 ◦C, except Shewanella hanedai
and Moritella marina, which were grown at 15 ◦C. Hence, the biomass was collected by
centrifugation and was treated, under a static atmosphere of nitrogen, with hydroquinone
(10 mg), aqueous NaOH (5% w/v, 16 mL per gram of biomass) and methanol (4 mL per gram
of biomass). The mixture was vigorously stirred and was heated at reflux for 6 h. Hence, the
reaction was cooled (0 ◦C), acidified by the dropwise addition of concentrated HCl aqueous
(37% w/v) and was extracted twice with ethyl acetate. The combined organic phases were
washed in turn with water and brine, then were dried (Na2SO4) and concentrated under
reduced pressure. The residue was treated at 0 ◦C with an excess of an ethereal solution of
freshly prepared diazomethane and was submitted to GC/MS analysis.

Bioreactor fermentation: Each fermentation trial was performed using a 5 L bioreactor
(Biostat A BB-8822000, Sartorius-Stedim, Göttingen, Germany) loaded with 1.5 L of the BSG
medium. Stirring and aeration were set at 200 rpm and 0.6 L/L/min, respectively, whereas
the temperature, the pH and the fermentation duration were set depending on the strain
used. As soon as the fermentation was stopped, the biomass was collected by centrifugation
and was freeze-dried in high vacuum (0.05 mmHg) until the sample reached a constant
weight. The obtained dry biomass was treated, under a static atmosphere of nitrogen,
with hydroquinone (10 mg), aqueous NaOH (10% w/v, 16 mL per gram of biomass) and
methanol (4 mL per gram of biomass). The mixture was vigorously stirred and was heated
at reflux for 6 h. Hence, the reaction was cooled (0 ◦C), acidified by the dropwise addition
of concentrated HCl aqueous (37% w/v) and was extracted twice with ethyl acetate. The
combined organic phases were washed in turn with water and brine, then were dried
(Na2SO4) and concentrated under reduced pressure. The residue consisted of a mixture
of free fatty acids. The presence of other metabolites was negligible, as indicated by the
chromatographic purification, affording the fatty acids mixture with a weight loss of only
10%. A sample of this mixture was treated at 0 ◦C with an excess of an ethereal solution
of freshly prepared diazomethane. The obtained methyl esters mixture was submitted to
GC-MS analysis.

3. Results and Discussion
3.1. BSG Medium Preparation and Characterization

As described before [7], the BSG medium was prepared by extraction with water of
ground BSGD, heating in an autoclave for a rather short time (121 ◦C, 15 min). In these
conditions, about 25% (w/w) of the starting BSGD was extracted. According to additional
experiments, the efficiency of the extraction procedure can be improved by prolonging the
autoclave cycle. A contact time of 30 min at 121 ◦C allowed the extraction of 28% (w/w)
BSGD whereas the highest amount of extracted material (30% w/w) was obtained from
very long thermic treatment (121 ◦C, 2 h). The process cannot improve further. Hence,
the extraction protocol using a contact time of 30 min at 121 ◦C, represented the best
compromise between extraction efficiency and process sustainability.
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Considering that cellulose and lignin are not soluble in neutral water, even at high
temperatures, the obtained solution must consist of soluble polysaccharides, proteins and a
very minor amount of fats, phenolic compounds and inorganic salts. The protein content
was measured according to the Bradford assay [22], indicating a value of 0.43 g/L. This
result proved that the nitrogen content of the extract was rather modest, supporting our
previous protocol that included an ammonium salt in the BSG medium. Overall, the
main nutrients of BSG extract are polysaccharides, most likely consisting of soluble starch,
β-glucans and hemicellulose.

Since many microorganisms are not able to metabolize hemicellulose or their monosac-
charide components, the BSG extract was analyzed to characterize its hemicellulose con-
tent [23]. BSG contains mainly arabinoxylanes; namely, the hemicellulose consisting of
arabinose and xylose copolymer. Taking into account that starch and β-glucans are glucose
polymers, a BSG extract sample was hydrolyzed with mineral acid (1 M H2SO4 at reflux).
This treatment completely broke down the polymer molecules that were converted into
their monosaccharide components. Their reduction to alditol derivatives and the following
acetylation afforded the corresponding alditol acetate, which was analyzed by GC-MS. The
analysis indicated the presence of only four components; namely, glucose (84.2%), arabinose
(8.5%), xylose (5.8%) and galactose (1.5%). Hence, we can conclude that about 16% of the
organic content of BSG extract corresponds to hemicellulose whereas the remaining 84% is
due to glucose polymers, most likely starch and β-glucans.

