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Abstract Brewers’ spent grain (BSG) is the most abundant

by-product of beer-brewing. BSG is rich in nutrients such

as protein, fiber, minerals, and vitamins, and therefore it is

conventionally used as low-cost animal feed. On the other

hand, alternative utilization of BSG has gained increased

attention during recent years due to technological progress

in its processing and the emergence of the concept of cir-

cular economy. The valorization of BSG through biotech-

nological approaches is environmentally friendly and

sustainable. This review was focused on recent advance-

ments in the conversion of BSG into value-added products,

including bioenergy (ethanol, butanol, hydrogen, biodiesel,

and biogas), organic acids, enzymes, xylitol, oligosaccha-

rides, and single cell protein, via biotechnological

approaches. In addition, the potential applications of BSG

as immobilization matrices in bioprocesses have been

reviewed.

Keywords Brewers’ spent grain � Valorization �
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Introduction

In beer-brewing process, brewers’ spent grain (BSG) is the

most predominant by-product, constituting about 85% of

total by-products generated (Lynch et al., 2016). BSG

represents leftover insoluble portion of the barley grain

following the mashing process and separation of sweet

liquid wort (a process also known as lautering). The dry

matter of BSG contains cellulose, hemicellulose, lignin,

proteins, lipids, and an ash fraction, in addition to adhered

soluble compounds, such as glucose, maltose, and malto-

oligomers (Akermann et al., 2020; Mussatto, 2014). Sev-

eral factors influence the chemical composition of BSG

such as barley variety, harvest time, malting as well as

mashing conditions, in addition to the type and quality of

additives added in the brewing process (Amore et al.,

2015). BSG is composed chiefly of protein (15–26%) and

fiber (35–60%) (on a dry weight basis) (Ikram et al., 2017;

Shen et al., 2019). Major proteins in BSG include hordeins,

glutelins, albumins, and globulins. Hordeins (prolamins)

are abundant, further classified as B (30 to 50 kDa), C (55

to 80 kDa), and D hordeins (95 kDa) according to their

molecular weights (Ikram et al., 2017).

Since BSG is rich in protein, fiber, and other nutrients, it

is extensively used in animal nutrition (e.g., pigs, fish, and

poultry) and to a limited extent in human nutrition (Boni-

facio-Lopes et al., 2020). It is a source of energy; the

formation of bio-oil, bio-char, and permanent gases via

pyrolysis of BSG has been reported (Mussatto, 2014).

Other conventional applications of BSG include: pulp and

paper production and as adsorbent for the removal of dyes

from wastewater or organic compounds from waste gases

(Bonifacio-Lopes et al., 2020).

Alternative utilization of BSG, especially as fermenta-

tion substrate, has gained momentum in recent years due to

technological progress in its processing and the emergence

of circular economy concept. The application of BSG as a

potential substrate in different biotechnological processes

is feasible due to its nutrients, ready availability, and cost-

effectiveness. It has been used as a substrate in the
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production of value-added products, including biofuels

(bioethanol, biobutanol, biogas, biohydrogen, and biolipids

[for biodiesel]), organic acids (lactic acid and citric acid),

enzymes (cellulases, xylanases, etc.), single cell protein,

prebiotic oligosaccharides, xylitol and others. In addition, it

has been used as carrier matrices for microorganisms in

biotechnological processes. The present review firstly

describes the nutritional components, preservation, and

deconstruction methods of BSG. There were considerable

developments in the valorization of BSG through

biotechnological routes in recent years; therefore, primary

objective of this article was to provide up-to-date infor-

mation on biotechnological valorization of BSG.

Nutritional components

Essential amino acids in BSG include histidine, lysine,

methionine, phenylalanine, and tryptophan, whereas non-

essential amino acids including alanine, glycine, proline,

and serine are abundant in barley hordeins (B, C, and D)

(Huige 2006). High concentrations of leucine, glutamine,

and asparagine have also been reported in BSG (Ikram

et al., 2017). The dietary fiber is further classified as sol-

uble fiber (b-glucans, arabinogalactans, pectic polysac-

charides, xyloglucans, and highly branched arabinoxylans)

and insoluble fiber (cellulose, lignin, xyloglucans, galac-

tomannans, and slightly branched arabinoxylans) based on

its water solubility.

In addition, BSG is an important source of phenolic

compounds such as hydroxycinnamic acids (p-coumaric,

ferulic, sinapic, and caffeic acids) (Ikram et al., 2017).

Vitamins of BSG include water-soluble thiamine, ribo-

flavin, niacin, pantothenic acid, pyridoxine, biotin, folic

acid, and choline (a non-vitamin nutrient), and lipid-sol-

uble vitamin E (tocopherols and tocotrienols). The pre-

dominant minerals in BSG are calcium, magnesium,

phosphorus, and sodium, in addition to potassium, iron,

copper, and manganese. BSG also contains lipids, waxes,

essential oils, waxes, and tannins (Ikram et al., 2017).

Microbial spoilage and preservation

Because of high moisture (80–85%) and fermentable sugar

contents, the keeping quality of wet BSG (the form

obtained after lautering) deteriorate very quickly due to

microbial activity (Aboltins and Palabinskis, 2015). In

addition to this, the transport of wet BSG is cost-intensive

and therefore it is generally sold to local farmers as cattle

feed. Lowering the moisture level to about 10% has been

suggested for extended storage of BSG and to attain

microbiological stability in the product (Lynch et al.,

2016).

