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Abstract 
Aquaculture is the major supplier of fish for human consumption. An expanding human 

population will lead to intensification of fish farming as well as production of aquafeeds 

in the coming years. Fishmeal and soybean meal constitute the most common protein 

sources in aquafeeds due to their high nutritional value. Yet, increasing demands and 

competition for resources have driven up the prices of these protein sources which 

have heightened a need to implement sustainable alternatives. Brewer’s spent grain 

(BSG) is the most abundant by-product from beer production. Due to its low market 

value, immense availability throughout the year and relatively high protein content (20-

30% DM), BSG represents a potential protein source for aquafeeds. Inclusion of 

unrefined BSG in aquafeeds is hindered due to its high levels of lignin, cellulose and 

hemicellulose which are antinutritional factors (ANFs) for fish. Furthermore, the protein 

content of unrefined BSG is too low to meet the protein requirement of most fish 

species (25-50%). The main objective of this PhD project was to evaluate different 

refinement strategies for BSG that may allow for its incorporation in aquafeeds. The 

PhD project consisted of three parts: 1) protein extraction, 2) delignification by solid-

state fermentation (SSF) and 3) valorization of cellulose and hemicellulose using a 

combination of hydrolysis and submerged fermentation. 

Part I intended to optimize an alkaline process for extracting proteins from BSG. For 

this purpose, several parameters were evaluated including temperature (30, 45, 

60°C), duration (30, 60, 120, 180 min), isolation mode (precipitation vs freeze-drying), 

and repeated extraction (single vs triple). The following conditions led to the highest 

protein content (55% DM) but, unfortunately, the lowest recovery (~10%): 60°C, 30 

min, precipitation and single extraction. Conversely, freeze-drying combined with triple 

extraction maximized the protein recovery (~45%) but did not enrich the protein 

content of isolates (~25% DM). 

Part II explored the potential of utilizing SSF to delignify BSG using the fungus 

Phanerochaete chrysosporium. In an attempt to enhance delignification, P. 

chrysosporium was cultured on solid BSG substrates supplemented with veratryl 

alcohol, MnO2 and excess trace elements. The obtained results indicated that 

delignification occurred at a slow pace (0.75%/day) and that chitin accumulated during 
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cultivation. Surprisingly, no differences were found between the supplemented 

substrates and the control (no supplementation). 

Part III had a dual purpose. First, it aimed to hydrolyse cellulose and hemicellulose 

into fermentable sugars, thereby forming a liquid BSG hydrolysate for fermentation. 

Second, the sugar-containing BSG hydrolysate was utilized as a substrate for 

production of free amino acids and single cell protein (SCP) by submerged 

fermentation. Initially, different microorganisms were screened with respect to their 

ability to grow and produce amino acids in BSG-based media. This screening resulted 

in selection of two microorganisms: Saccharomyces cerevisiae and Corynebacterium 

glutamicum. C. glutamicum was the most promising as it produced several amino 

acids in shake flasks and bioreactor including alanine (Ala), proline (Pro), valine (Val) 

and glycine (Gly). The amino acid composition and protein content were determined 

for S. cerevisiae biomass to assess its potential as a protein source. This analysis 

showed a relatively high protein content (~38% DM) and an amino acid profile 

resembling that of fishmeal except for deficiencies in methionine (Met) and histidine 

(His). 

In conclusion, this PhD project provided vital insight into various refinement strategies 

of BSG. Low efficiencies were a general limitation of all evaluated processes and 

therefore further process optimization should be the focus of future research. 