These results point to the potential employment of BSG extract as a medium for
microorganisms able to metabolize these compounds, such as fungi and bacteria that in
nature grow on cereals or decaying vegetation.

It is worth noting that different marine microorganisms are EPA or DHA producers.
Since the production of these high-value PUFAs by fermentation of the BSG extract was
one of the objectives of our research, two different BSG media, one for the most common
microorganisms and a second one for marine microorganisms, were prepared. The first
medium (reported as BSG medium) consisted of BSG extract (7.5 g/L), yeast extract (1 g/L)
and ammonium sulfate (3 g/L). As previously reported [7], the addition of yeast extract
was essential because it supplied vitamins and microelements necessary for microbial
growth, whereas the choice of ammonium sulfate as a nitrogen source was due to the fact
that this salt is very cheap and easily available. The second medium (reported as marine
BSG medium) was made up of the above-described BSG medium with the addition of the
salts necessary for the growth of marine microorganisms. Therefore, marine BSG medium
contained a high amount of unrefined sea salt (20 g/L) as well as magnesium and calcium
salts and other minor inorganic components.

3.2. Microbial Growth on the BSG Medium: Strains Screening

The above-described media were tested for the fermentation of several selected mi-
croorganisms. Since both BCFAs and PUFAs are potentially employed in human nutrition,
the present study makes use of strains belonging to the BL-1, with a high preference for
those generally recognized as safe for human health (GRAS). All the strains were screened,
evaluating the fatty acids composition of the obtained biomass. More specifically, each
strain was incubated in the BSG medium at a suitable temperature until complete growth.
Hence, the biomass was collected, treated with sodium hydroxide to hydrolyze lipids and
phospholipids and then the free fatty acids were transformed in methyl esters using a
diazomethane addition. The obtained mixture was analyzed by GC-MS. The resulting
complex fatty acid profile did not provide information about the overall strain productivity,
but it clearly indicated its capability in the transformation of the BSG medium nutrients
into a given fatty acid.

Accordingly, all the data were collected in Table 1, where the FAs composition was
expressed as a percentage of the sum of the compounds detected by GC-MS analysis. The
identified FAs were divided into four groups; namely, branched-chain FAs (BCFAs), linear
saturated FAs (SFAs), monounsaturated FAs (MUFAs) and polyunsaturated FAs (PUFAs).
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For each class, the identity and the abundance of the most relevant FA components were
given in brackets.

Table 1. Microbial growth on a BSG medium: fatty acids composition of the biomass.

Entry Strain

BCFAs (%) 1 Linear FAs (%) 1

Other
(%) 2iso +

anteiso SFAs 3 MUFAs 4 PUFAs 5

1
Streptomyces
cavourensis

(DSM 112466)
66.1 15.0 3.7 (OA) 7.5 (LA) 7.7

2
Streptomyces
jeddahensis

(DSM 101878)
63.1 23.2

(PAL 16.6) 4.9 (OA) 6.1 (LA) 2.7

3
Entomophthora

exitialis
(CBS 180.60)

21.1 30.1
(PAL 15.6)

15.6
(OA 8.8)

26.6
(ARA 24.0) 6.6

4
Conidiobolus
heterosporus
(CBS 543.63)

56.1
(iso-C14 34.8) 25.8 2.8 15.3

(ARA 10.4; EPA 1.5) -

5
Pythium
ultimum

(CBS 805.95)
- 44.8

(PAL 19.0)
24.9

(OA 12.5)
24.5

(LA 13.4; EPA 5.4; ARA 3.0; GLA 0.3) 5.8

6
Mucor

circinelloides
(DSM 1191)

- 31.4 26.9
(OA 21.9)

38.8
(GLA 23.3; LA 11.8)

2.9
(ER 2.1)

7
Mucor

plumbeus
(DSM 62759)

- 26.4
(PAL 17.6)

33.3
(OA 28.0)

36.3
(GLA 20.6; LA 14.3)

3.8
(ER)

8
Cunninghamella

echinulata
(DSM 1905)

- 25.1
(PAL 15.9)

28.3
(OA 26.4)

44.4
(GLA 22.2; LA 20.6)

2.2
(ER 1.4)