The application of different organic acids (e.g., formic,

acetic, lactic, and benzoic acids) can extend the aerobic

stability of BSG by 4–5 days. Effects of different methods

of storage, namely refrigeration at 4 �C, frozen storage,

autoclave at 120 �C for 1 h, and fresh material at 20 �C, on

microbiological quality of BSG and changes in composi-

tional components have been compared (Robertson et al.,

2010a). Among these, autoclaving has been recommended

for long-term stability of BSG, however compositional

characteristics are more likely change with this method

(Robertson et al., 2010b). Several physical methods of

preservation, including freezing, freeze drying, oven dry-

ing, and the application of superheated steam, have been

investigated. However, each method has its own merits and

disadvantages, as discussed in a previous report (Lynch

et al., 2016).

Deconstruction of BSG

Several treatment methods (e.g., chemical and enzymatic

extraction) have been employed for the deconstruction of

BSG to yield several high-value components such as pro-

teins, carbohydrates, and phenolic compounds. In addition,

such deconstruction treatments render solubilization of

BSG components so that degradation products can be used

as substrates for the fermentative production of value-

added compounds. Compared with chemical methods,

enzymatic approaches are generally considered environ-

mentally friendly, the processing can be targeted towards

specific products, and bioactivity in the produced fractions

is more likely. Because of the complexity of the constituent

polymers of BSG, the application of a wide range of

enzymes (e.g., xylanases, acetyl esterases, glucuronidases,

b-xylosidases, feruloyl esterases, glucuronoyl esterases and

a-L-arabinofuranosidases) is necessary for complete

hydrolysis.

Prior to enzymatic hydrolysis of BSG, a pre-treatment

step is more beneficial since the lignocellulosic material

has a rigid structure. Different dilute acid and alkali solu-

tions (e.g., dilute H2SO4, dilute NaOH, KOH) are used as

pretreatment agents to degrade the hemicellulose fraction

and to obtain high glucose yields. Different physical and

thermal pretreatments (e.g., milling, microwave radiation,

and extrusion cooking) are also used (Macheiner et al.,

2003).

Proteases may assist in complete deconstruction of BSG

since insoluble proteins of BSG may entrap otherwise

soluble carbohydrate components. Protease-assisted

degradation of BSG proteins also supplies peptides and

amino acids needed for microbial growth during fermen-

tation (Lynch et al., 2016).
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Biotechnological valorization approaches

Bioenergy

Bioethanol production Ethanol is a renewable fuel and it

can be produced from a wide variety of plant materials

comprehensively known as ‘biomass’. In recent years, non-

food bio-materials such as lignocellulosic biomass and bio-

waste (e.g., corn cobs, sugarcane bagasse, corn stover, and

wheat straw) are increasingly used as substrates for the

production of second-generation (2G) ethanol. Since BSG

is rich in fermentable carbohydrate content (15–30% cel-

lulose and 10–25% hemicellulose), it can potentially be

used for bioethanol production. High lignin content of BSG

creates trouble when it is subjected to enzymatic hydroly-

sis. Therefore, the lignin barrier must be removed to

release the carbohydrates. Acid or alkali treatments are

standard approaches for the delignification of BSG. Pre-

treatment of BSG using 5% NaOH at 25% w/v solids

loading was found to be effective for maximal glucose

liberation, and the fermentation of the resultant hydro-

lysates yielded an average ethanol concentration of 17.3 g/

L (Wilkinson et al., 2014a). Dilute acid- and alkali-cat-

alyzed hydrothermal pretreatments of BSG were investi-

gated by Wilkinson et al. (2014b). At 25% solids loading,

pretreatments with 1% (w/v) HCl and 3% (w/v) NaOH

were found to be effective, and ethanol yields of 12–15 g/

L were obtained. Liguori et al. (2015a) evaluated ethanol

production from alkaline-acid pretreated and enzymatically

saccharified BSG substrate. They showed a maximum

ethanol concentration of 12.79 g/L with a volumetric pro-

ductivity of 0.53 g/L�h using the strain Saccharomyces

cerevisiae NRRL YB 2293. Rojas-Chamorro et al. (2017)

compared sequential and simultaneous approaches for

saccharification and fermentation (by S. cerevisiae) of

pretreated BSG at different solid loadings. Results showed

that sequential process was the best to achieve high ethanol

concentration, especially at high solids loading of 15%

w/v. They reported a maximum final ethanol yield of 37 g/

100 g glucose in pretreated BSG. Broeker et al. (2017)

tested a relatively gentle delignification method of wet

oxidation with active chlorine. Results showed a significant

reduction in lignin content and a remarkable increase of

glucose yield for BSG. Pinheiro et al. (2019) carried out

pretreatment of BSG by autohydrolysis at high solids

loadings (up to 25%) and used whole slurry from the

pretreatment as substrate for ethanol production. Their

results indicated that the saccharification of pretreated BSG

whole slurries at 20 and 25% solids loadings had resulted

in glucose yields of 85.9 and 70.6%, respectively. Subse-

quent fermentation by S. cerevisiae strains yielded the

highest ethanol level of 42.27 g/L.

Thermoplastic extrusion pretreatment was used to dis-

rupt BSG structure in the process of its bioconversion to

ethanol by S. cerevisiae (Heredia-Olea et al., 2015). They

did not observe any enzymatic and yeast inhibitors in

extruded and enzymatically-hydrolyzed BSG, and final

ethanol yield was 5.43 mL/L. The low ethanol yield was

attributed to utilization of only glucose by the yeast as well

as low free alpha-amino nitrogen (FAN) content in the

medium. As BSG hydrolyzates contain both hexose and

pentose sugars and yeasts are not capable of metabolizing

pentose sugars, Mata et al. (2015) investigated fermenta-

tive ethanol production from BSG, following acid pre-

treatment and enzymatic hydrolysis, using pentose-utiliz-

ing yeasts Pichia stipitis and Kluyveromyces marxianus.

Their results showed that final ethanol yields of 0.0856 and

0.0308 g/g of sugars can be obtained for P. stipitis and K.

marxianus, respectively, and these low yields could be due

to the presence of fermentation inhibitors.