  



4 
 

Resumé 
Globalt set udgør akvakultur den primære producent af marine fødevarer. Som følge 

af den globale befolkningstilvækst forventes det, at produktionen af opdrættede fisk vil 

intensiveres i de kommende år. Protein er den vigtigste ingrediens i fiskefoder, idet 

fisk har et højt proteinbehov (25-50%). De mest udbredte proteinkilder inden for 

akvakultur er fiskemel og sojabønnemel, som har et højt indhold af protein og en 

favorabel aminosyresammensætning. En stigende efterspørgsel på fødevarer 

kombineret med en øget konkurrence om naturlige ressourcer har dog afstedkommet 

en enorm prisstigning på fiskemel og sojabønnemel. Disse omstændigheder har øget 

behovet for at finde og implementere bæredygtige alternativer. Mask, som er det 

primære restprodukt fra ølbrygning, udgør en potential ny proteinkilde til fiskefoder, da 

det produceres billigt, er tilgængeligt i store mængder hele året og har et relativt højt 

proteinindhold (20-30% af tørstof). Inkludering af ubehandlet mask i fiskefoder 

begrænses dog af et højt indhold af lignin, cellulose og hemicellulose, som er 

antinæringsstoffer for fisk. Derudover er proteinindholdet i ubehandlet mask for lavt til, 

at det kan anvendes som hovedingrediens i fiskefoder. Hovedformålet med dette PhD 

projekt var at evaluere forskellige valoriseringsstrategier for mask som muligvis vil 

kunne facilitere en implementering i fiskefoder. Projektet bestod af tre overordnede 

dele: 1) protein ekstrahering, 2) ligninfjernelse ved faststoffermentering (”solid-state 

fermentation”) og 3) udnyttelse af cellulose og hemicellulose via hydrolyse og 

fermentering i flydende medium (”submerged fermentation”). 

Del I havde til formål at optimere en basisk proces til ekstrahering af protein fra mask. 

I denne optimering blev betydningen af forskellige parametre undersøgt, herunder 

temperatur (30, 45, 60°C), varighed (30, 60, 120, 180 min), isoleringsmetode 

(udfældning vs frysetørring) og multipel ekstrahering (single vs triple). Følgende 

betingelser gav det højeste proteinindhold i koncentrat fra mask (~55% af tørstof) men 

samtidig også det laveste proteinudbytte (~10%): 60°C, 30 min, udfældning og single 

ekstrahering. Omvendt blev proteinudbyttet (~45%) maksimeret ved triple 

ekstrahering og frysetørring, imens proteinindholdet (~25% af tørstof) ikke blev 

signifikant forbedret under disse betingelser. 

Del II undersøgte muligheden for at anvende faststoffermentering til fjernelse af lignin 

fra mask. Den ligninnedbrydende svamp Phanerochaete chrysosporium blev dyrket 
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på masksubstrater tilsat veratryl alkohol, MnO2 eller overskud af sporstoffer. 

Resultaterne fra dette vækstforsøg indikerede en langsom ligninnedbrydning af 

masken (0.75%/dag) samt en ophobning af kitin. Det mest overraskende resultat var 

dog, at der ikke var signifikant forskel på ligninnedbrydningen i de forskellige 

masksubstrater, hvilket indikerede at de tilsatte additiver ingen betydning havde for 

svampens evne til at nedbryde lignin. 

Del III var todelt. I den første del blev cellulose og hemicellulose hydrolyseret 

enzymatisk, hvor der blev dannet et flydende maskhydrolysat bestående af simple 

sukre. I den anden del blev dette hydrolysat anvendt som substrat til at producere frie 

aminosyrer og mikrobielt protein (”single cell protein”) ved en klassisk 

fermenteringsprocess i flydende medium. Indledningsvist blev en række 

mikroorganismer testet for deres evne til at gro og producere aminosyrer i et mask-

baseret medium, hvilket resulterede i selektering af to aminosyre-producerende 

mikroorganismer, nemlig bakterien Corynebacterium glutamicum og gærsvampen 

Saccharomyces cerevisiae. Af disse to var C. glutamicum den mest lovende da den 

producerede forskellige aminosyrer både i rystekolber og i bioreaktor, herunder alanin 

(Ala), prolin (Pro), valin (Val) og glycin (Gly). Aminosyresammensætningen og 

proteinindholdet i biomasse fra S. cerevisiae blev desuden bestemt og brugt til at 

vurdere hvorvidt mask-dyrket S. cerevisiae kan anvendes som en anden potentiel 

proteinkilde i fiskefoder. Denne analyse viste et relativt højt proteinindhold på ~38% af 

tørstoffet samt en aminosyresammensætning, der ligner den i fiskemel med 

undtagelse af methionin (Met) og histidin (His) som begge var mangelfulde i biomasse 

fra S. cerevisiae. 