9
Rhizopus
stolonifer

(DSM 855)
- 38.8

(PAL 25.9)
16.7

(OA 15.5)
31.7

(GLA 22.0; LA 9.3)
12.8

(ER 10.7)

10
Rhizopus

oryzae
(CBS 112.07)

- 32.6
(PAL 18.2)

27.5
(OA 25.8)

38.2
(LA 27.4; GLA 10.8)

1.7
(ER 1.0)

11
Syncephalastrum

racemosus
(MUT 2770)

- 30.4
(PAL 20.5)

39.4
(OA 37.7)

28.1
(LA 15.0; GLA 12.7)

2.0
(ER)

12
Absidia
coerulea
(AM93)

- 37.3
(PAL 24.1)

41.0
(OA)

21.7
(LA 14.6; GLA 7.1) -

13
Rhizomucor

pusillus
(CBS 354.68)

- 25.9
(PAL 20.3)

42.3
(OA 37.7)

31.4
(LA 29.8; GLA 1.6) 0.4

14
Mortierella

alpina
(CBS 754.68)

- 26.5
(PAL 14.4)

11.6
(OA 9.1)

59.1
(ARA 40.3; LA 12.0; GLA 3.8) 2.8

15
Mortierella
Isabellina

(CBS 208.32)
- 25.5

(PAL 15.8)
44.5

(OA 39.7)
29.1

(LA 16.2; GLA 12.9) 0.9

16 Trichoderma viride
(DSM 63065) - 55.3

(PAL 32.5)
33.5

(OA)
11.2
(LA) -

17
Chaetomium

globosum
(DSM 1962)

- 23.0
(PAL 19.3)

5.2
(OA 4.5)

62.0
(LA 57.0; ALA 5.0)

9.8
(ER 9.7)
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Table 1. Cont.

Entry Strain

BCFAs (%) 1 Linear FAs (%) 1

Other
(%) 2iso +

anteiso SFAs 3 MUFAs 4 PUFAs 5

18
Aspergillus

niger
(CBS 626.66)

- 90.1 2.6
(OA)

2.3
(LA) 5.0

19
Aspergillus

kanagawaensis
(CBS 424.68)

- 39.9 23.3
(OA 16.9)

33.1
(LA) 3.7

20
Cladosporium
cucumerinum
(CBS 158.51)

- 67.6 8.9
(OA)

14.0
(LA) 9.5

21
Sodiomyces
alcalophilus

(CBS 114.92)
- 21.7

(PAL 16.7)
27.6

(OA 26.3)
45.3
(LA)

5.4
(ER 3.0)

22
Nigrospora

oryzae
(MUT 5844)

- 35.4
(PAL 28.9)

29.1
(OA 27.8)

34.2
(LA) 1.3

23
Fusarium
culmorum

(MUT 5855)
- 14.1

(PAL 11.9)
47.1

(OA 44.1)
35.6
(LA) 3.2

24 Beauveria
bassiana (AM278) - 10.9 23.3 53.1

(LA)
12.7
(ER)

25
Neurospora

crassa
(DSM 894)

- 18.7
(PAL 15.7)

3.1
(AO 1.8)

71.5
(LA 50.4; ALA 21.1)

6.7
(ER 6.2)

26
Alternaria
alternata

(DSM 1102)
- 13.4

(PAL 9.2) 1.9 62.5
(LA 48.6; ALA 13.9)

22.2
(ER 18.6)

1 The value refers to the percentage of the indicated FA in the FA mixture obtained by extraction of the microbial
biomass. The value is determined by GC-MS analysis of the crude mixture of the fatty acids, derivatized as methyl
esters. 2 The percentage indicates the sum of the compounds whose chemical structures were not determined; the
percentage of the ergosterol present in the mixture is in brackets. 3 Saturated fatty acids, with the percentage of
the most relevant components of the mixture in brackets. 4 Mono-unsaturated fatty acids, with the percentage of
the most relevant components of the mixture in brackets. 5 Polyunsaturated fatty acids, with the percentage of the
most relevant components of the mixture in brackets: linoleic acid (LA), γ-linolenic acid (GLA), α-linolenic acid
(ALA), arachidonic acid (ARA) and cis-5,8,11,14,17-eicosapentaenoic (EPA).