For improved bioconversion of BSG to ethanol, ultra-

sound pretreatment can be used. Hassan et al. (2020a)

showed that ultrasound (US) pretreatment of BSG (20%

US power, 60 min, 26.3 �C, and 17.3% w/v of biomass in

water) resulted in a 2.1-fold increase of reducing sugar

yield, subsequent fermentation using S. cerevisiae yielded

an ethanol content of 17.73 g/100 g of pretreated BSG.

Ravindran et al. (2019a) used nonthermal plasma-based

pretreatment to enhance the enzymatic hydrolysis of BSG

during bioethanol production from it. Results demonstrated

that, following dielectric barrier discharge plasma treat-

ment (28 kV) of BSG in water, the yield of reducing sugars

was increased by 2.14 folds when compared with control,

and subsequent fermentation by S. cerevisiae yielded

25.062 g/L ethanol.

Consolidated bioprocessing (CBP) is a low-cost

approach for biomass processing. In CBP of lignocellulose

to ethanol, different conversion steps, including saccha-

rolytic enzymes production, polysaccharides hydrolysis,

and fermentation of both pentoses and hexoses, are con-

ducted in a single reactor (Van Zyl et al., 2007). Agarwal

and Dinker (2013) used consolidate enzymatic system of

Fusarium and Saccharomyces to increase ethanol produc-

tion from BSG. They obtained an ethanol yield of 122 g/kg

of BSG at optimal conditions with the mixed culture.

Wilkinson et al., (2017) reported CBP approach to produce

bioethanol from BSG. They showed the highest ethanol

concentration of 37 g/L using A. oryzae and S. cerevisiae

NCYC479 within 10 days. Though the ethanol productivity

rates were low, the process required low water and energy

inputs. Carrillo-Nieves et al. (2020) showed bioethanol

production from BSG using the white-rot fungus Trametes

hirsuta through CBP approach. They reported an ethanol

yield of 0.3 g/L with BSG for 4 days of fermentation.
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Simultaneous utilization of both pentoses and hexoses in

ethanol fermentation has significant advantages, such as

decreased process steps and energy consumption and

increased ethanol concentration. Rojas-Chamorro et al.

(2018) optimized phosphoric acid pretreatment conditions

for maximum sugar recovery from BSG. They showed

92% recovery of total sugars in BSG following pretreat-

ment (2% H3PO4 at 155 �C) and enzymatic hydrolysis.

Subsequent fermentation of these mixed sugars (glucose

from starch and hemicellulosic sugars) by the ethanolo-

genic Escherichia coli SL100 yielded an ethanol concen-

tration of 0.40 g/g, without detoxification, and overall

ethanol yield was 17.9 g/100 g of raw BSG. Rojas-Cha-

morro et al. (2020a) showed that, at pretreatment temper-

ature of 130 �C, H2SO4 concentration of 1% w/v, and

treatment time of 26 min, maximum recoveries of 94% of

hemicellulosic sugars in the pretreatment liquor and 90%

cellulose in the pretreated solid can be achieved, with total

recovery of starch. Subsequent fermentation of these pen-

toses and hexoses by an ethanologenic E. coli yielded

18.1 kg ethanol per 100 kg of dried BSG. Rojas-Chamorro

et al. (2020b) applied co-fermentation approach to bio-

convert mixed sugars in BSG into ethanol. They showed

that[ 90% of sugars in raw BSG can be recovered by

pretreatment (with phosphoric and sulfuric acid) and sub-

sequent enzymatic hydrolysis. Upon co-fermentation of the

mixed sugars using an ethanologenic E. coli, ethanol con-

centrations of up to 39 g/L were obtained from non-

detoxified hydrolysates. These studies indicate the potential

of acid pretreatment, enzymatic hydrolysis, and ethanolo-

genic E. coli strains for bioethanol production using BSG

as sole substrate without the need for detoxification of the

hydrolysate.

Biobutanol production Biobutanol can be produced using

the same feedstocks as bioethanol. The bacterium

Clostridium beijerinckii has been historically used for ABE

(acetone, butanol, ethanol) fermentation. Plaza et al. (2017)

showed the fermentative production of butanol from pre-

treated and enzymatically hydrolyzed BSG using C. bei-

jerinckii. They reported a total butanol yield of 75 g/kg of

dry BSG and an ABE yield of 95 g/kg of dry BSG.

Microwave-assisted (without acid or alkali) hydrothermal

pretreatment has been shown effective for recovering fer-

mentable sugars from BSG (López-Linares et al., 2019). In

that study, under optimal pretreatment conditions of

192.7 �C and 5.4 min, the total recovery of fer-

mentable sugars contained in BSG was 82%. Subsequent

fermentation using C. beijerinckii yielded 46 kg butanol/t

BSG and the overall ABE yield was 62 kg/t BSG. López-

Linares et al. (2020) demonstrated that both pentoses and

hexoses of BSG, which were obtained following micro-

wave-assisted dilute acid pretreatment and enzymolysis,

can be fermented to butanol (91 kg/t BSG) and ABE

(138 kg/t BSG) by C. beijerinckii using a single bioreactor.