Overordnet set kan det konkluderes, at dette PhD projekt har bidraget med vigtig viden 

om potentielle valoriseringsstrategier for mask. En lav effektivitet syntes dog at være 

en begrænsning for alle de testede processer. Derfor bør fremtidige studier fokusere 

på at optimere processerne, som er rapporteret i denne afhandling før en egentlig 

implementering i fiskefoder kan realiseres. 
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Synopsis 

1. Introduction 

1.1 Current challenges in aquafeed production 

Fish is an important source of nutrients for humans, particularly protein, fatty acids, 

vitamins and minerals (Mishra, 2020). Capture fisheries and aquaculture constitute the 

major producers of fish for human consumption. Traditionally, capture fisheries have 

been the main supplier of fish; however, the growing demand for marine protein 

combined with declining stocks of wild fish have accelerated a transition from capture 

fisheries to aquaculture (Boyd, 2015). From 1985 to 2018, aquaculture production 

increased from ~15 to ~82 million tonnes while capture fisheries remained stable 

around 90 million tonnes with minor annual fluctuations (FAO, 2020). Over the next 

decade, aquaculture will continue to increase and has been projected to reach 105 

million tonnes by 2029, thereby surpassing the production of fish from capture fisheries 

(OECD/FAO, 2020). To meet the forecasted food demand of the world’s population in 

2050, aquaculture production must increase from ~82 (2018) to 129 million tonnes 

(Boyd et al., 2022). This will inevitably lead to intensification of aquafeed production, 

hence increasing the exploitation of the resources used to produce the main feed 

ingredients. Fishmeal and soybean meal are staple ingredients in aquafeeds due to 

their high protein content and well-balanced amino acid profile. Still, the intensified use 

of these ingredients is considered economically unsustainable owing to their high 

prices caused by limited availability of resources and increased competition 

(Jannathulla et al., 2019). Therefore, the growing demand for fish, along with 

increasing consumption of fishmeal and soybean meal, have prompted endeavors to 

identify alternative ingredients for aquafeeds. Proteinaceous waste from industrial 

production could potentially be utilized as novel ingredients in aquafeed although 

implementation of these by-products often requires extensive valorization. In this 

context, the PhD project sought to explore different strategies to valorize industrial 

residues for aquafeed production focusing on lignocellulosic by-products. Throughout 

the thesis, the terms aquafeed and fish feed are used interchangeably. 
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1.2 An introduction to fish nutrition 

1.2.1 General principles 

Formulating feeds that meet the nutritional requirements of fish is crucial to sustain a 

profitable aquaculture production and minimize loss to the environment. Like other 

animals, fish require nutrients to grow and reproduce optimally. The nutritional 

constituents of a fish feed can be divided into two major classes: the macronutrients, 

also known as the energy-yielding nutrients, and the micronutrients, which include 

vitamins and minerals (Craig and Kuhn, 2017; Gatlin, 2010). The functions of 

micronutrients lie beyond the scope of this PhD project and will therefore not be 

discussed further here. 

The macronutrients comprise three distinct groups including carbohydrates, lipids and 

proteins which generate different amounts of energy by oxidation. These nutrients 

provide building blocks for growth and an energy source for ATP production (Lall and 

Dumas, 2015). The chemical energy of carbohydrates, lipids and proteins make up 

the total amount of feed energy that can be ingested by fish. The energy of the 

ingested feed is either lost to the surroundings or assimilated in biomass, mainly as 

proteins and lipids. Energy losses result from faecal excretion of undigested nutrients 

or production of ammonia which are the main nitrogenous waste from protein digestion 

in fish (Lovell, 1998). For diets of high nutritional quality, energy loss is minimal due to 

high assimilation of nutrients in fish tissue. 