At first, a group of strains connected to the prospective production of BCFAs was
investigated. According to our previous work [7], Streptomyces species properly grow on a
BSG medium, accumulating BCFAs. Hence, Streptomyces jeddahensis (DSM 101878) [24], a
new oleaginous [25] bacterium isolated from desert soil, was tested. Its FAs profile (entry 2)
was compared with those of Streptomyces cavourensis (DSM 112466), which is the best BCFAs
producer, according to our previous study (entry 1). The two bacterial strains showed very
similar results, producing 63 and 66% of BCFAs, respectively.

Usually, fungi do not produce BCFAs, which are typically present in bacterial cell
membranes. A very interesting exception is represented by some fungal strains belonging
to the Entomophthora and Conidiobolus [26,27] genera, which are able to produce both BCFAs
and PUFAs. More specifically, Entomophthora exitialis and Conidiobolus heterosporus have
been described as oleaginous fungi, suitable for the production of arachidonic acid [28] and
of the BCFA iso-C14 [29]. Accordingly, Entomophthora exitialis (CBS 180.60) and Conidiobolus
heterosporus (CBS 543.63) used BSG media as fermentation substrate, as shown in entries
3 and 4, respectively. The fatty acid mixtures extracted from the two biomasses showed
the concurrent presence of BCFAs and PUFAs in both samples. E. exitialis produced 21% of
BCFAs and 24% of ARA whereas C. heterosporus produced 56% of BCFAs, 10% of ARA and
1.5% of EPA.
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Conversely, Pythium ultimum (CBS 805.95), a eukaryotic microorganism belonging
to the Oomycetes class [30,31], produced both EPA (5.4%) and ARA (3%), without the
formation of BCFAs (entry 5).

The production of ARA and GLA, which are the biosynthetic precursors of ARA,
have been also observed in fungi belonging to the Mucoromycota division, such as Mucor,
Cunninghamella, Rhizopus and Mortierella species [21,25]. Our experiments, performed on
Mucor circinelloides (DSM 1191), Mucor plumbeus (DSM 62759), Cunninghamella echinulata
(DSM 1905) and Rhizopus stolonifer (DSM 855) showed that all these species, when grown
in BSG media, produced GLA with a percentage that ranged from 20.6 to 23.3% of the
total fatty acids content (entries 6–9). Other Mucoromycota species that are potentially
GLA producers were also tested. Rhizopus oryzae (CBS 112.07), Syncephalastrum racemosus
(MUT 2770) and Absidia coerulea (AM93) afforded mainly saturated and monounsaturated
FAs whereas the GLA percentage ranged from 7.1 to 12.7% of the total fatty acids content
(entries 10–12), thus indicating that these strains are not a suitable producer of linolenic
acid. This behavior was even more evident for the thermophilus strain Rhizomucor pusillus
(CBS 354.68), which afforded GLA in only 1.6% (entry 13). This result can be explained
by taking into account that an increase in growing temperature usually ends up with a
decrease in the PUFA content.

Currently, Mortierella alpina CBS 754.68 is the most used strain for the industrial
production of ARA [21], and BSG has been already employed as a substrate for the growth of
different Mortierella species [32]. According to the literature, the use of the BSG medium also
exhibited very good results (entry 14) as the ARA percentage of the total fatty acids content
was superior to 40%. On the contrary, another Mortierella species, namely M. isabellina
(CBS 208.32), did not produce ARA with the concomitant increase in oleic acid and GLA
formation (entry 15).

Since patent literature [33] indicates the possibility that strains belonging to As-
pergillum, Fusarium, Cladosporium and Trichoderma genera could be able to produce lipids
with a high PUFA content, the screening was extended to a large number of these species
(entry 16–24). However, Trichoderma viride (DSM 63065), Chaetomium globosum (DSM 1962),
Aspergillus niger (CBS 626.66), Aspergillus kanagawaensis (CBS 424.68), Cladosporium cuc-
umerinum (CBS 158.51), Sodiomyces alcalophilus (CBS 114.92), Nigrospora oryzae (MUT 5844),
Fusarium culmorum (MUT 5855) and Beauveria bassiana (AM278) did not afford high-value
PUFAs, as only LA was generated by the fungal metabolism. Slightly different results
were obtained by fermenting BSG medium with Neurospora crassa (DSM 894) or Alternaria
alternata (DSM 1102). Besides producing LA, both fungal strains produced a significant
amount of ALA corresponding to 21.1 and 13.9%, respectively, of the total fatty acids
content (entries 25 and 26).