In a similar study, Plaza et al. (2020) reported overall

yields of 99.8 g butanol/kg BSG and 146.5 g ABE/kg

BSG, following dilute acid pretreatment, enzymatic

hydrolysis, and fermentation by C. beijerinckii. Fernández-

Delgado et al. (2019) compared different pretreatment

strategies on hydrolysis and fermentation of BSG for

biobutanol production. Results showed that ozone pre-

treatment was ineffective for either the degradation of

lignin or the recovery of fermentable sugars in the enzy-

matic process. On the other hand, both NaOH alkaline and

peroxide alkaline methods have been shown to be highly

successful as pretreatments of BSG for ABE production

using C. beijerinckii. NaOH-pretreated BSG (15% BSG,

1% w/w NaOH) yielded 44.4 g butanol/kg and 54 g ABE/

kg and H2O2-pretreated BSG (5% BSG, 60 min) yielded

45.1 g butanol/kg and 56.1 g ABE/kg (Fernández-Delgado

et al., 2019). To delignify and detoxify milled BSG, laccase

preparations from Pleurotus ostreatus were successfully

used (Giacobbe et al., 2019). They showed phenols

reduction up to 94% following laccase pretreatment. Sub-

sequent enzymatic saccharification and ABE fermentation

by Clostridium acetobutilycum yielded 7.83 g/L butanol

and 12.6 g/L ABE in 190 h.

Biogas and bio-hydrogen Anaerobic digestion of biomass

or waste feedstock for biogas production is a well-known

process. BSG has huge potential for biogas production.

Colussi et al., (2016) evaluated biomethanization of BSG

by performing biochemical methane potential tests. Results

showed BSG specific methane production of 0.284 L

CH4�g- 1 COD, corresponding to a conversion degree of

81.1%. Different organic wastes can be used as co-sub-

strates (e.g., pig slurry, sewage sludge) in BSG-to-biogas

anaerobic digestion. Goberna et al. (2013) showed a high

methane yield upon using fermented BSG as an inoculum

to bio-augment microbial consortia in the process of co-

digestion of BSG with sewage sludge. BSG solubilization

(the hydrolysis stage) is the rate-limiting step during its

anaerobic digestion process because of lack of specific and

sufficient extracellular enzymes. Hence, an enzymatic pre-

hydrolysis step could be advantageous for increasing the

rate of anaerobic digestion, however, this can in turn

increase the cost of processing (Wang et al., 2015). As a

remedy, the application of inexpensive crude multi-enzyme

mixture produced via solid-state fermentation (SSF) pro-

cess has been proposed by Bochmann et al. (2007). They

observed increased hydrolysis of lignocellulose, enhanced

biogas production, and improved quality of biogas (high

CH4 and low CO2) with multi-enzyme application. The

mixture of trub and BSG positively influences the volume

of methane (Oliveira et al., 2018). They also observed
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the synergistic effect of co-digestion of trub, BSG, and

crude glycerol, resulting in the highest methane yield of

573 L kg-1 and a biodegradability of 94%. Ochs and

Kastner (2010) developed a combined H2 and CH4 pro-

ducing process. Results showed that total biogas yield was

204.7–210.6 normal litre (NL) biogas/kg VS, with gas

composition of 72.6% CH4, 22.9% CO2, and 4.5% H2.

Bochmann et al. (2015a; 2015b) investigated thermal

(temperature range: 100 to 200 �C) pretreatment strategy to

improve degradation rate and biogas yield from BSG.

Pretreatment temperatures up to 160 �C positively influ-

enced the degradation rate or biogas yield. For pretreated

BSG, daily biogas yield was 430 NL 9 kg-1 and total

methane yield (batch analysis) was 467.6 NL CH4 9 kg-1.

Malakhova et al. (2015) reported anaerobic fermentation of

BSG into biogas in co-digestion with Jerusalem artichoke

phytomass by mesophilic (? 30 �C) and thermophilic

(? 55 �C) anaerobic methanogenic communities. Under

thermophilic conditions, the highest total methane pro-

ductions were 6–8 and 9–11 of L CH4 per 100 g of fer-

mented BSG without and with co-digested Jerusalem

artichoke, respectively. Zhang and Zang (2016) investi-

gated biohydrogen production from BSG. They found that

C/N ratio of BSG was suitable for H2 production and

improved BSG solubilization was noted by pretreatment

using calcined-red mud. Their results showed the highest

specific H2 production of 198.62 mL/g VS from the pre-

treated BSG via anaerobic fermentation. Dudek et al.

(2019) showed that the addition of biochar, which was

produced from BSG via low-temperature pyrolysis (tor-

refaction), at a lower dose (5%) had improved biogas

production rate significantly (227 dm3 kg-1 dry organic

matter d-1) in anaerobic digestion of BSG.

Microbial lipids (biodiesel) Microbial lipids are potential

sources for biodiesel production. Sae-ngae et al. (2019)

used BSG as a nutrient source for the cultivation of

oleaginous yeasts. Among tested yeasts, Trichosporonoides

spathulata yielded the highest lipid concentration of

62.9 mg/g substrate. Patel et al. (2018) used hydrolysates

of organosolv-pretreated BSG for the cultivation of the

oleaginous yeast Rhodosporidium toruloides. They repor-

ted a maximum lipid accumulation of 10.41 g/L (lipid

content of 56.45%) and cell dry weight of 18.44 g/L under

optimal conditions.

Production of organic acids

Organic acids such as lactic and citric acids have been

fermentatively produced using BSG. Mussatto et al. (2007)

produced L-lactic acid by fermenting BSG hydrolysate

using Lactobacillus delbrueckii. In their study, BSG was

chemically pre-treated before sachharification with

cellulase and no nutrients were supplemented to the media.

Results showed that a maximum lactic acid yield of

73% can be achieved. The supplementation of nitrogenous

nutrients may increase lactic acid yield and productivity as

BSG contains low concentrations of FAN (Djukić-Vuković

et al., 2016). Juodeikiene et al. (2016) investigated the

bioconversion of BSG to lactic acid by Lactobacillus sakei

and two Pediococcus spp. strains. They observed a maxi-

mum L-lactic acid concentration of 48.71 g/kg of BSG

following its enzymatic hydrolysis (cellulase and hemi-

cellulase complex) and fermentation (48 h) by Pediococ-

cus pentosaceus KTU05-9. Mussatto et al. (2008) noted

increased lactic acid productivities upon the addition of

yeast extract (0.53 g/L�h with 5 g/L) and MRS broth

medium components devoid of carbon source (0.79 g/L�h)

to BSG hydrolysates. They showed that pH-controlled

fermentation of MRS components-supplemented media

yielded the highest lactic acid concentration of 35.54 g/L.