The requirement and utilization of macronutrients differ between fish and endothermic 

animals in a number of aspects. One significant difference is that fish, unlike other 

animals, do not have a dietary carbohydrate requirement; yet, most fish species are 

able to oxidize carbohydrates in the feed to yield energy. Even though dietary 

carbohydrates are not essential for fish, they commonly provided in the feed to 

minimize oxidation of proteins and lipids (Wilson, 1994). Another important difference 

is the utilization of dietary protein and lipids. In warm-blooded animals, protein and 

lipids are mainly deposited in tissue while they constitute the principal energy sources 

in fish. In addition, protein represents the most important macronutrient in fish feed as 

fish are known to have a higher protein requirement than endothermic animals. For 

fish, the dietary protein requirement is generally found in the range of 25%-50% and 

varies greatly depending on the natural feeding behaviour, life-stage and abiotic 
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factors (Teles et al., 2020). The next section will explore the most significant facets of 

protein nutrition in fish including basic properties, digestion and nutritional aspects. 

1.2.2 Protein 

1.2.2.1 Structure, function and digestion 

Proteins are polymers composed of 20 different amino acids that are linked together 

via peptide bonds (Figure 1A). Based on their biological functions, amino acids are 

classified into essential (EAA) and non-essential amino acids (NEAA). The EAAs 

cannot by synthesized by the organism and are therefore obtained from the diet while 

the NEAAs are produced de novo from intermediates of the central C-metabolism. Yet, 

the cellular synthesis of NEAAs is often too slow to meet the requirements for maximal 

performance and thus adequate quantities of NEAAs must be supplied in the feed 

(Oliva-Teles, 2012; Teles et al., 2020). Ten amino acids are essential for fish growth 

and health which include: threonine (Thr), methionine (Met), isoleucine (Ile), leucine 

(Leu), valine (Val), tryptophan (Trp), phenylalanine (Phe), histidine (His), lysine (Lys) 

and arginine (Arg). Likewise, there are ten amino acids, which are not essential for fish 

but still need to be present in the feed to achieve maximum performance. These are: 

serine (Ser), glycine (Gly), alanine (Ala), asparagine (Asn), aspartic acid (Asp), 

glutamine (Gln), glutamic acid (Glu), proline (Pro), cysteine (Cys) and tyrosine (Tyr) 

(Figure 1B). There is a tendency to report the nitrogen requirement of fish in terms of 

dietary protein content despite the fact that fish do not have a true protein requirement. 

Instead, fish require an adequate mixture of EAAs and NEAAs which are obtained 

from dietary proteins (Wilson and Halver, 1986). 
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Figure 1. Structure of proteins (A) and amino acids (B). 
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During digestion, proteins are hydrolysed by digestive enzymes (proteases) to 

produce free amino acids which are utilized in two main metabolic processes. First, 

amino acids can be used as building blocks for the synthesis of cellular proteins which 

are deposited in tissue. Second, amino acids are the major metabolic fuels for energy 

production in fish which occurs via oxidative deamination, a process that yields CO2 

and ammonia as the primary wastes (Falco et al., 2020). Besides protein synthesis 

and energy generation, it has been established that amino acids serve as substrates 

for the synthesis of several metabolites such as nitric oxide, creatine and purines 

which are involved in essential physiological processes (Li et al., 2021). The digestion 

of proteins, as well as other macronutrients, occurs in the gastrointestinal (GI) tract 

and is similar to that of other monogastric animals. It starts in the stomach where 

proteins are partially degraded by pepsin under acidic conditions. In the intestine, the 

acidic mixture from the stomach is neutralized and acted on by proteases to 

completely degrade proteins to amino acids. These are absorbed into the blood stream 

and directed to different organs where they are utilized in protein synthesis or for 

energy production (Li et al., 2021; Wright, 1995). 