Finally, the marine BSG medium was tested as a possible medium for PUFAs-producing
marine microorganisms. Three different strains were singled out. The bacteria Shewanella
hanedai (DSM 6066) and Moritella marina (DSM 104096) are producers of EPA or DHA [34],
respectively, whereas Crypthecodinium cohnii (CCMP 316) is a marine heterotrophic dinoflag-
ellate that can accumulate high amounts of DHA and has been already employed in the
transformation of recycled biomasses into high-value FAs [35]. The results of the three
experiments were disappointing. None of the investigated strains was able to grow in the
MBSG medium, as confirmed by the very small amount of the formed biomass. Likely,
the nutrients contained in the BSG medium are not metabolized by the evaluated marine
microorganisms, making their employment unsuitable.

3.3. Microbial Growth on the BSG Medium: Scaling-Up and Evaluating the PUFAs Productivity

Overall, the above-described results suggest that the BSG medium can support the
microbial production of BCFAs and different high-value PUFAs. According to our screening
experiments, we singled out the strains that have shown the best results. More specifically,
Streptomyces jeddahensis was selected as a potential BCFAs producer while Conidiobolus
heterosporus and Entomophthora exitialis were further studied because they simultaneously



Fermentation 2023, 9, 1008 9 of 12

synthesized both BCFAs and ARA. Pythium ultimum and Mortierella alpina were selected for
their capability to accumulate EPA and ARA, respectively. Finally, Rhizopus stolonifer and
Mucor circinelloides were chosen as prospective GLA producers.

In order to quantify the FAs productivity of each strain, in the BSG medium, a new set
of experiments (Table 2) was devised. Accordingly, each fermentation trial was performed
in a bioreactor, using 1.5 L of the BSG medium and while controlling for pH and aeration.
After complete growth, the biomass was collected and freeze-dried to establish biomass
productivity. Hence, sodium hydroxide treatment followed by acidification and solvent
extraction allowed for isolation of the free FAs, which were then converted into their
methyl ester derivatives. The latter esters mixture was weighed and analyzed by GC-MS to
measure the fatty acids yields and the PUFAs content, respectively.

Table 2. Biomass and fatty acid productivity of selected microbial strains growth in the BSG medium.

Entry Strain Growth Conditions 1 Biomass
Yield 2

Fatty Acid
Yield 3

High-Value
Fatty Acids 4

1
Streptomyces
cavourensis

(DSM 112466)

4 days, 28 ◦C
pH 7.0

2.1 g/L
(80 g/kg BSG)

220 mg/L
(8.2 g/kg BSG) BCFAs (67.0)

2
Streptomyces
jeddahensis

(DSM 101878)

5 days, 30 ◦C
pH 6.9

2.3 g/L
(86 g/kg BSG)

313 mg/L
(11.7 g/kg BSG) BCFAs (65.2)

3
Conidiobolus
heterosporus
(CBS 543.63)

6 days, 22 ◦C
pH 6.6

5.4 g/L
(202 g/kg BSG)

460 mg/L
(17.2 g/kg BSG)

BCFAs (23.2)
PUFAs (27.5)

(ARA 19.2; EPA 3.7; LA 2.3)

4
Entomophthora

exitialis
(CBS 180.60)

5 days, 24 ◦C
pH 7.0

1.6 g/L
(60 g/kg BSG)

170 mg/L
(6.5 g/kg BSG)

BCFAs (20.5)
PUFAs (26.9)

(ARA 17.5; LA 7.4)

5
Pythium
ultimum

(CBS 805.95)

5 days, 23 ◦C
pH 6.5

3.9 g/L
(147 g/kg BSG)

400 mg/L
(15 g/kg BSG)

PUFAs (35.8)
(LA 16.3; EPA 9.3; ARA 8.3)

6
Mortierella

alpina
(CBS 754.68)

5 days, 23 ◦C
pH 6.5

7 g/L
(262 g/kg BSG)

900 mg/L
(33.7 g/kg BSG)

PUFAs (60.2)
(ARA 41.0; LA 11.5; GLA 3.3)

7
Rhizopus
stolonifer

(DSM 855)

6 days, 24 ◦C
pH 6.8

2.6 g/L
(99 g/kg BSG)

250 mg/L
(9.4 g/kg BSG)

PUFAs (31.6)
(GLA 21.0; LA 10.6)

8
Mucor

circinelloides
(DSM 1191)