Pejin et al. (2015) showed increased lactic acid yields

following the addition of yeast extract (0.5–5.0%) and

calcium carbonate (2%) to BSG hydrolysates and fermen-

tation by Lactobacillus fermentum and Lactobacillus

rhamnosus. In L. fermentum fermentations, lactic acid

yields were increased by 4–26% and 13% due to yeast

extract and calcium carbonate addition, respectively. In L.

rhamnosus fermentations, lactic acid yields were increased

by 6–8% and 17% following yeast extract and calcium

carbonate supplementation, respectively. Along with FAN

source (yeast extract), pH control during fermentation of

BSG hydrolysates has been shown to increase lactic acid

yields (Pejin et al., 2017a). A significant improvement in

the utilization of reducing sugars was noted upon pH

control. They showed that, with yeast extract concentration

of 50 g/L and reducing sugar content of 54 g/L, a maxi-

mum L-( ?)-lactic acid concentration of 39.38 g/L, volu-

metric productivity of 1.69 g/L/h, L-( ?)-lactic acid yield

of 91.29%, and L. rhamnosus cell viability of 9.67 log

CFU/mL can be achieved. Compared with batch fermen-

tation, fed-batch fermentation of BSG with yeast extract

and glucose addition had yielded significantly higher lactic

acid concentration, volumetric productivity, and yield

(Pejin et al., 2017b).

Liguori et al. (2015b) tested the potential of different

Lactobacillus strains for lactic acid production from BSG.

The strain L. acidophilus ATCC 43121 was found to be

superior among those tested. They also found that aqueous

ammonia soaking pretreatment prior to hydrolysis, yeast

extract supplementation to BSG hydrolysate, and subse-

quent fermentation using the strain yielded 22.16 g lactic

acid/L. Liang and Wan (2015) utilized BSG for carboxylic

acid production through mixed culture fermentation. They

showed that, under both acidic and alkaline conditions,

lactic acid was the predominant component (9.2 and 6.7 g/
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L, respectively). On the other hand, the accumulation of

volatile fatty acids was noted under the neutral condition.

Pejin et al. (2018) used BSG hydrolysate, malt rootlets

extract (MRE), and soybean meal extract (SME) to produce

L-( ?)-lactic acid by a L. rhamnosus strain. The concen-

trations of FAN and essential minerals (Fe, Mg, Mn, and

Zn) were increased by MRE and SME addition. In batch

fermentation, the addition of 50% MRE led to a maximum

lactic acid concentration of 25.73 g/L, with a yield of

86.31% and a volumetric productivity of 0.95 g/L h-1. In

fed-batch fermentation, with 50% MRE addition, the con-

centration, yield, and volumetric productivity of lactic acid

were further increased to 58.01 g/L, 88.54%, and 1.19 g/L

h-1, respectively. Radosavljević et al. (2019) utilized BSG,

brewer’s yeast (BY), malt rootlets (MR), and soy lecithin

(SL) as raw materials in L-( ?)-lactic acid fermentation.

Brewer’s spent grain and malt rootlets (BSGMR) hydro-

lysate with added SL and BY extract was allowed for batch

fermentation by L. rhamnosus. Results showed that, using

BSG as a carrier, maximum lactic acid yield and volu-

metric productivity can be obtained. Radosavljević et al.

(2020) showed that Tween 80 and yeast extract can be

replaced by inexpensive BSG along with BY, MR, and SL

in lactic acid fermentation. The highest lactic acid con-

centration of 70.17 g/L and a productivity of 1.22 g/L/h

were obtained following fed-batch fermentation of

BSGMR hydrolysate with BY extract and glucose. Aker-

mann et al. (2020) showed that BSG liquor (the soluble

components of BSG), which can be obtained from BSG by

pressing, has the potential to be used as a substrate for

lactate production using L. delbrueckii subsp. lactis. They

concluded that the application of yeast extract produced

from brewers’ yeast to BSG liquor yielded a maximum

lactate concentration of 79.06 g/L, with a productivity of

4.93 g/L/h.

Girotto et al. (2019) used BSG as a substrate for bio-

logical monomers production in acidogenic fermentation.

Alkaline-pretreated BSG yielded 62.0 g target monomers

per liter substrate (with highest acetate yield of 36.7 g/L)

following fermentation at an initial pH 9. Their results

suggested that BSG is promising for use in implementing

pathways for the valorization of volatile fatty acids, such as

the production of polyhydroxyalkanoates.

Pathania et al. (2018) produced citric acid using BSG as

substrate under SSF conditions. They observed increased

productions of citric acid by Aspergillus niger upon sup-

plementations; up to 0.19% by peptone and 0.22% by

potassium dihydrogen phosphate.

Enzyme production

BSG has been used as an inexpensive substrate for the

fermentative production of enzymes. Several studies

demonstrated successful growth of both fungal (e.g.,

Pleurotus, Lentinus, Aspergillus, Agrocybe, Trame-

tes, and Neurospora) and bacterial (e.g., Bacillus subtilis

and Streptomyces avermitilis) species on this substrate

without the need of, in most cases, additional nutritional

source. The production of various microbial extracellular

enzymes, such as amylases, cellulases, xylanases, pro-

teases, laccases, feruloyl esterase, and a-L-arabinofura-

nosidase, using BSG as substrate has been reported

(Table 1).

Xylitol

Xylitol, a functional sweetener, can be produced from

different lignocellulosic materials via fermentative process,

though it is usually produced through chemical route. For

xylitol production through either chemical or fermentation

routes, xylose-rich hemicellulosic hydrolysates are the raw

materials (Felipe Hernández-Pérez et al., 2019). BSG is a

potential substrate for the fermentative production of xyl-

itol because it produces xylose-rich hydrolysate upon

fractionation and is a cost-effective feedstock. High fer-

mentation yields can be obtained without the need for

nutrient addition to the medium and hydrolysate detoxifi-

cation (Mussatto and Roberto, 2008). BSG hydrolysate was

used for xylitol production by C. guilliermondii (Mussatto

and Roberto, 2005, 2008). Hemicellulosic fraction of BSG

was hydrolyzed with dilute sulfuric acid to produce liquor

rich in xylose, subsequent fermentation yielded a xylitol

concentration of 0.7 g/g (Mussatto and Roberto, 2005).

Under optimized conditions, a xylitol yield of 0.78 g/g and

a productivity of 0.58 g/(L�h) were reported (Mussatto and

Roberto, 2008). Davila et al., (2016) proposed a biorefinery

approach for the production of ethanol, xylitol, and poly-

hydroxybutyrate from BSG. They suggested that total

production cost for these bio-products can be decreased by

43% through a heat integration strategy, thereby reducing

potential environmental impact of BSG processing. da

Silva et al. (2020) have used hemicellulose liquor from

BSG for the fermentative production of 2G ethanol and

xylitol using Scheffersomyces stipitis and Pachysolen tan-

nophilus. For S. stipitis, selectivity for ethanol over xylitol

was relatively higher under aerobic conditions compared

with under oxygen-limited conditions. For P. tannophilus,

xylitol was preferentially produced under oxygen-limited

conditions.

Prebiotic oligosaccharides

Xylooligosaccharides (XOS) and arabinoxylooligosaccha-

rides (AXOS) are known to function as prebiotics via

selectively favoring the growth of certain beneficial gut

microorganisms. BSG is an interesting raw material for
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Table 1 List of various enzymes produced by microorganisms using BSG as a substrate

Enzyme Microorganism Yields References

a-Amylase Aspergillus oryzae NRRL 1808

A. oryzae NRRL 6270

A. oryzae NRRL 6270

A. oryzae As 3951

Bacillus licheniformis No. 18

Bacillus sp. KR-8104

4519 U/g

6583 U/g

6870 U/g

6186 U/g

66 U/mL

25,255 U/L

Bogar et al. (2002)

Francis et al. (2003)

Francis et al. (2002)

Xu et al. (2008)

Okita et al. (1985)

Hashemi et al. (2011)

Endoamylases Aspergillus awamori IOC-3914 197 U/g de Castro et al. (2014)

Exoamylases A. awamori IOC-3914 106 U/g de Castro et al. (2014)

Thermostable a-amylase B. stearothermophilus LZT020 198.09 U/mL Ravindran et al. (2019b)

Cellulases Trichoderma harzianum Z

Aspergillus ibericus MUM 04.86

Myceliopthora thermophila ATCC 42464

A. awamori IOC-3914

Aspergillus sp. SS-25

Aspergillus sp. SS-25

3.08 U/g

62 U cellulase/g

5.29 FPU/g

20 U/g

CMCase: 295 IU/g

FPase: 90 IU/g

Piegza et al. (2015)

Leite et al. (2019)

Matsakas et al. (2015)

de Castro et al. (2014)

Rana et al. (2013)

Rana et al. (2013)

Cellobiohydrolase Neurospora crassa DSM 1129 4.2 U/g Xiros et al. (2008a)

b-glucosidase A. niger CECT2088

N. crassa DSM 1129

Aspergillus sp. SS-25

94 U/g

1.6 U/g

80 IU/g

Leite et al. (2019)

Xiros et al. (2008a)

Rana et al. (2013)

Endoglucanase Fusarium oxysporum F3

N. crassa DSM 1129

36 U/g

56 U/g

Xiros et al. (2008b)

Xiros et al. (2008a)

Xylanase Streptomyces avermitilis CECT 3339

A. awamori IOC-3914

N. crassa DSM 1129

Aspergillus fumigatus FBSPE-05

Talaromyces stipitatus CBS 375.48

Humicola grisea var. thermoidea

A. ibericus MUM 03.49

Mucor sp. (AB1)

Penicillium janczewskii

Penicillium glabrum

F. oxysporum F3

Penicillium brasilianum IBT 20888

0.67 U/mL

835 U/g

1073 U/g

142 U/g

2.33 U/mL

16.9 U/mL

313 U xylanase/g

67 U/g

15.19 U/mL

34.32 U/mL

953 U/g

709 U/g

Bartolome et al. (2003)

de Castro et al. (2014)

Xiros et al. (2008a)

Souza et al. (2012)

Mandalari et al. (2008)

Mandalari et al. (2008)

Leite et al. (2019)

Hassan et al. (2020b)

Terrasan et al. (2010)

Knob et al. (2013)

Xiros et al. (2008b)

Panagiotou et al. (2006)

b-Xylosidase P. janczewskii 0.16 U/mL Terrasan et al. (2010)

Feruloyl esterase S. avermitilis CECT 3339

N. crassa DSM 1129

T. stipitatus CBS 375.48

H. grisea var. thermoidea

P. brasilianum IBT 20888

0.191 U/mL

0.52 U/g

0.14 U/mL

0.47 U/mL

1542 mU/g

Bartolome et al. (2003)

Xiros et al. (2008a)

Mandalari et al. (2008)

Mandalari et al. (2008)

Panagiotou et al. (2006)