6 days, 23 ◦C
pH 6.8

6.5 g/L
(242 g/kg BSG)

600 mg/L
(22.6 g/kg BSG)

PUFAs (35.7)
(GLA 21.0; LA 13.8)

1 Each microbial growth was performed in a 5 L bioreactor, using 1.5 L of the BSG medium. Stirring and aeration
were set at 200 rpm and 0.6 L/L/min, respectively. 2 The biomass was collected by centrifugation as soon as
the fermentation was stopped and then was freeze-dried. The biomass yield is indicated as both grams of dried
biomass produced starting from one liter of the BSG medium and grams of dried biomass produced starting
from one kilogram of dried BSG (value in brackets). 3 The fatty acid yield is indicated as both milligrams
of the fatty acid mixture produced starting from one liter of the BSG medium and grams of the fatty acid
mixture produced starting from one kilogram of dried BSG (value in brackets). 4 The percentage of the most
relevant components of the mixture is in brackets: branched-chain fatty acids (BCFAs), polyunsaturated fatty
acids (PUFAs), linoleic acid (LA), γ-linolenic acid (GLA), α-linolenic acid (ALA), arachidonic acid (ARA) and
cis-5,8,11,14,17-eicosapentaenoic (EPA).

The results of these experiments deserve some relevant considerations. Streptomyces
jeddahensis (entry 2) showed similar biomass yield and FAs composition than Streptomyces
cavourensis (entry 1) but with higher FAs yield (313 mg/L vs. 220 mg/L).

Surprisingly, Conidiobolus heterosporus (entry 3) and Pythium ultimum (entry 5) greatly
increased their ARA and EPA content when switching the fermentation from the flask to
bioreactor experiment. Accordingly, ARA and EPA percentages increased from 10.4 and
1.5% to 19.2 and 3.7%, for Conidiobolus heterosporus, whereas they increased from 3.0 and
5.4% to 9.3 and 8.3%, for Pythium ultimum. For the latter two microorganisms, the measured
FA productivities corresponded to 460 and 400 mg/L, respectively.
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Conversely, Entomophthora exitialis exhibited disappointing results (entry 4), as both
biomass and FA productivity were rather low.

The best results were recorded for Mortierella alpina (entry 6) and Mucor circinelloides
(entry 8), which showed very high productivity, both in terms of biomass and FAs content,
which reached 7 and 6.5 g/L, respectively, and 900 and 600 mg/L, respectively. In particular,
Mortierella alpina was confirmed to be the strain of choice for ARA production, as about 41%
of the produced FAs correspond to the latter PUFA. Similarly, Mucor circinelloides compared
favorably over the last investigated GLA producer strain, namely Rhizopus stolonifer (entry
7), which showed greatly inferior FA productivity (250 mg/L).

4. Conclusions

Overall, the present study established that the formulated BSG medium, prepared ac-
cording to the present protocol, is suitable to support the microbial production of high-value
BCFAs and PUFAs. In particular, the fermentation of the BSG medium with Streptomyces
jeddahensis and Conidiobolus heterosporus can be employed for BCFAs production whereas
Pythium ultimum can be used to provide a FAs mixture enriched in EPA and ARA. Moreover,
Mortierella alpina and Mucor circinelloides, when grown in the BSG medium, produce very
high amounts of ARA and GLA, respectively. On the contrary, the production of DHA
through the employment of some selected marine microorganisms seems not possible when
the BSG medium is employed.

The described findings are noteworthy as the proposed process efficiently exploits a
waste material (BSG), generating high-value FAs. Taking into account that the preparation
of the BSG medium recycles up to 30% (w/w) of the initial BSGD, the process is of consid-
erable significance from a circular economy perspective. To improve sustainability, it is
worth noting that different steps could be avoided in a prospective industrial application.
For example, BSG can be ground and extracted without a drying process. In addition,
the extraction and sterilization steps could be merged to only one step, with considerable
energy savings. In this context, further studies will be conducted in order to scale up
the process.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Notations

ALA α-linolenic acid
ARA Arachidonic acid
BCFA Branched-chain fatty acid
BSG Brewers’ spent grain
DHA cis-4,7,10,13,16,19-docosahexaenoic acid
EPA cis-5,8,11,14,17-eicosapentaenoic acid
FA Fatty acid
GLA γ-linolenic acid
LA Linolenic acid
OA Oleic acid
PAL Palmitic acid
PUFA Polyunsaturated fatty acid
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