Laccases Trametes versicolor TV-6

T. versicolor ATCC 20869

560 U/L

13,506 IU/g

Tisma et al. (2018)

Dhillon et al. (2012)

a-L-arabinofuranosidase N. crassa DSM 1129

P. janczewskii

P. brasilianum IBT 20888

3.1 U/g

0.67 U/mL

3,567 mU/g

Xiros et al. (2008a)

Terrasan et al. (2010)

Panagiotou et al. (2006)

Acetyl esterase N. crassa DSM 1129 5.7 U/g Xiros et al. (2008a)

Proteases Bacillus cereus PCM 2849

A. awamori IOC-3914

2.49 U

57 U/g

Laba et al. (2017)

de Castro et al. (2014)

Alkaline protease B. licheniformis No. H-9 7.2 U/mL Okita et al. (1985)
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obtaining a mixture of prebiotic AXOS. Sajib et al. (2018)

showed the production of AXOS of desired chain length by

enzymatic hydrolysis of arabinoxylan, which was obtained

from BSG. Xylanases of varying types were used for the

hydrolysis. Amorim et al. (2018) used BSG for the fer-

mentative production (single-step fermentation) of AXOS

using B. subtilis; a maximum yield of 54.2 mg xylose

equivalents/g of BSG was observed. Amorim et al. (2019)

investigated one-step fermentative production of XOS

using BSG as substrate. Under optimized conditions (20 g/

L of BSG, pH 7.0, 30 �C, 3 days), a yield of 38.3 mg

xylose equivalents/g of BSG was noted using

Trichoderma reesei.

Single cell protein

Edible filamentous fungi can be used for food and feed

purposes since they are a promising source of protein, fatty

acids, and vitamins. Serba et al. (2020) used BSG as a raw

material for the production of Aspergillus oryzae biomass

with increased protein and polysaccharides content. They

showed that the protein content of fungus grown on med-

ium containing this by-product by SSF was three times

higher than in fungus grown by submerged fermentation.

Ogunjobi et al. (2011) also reported a significant increase

in protein content with SSF of BSG by A. oryzae (after

35 days of fermentation) compared with unfermented

control. In addition, a significant decrease in carbohydrate

and fiber contents and increased ash contents were noted in

the fermented BSG. To enhance nutritional value of BSG,

Ibarruri et al. (2019) investigated SSF approach using

Rhizopus sp. They found that, upon fermentation of BSG at

30 �C for 9 days, total protein and soluble protein con-

centrations of biomass were remarkably increased. In

addition, the resultant biomass exhibited a modified amino

acid profile (with high proportion of essential amino acids)

and a high total polyphenol content, thereby an increase of

antioxidant capacity. In another study, food-grade Rhizopus

oligosporus was used to enhance the nutrient content of

BSG via SSF (Cooray and Chen, 2018). They observed the

enhancement of amino acids, vitamin, citric acid, and

antioxidant levels in BSG upon the fermentation. Tan et al.

(2019) showed the improvement of nutritional value of

BSG via SSF using B. subtilis. Following fermentation,

increased concentrations of amino acids (twofold), unsat-

urated fatty acids (1.7 times), and antioxidants (5.8 times)

were noted, indicating the potential of the microorganism

to degrade complex macronutrients to useful components.

Aggelopoulos et al. (2013) showed that an increase of BSG

content in substrate mixtures (consisting of different agro-

industrial wastes) intended for growth of single cell protein

producers led to an increase of cell mass: by twofold for S.

cerevisiae and threefold for K. marxianus, under SSF.

Aggelopoulos et al. (2018) showed protein enrichment of

agro-industrial side streams and wastes, including BSG,

with the edible mushroom Pleurotus ostreatus by SSF.

They recognized BSG as a fungal cell growth-promoting

ingredient. The obtained fermented mycelium-enriched

product was rich in protein, aroma volatile compounds, and

minerals.

As carrier matrices

BSG has been used as a lignocellulosic yeast carrier for

continuous beer fermentation and found to possess a high

yeast loading capacity, which is triggered by physico-

chemical and biochemical properties of both cells and

carrier (Branyik et al., 2001; Pires et al., 2012). Pretreat-

ments using caustic (NaOH) and acid-caustic (HCl ?

NaOH) were proposed for effective yeast adhesion to the

carrier (Pires et al., 2012). Kopsahelis et al. (2007b)

showed the suitability of BSG for psychrotolerant yeast

immobilization in a very low temperature brewing. They

observed increased productivities and fine quality green

beers with low vicinal diketone, dimethyl sulfide, and amyl

alcohol concentrations because of the immobilization.

Mohammadi et al. (2011) showed that the immobilization

of Saccharomyces ludwigii and Saccharomyces rouxii on

BSG impacted their sugar utilization (could consume

maltose) in brewing process. Dragone et al. (2007) used

BSG for yeast immobilization in continuous primary beer

fermentation using high-gravity worts. Tsaousi et al. (2011)

prepared a thermally dried biocatalyst for low temperature

winemaking using BSG as carrier. They immobilized a

Table 1 continued

Enzyme Microorganism Yields References

Peptidase B. cereus 0.69 U Kotlar et al. (2012)

Lichenase B. licheniformis Y-25 20 U/mL Okita et al. (1985)

Pectinase Mucor sp. (AB1) 137 U/g Hassan et al. (2020b)

FPU filter paper unit, CMCase carboxymethylcellulase, FPase filter paper cellulase
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psychrotolerant yeast strain on delignified BSG, which was

followed by a simple thermal drying. The resultant dried

biocatalysts were used for repeated batch fermentations

and were found to improve product quality (increased

esters, low higher alcohols, and high alcohol productivity).

Kopsahelis et al. (2007a) used fresh, defrosted, and

delignified BSG for yeast immobilization in ethanol fer-

mentation from molasses. They observed higher fermen-

tation rates and productivities using the BSG immobilized

biocatalyst without additional nutrients input. Even for

continuous ethanolic fermentation using molasses, the

suitability of BSG as yeast carrier was established (Kop-

sahelis et al., 2012). They observed maximum ethanol

concentrations in the range of 47.4–50.6 kg m-3 at 35 �C
using non-sterilized molasses. In addition, no contamina-

tion was observed during 32 days of continuous operation;

and the system exhibited high operational stability and high

fermentation efficiency. Mussatto et al. (2009) used BSG as

a carrier for the fermentative production of fruc-

tooligosaccharides (FOS) and b-fructofuranosidase from

sucrose by Aspergillus japonicas. The cells exhibited good

immobilization on this carrier (1.06 g/g carrier), with a

FOS productivity of 5.39 g/L�h and a yield of 0.60 g/g total

substrate. Radosavljević et al. (2019) showed that BSG can

be used as a carrier (without pretreatment) in L-( ?)-lactic

acid production. They observed the highest lactic acid

yields of 93.79 and 95.46% and volumetric productivities

of 1.15 and 1.98 g/L/h in batch and repeated batch fer-

mentations, respectively, using L. rhamnosus immobilized

on this carrier. BSG was used for the immobilization of

Lactobacillus paracasei in the process of simultaneous

production of lactic acid and livestock feed using molasses

and potato stillage as a combined substrate (Mladenović

et al., 2019). As a low-cost biopolymer, BSG was used as

support for kefir cells immobilization during whey-to-

ethanol fermentation (Soupioni et al., 2013). Results

showed that the prepared biocatalyst significantly increased

the fermentation rate. The hydrophilic nature of cellulose

has been shown to contribute to the protection of immo-

bilized kefir cells and thus to their enhanced biocatalytic

activity.

Miscellaneous

Saba et al. (2019) showed the suitability of BSG as sub-

strate for earthworms in vermicomposting. Following

5 months of bioconversion, vermicomposts containing

BSG only and BSG ? cow manure (1:1) exhibited

increased levels of total nitrogen and total humic sub-

stances like and reduced total organic carbon content,

indicating higher mineralization and stabilization. Teixeira

et al. (2020) demonstrated the production of high concen-

trations (24.9 g/L) of volatile fatty acids through anaerobic

digestion of raw BSG, i.e. without any pretreatment. BSG

hydrolysates were used as media to produce bacteriocins

using Lactococcus lactis Tw11 and Enterococcus mundtii

Tw492 (Paz et al., 2018). They showed that Tween 80

supplementation to the media stimulated the production

and release of bacteriocins; When tested against Listeria

monocytogenes CECT-934, inhibition halos of 15.46 and

24.47 mm were observed for L. lactis Tw11 and E. mundtii

Tw492, respectively. Kim et al. (2020) employed BSG as a

low-cost substrate for the production of paramylon, a

potent immunomodulator from microalga Euglena gracilis.

Results showed that paramylon content of 32.3% w/w and

a yield of 0.11 g/g can be achieved.

Qiu et al. (2019) used BSG as a potential substrate for

biocontrol fertilizer (BF) production using the ento-

mopathogenic fungi Beauveria bassiana. The BF at a

concentration of 1 9 10-2 g/mL (containing the 0.8 9 106

spores) exhibited high toxicity against Galleria mellonella

larvae, with an LT50 of 3.6 days, and prompted plant

growth. Silbir and Goksungur (2019) used BSG as sub-

strate for the fermentative production of red pigment by

Monascus purpureus. They reported a maximum pigment

production of 22.25 UA500 through submerged fermenta-

tion. BSG was used as a substrate for the production of

biomass of the medicinal fungus Hericium erinaceus via

submerged cultivation (Wolters et al., 2016). To induce the

secondary metabolite erinacine C production, the biomass

produced was subjected to a second fermentation. Finally,

biomass with erinacine C concentration of 174.8 mg/g for

BSG was obtained and it has potential to be used in

functional foods. Gupta et al. (2013) developed a fer-

mented liquid product rich in neutraceuticals using BSG as

raw material and Lactobacillus plantarum as inoculum.

The finished product exhibited higher antioxidant capacity,

with a shelf life of 15 days under refrigeration. Under

optimal conditions, a production of 2.95 g/L lactic acid

accompanied by a release of 135 mg quercetin equivalent

(QE)/mL of flavonoid compounds, 268.6 mg gallic acid

equivalent (GAE)/mL of phenolic compounds,

33.7 mg trolox equivalent (TE)/mL ferric reducing

antioxidant power (FRAP), and 75.1% radical scavenging

activity (RSA) was noted. Waters et al. (2012) used the

lactic acid bacteria, L. plantarum, to ferment BSG. The

incorporation of the resultant fermented BSG as an ingre-

dient in wheat breads led to softer breads with increased

springiness.

In conclusion, as the concept of circular economy is

gaining momentum in recent years, biotechnology holds

promise for reducing agro-industrial waste and improve

sustainability. Being an abundant agro-industrial by-pro-

duct and a rich source of fermentable carbohydrates and

other nutrients, BSG is an ideal substrate for biotechno-

logical production of value-added products. The success of
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biotechnological processes lies in their economic viability

compared with chemical process counterparts. Co-utiliza-

tion of pentoses and hexoses from BSG hydrolysate as well

as consolidated bioprocessing approaches can potentially

reduce process steps and energy consumption. However,

the construction of efficient organisms for these purposes

remains a challenge. The production costs of the value-

added products could be significantly reduced by using bio-

refinery approach (i.e. co-producing value-added products);

the approach might need cost-effective and efficient

downstream processing methods for maximum product

recovery.
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