Protein digestion is an integral part of the nitrogen balance in fish which encompasses 

several key processes as delineated in Figure 2. Ideally, all the feed protein (Pfeed) 

should be ingested during feeding; however, a minor portion of it will unavoidably be 

lost as rejected feed items (Puneated). Depending on the nutritional quality of the feed, 

some of the ingested protein will pass undigested through the GI tract and be excreted 

in the feces (Pfeces). The remaining fraction of protein, defined as the digestible protein 

(Pdigestible), is degraded to form free amino acids that are utilized for synthesis new 

proteins or respired to produce ATP. In all animals, respiration of amino acids 

generates different nitrogenous wastes, the most predominant being uric acid, urea 

and ammonia. Uric acid and urea are the major wastes in mammals and birds as these 

animals have low tolerance towards ammonia. By contrast, fish produce mainly 

ammonia but, like terrestrial animals, most fish can also produce smaller amounts of 

uric acid and urea (Wright, 1995). Furthermore, mobilization of stored protein may 

occur during prolonged starvation leading to an increase in the intracellular pool of 

amino acids. The mobilized amino acids are typically respired to produce energy when 

lipid and glycogen reserves have been depleted. In addition, certain amino acids (e.g. 

Ala, Ser, Glu, Asp and Gln) may be used as substrates in gluconeogenesis to produce 
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glucose that is utilized to restore the glycogen reserve in the liver (Falco et al., 2020; 

Pérez-Jiménez et al., 2011). 

 

Figure 2. Simplified illustration of the nitrogen balance in fish demonstrating essential processes for 

dietary protein (Pfeed). Abbreviations: P = protein and FAA = free amino acids liberated during protein 

digestion. For simplification, excretion of urea and uric acid has been omitted since these wastes are 

of minor importance for fish. 

Protein retention refers to the amount of feed protein that is assimilated as cellular 

protein in fish tissue. Mathematically, protein retention can be expressed using 

equation (1): 

Retained protein = Ptissue = Pfeed – Ptotal loss (1) 



12 
 

Feed rejection, faecal excretion and production of nitrogenous waste, mainly 

ammonia, contribute to the total loss of feed protein. For an optimized feed, the total 

loss must be kept at a minimum which can be assured by selecting protein sources 

that fulfil multiple criteria. The following section outlines the considerations that should 

be taken into account when assessing the suitability of a specific protein source for 

fish feed. 

1.2.2.2 Nutritional aspects 

Several factors must to be considered when evaluating the nutritional potential of a 

protein source. These include: 1) dietary protein content, 2) amino acid profile, 3) 

palatability, 4) content and types of antinutritional factors (ANFs) and 5) the protein to 

energy ratio. 

It is crucial that the protein content of the diet meets the protein requirement of the 

cultured fish species since unbalanced protein levels may have adverse effects on the 

nutritional status of the fish as well as the environment. It is well documented that 

protein deficit impairs growth while excess protein is associated with increased 

excretion of nitrogenous compounds (Bibiano Melo et al., 2006; Carvalho et al., 2017; 

De Carvalho et al., 2010). Dietary protein requirement is not an absolute value as it is 

influenced by various factors including trophic level of the fish, abiotic factors, fish size 

and the nutritional value of the feed or feed ingredients (Teles et al., 2020). A positive 

correlation between trophic level and dietary protein requirement has been established 

which can explain the interspecific variations in protein requirement. As a result, 

carnivorous fish have higher protein requirements (40-50%) than herbivorous and 

omnivorous fish (25-35%) (Gatlin, 2010; Teles et al., 2020). Conversely, intraspecific 

variations in protein requirement may result from differences in abiotic factors such as 

water temperature, fish size and feed quality. In some fish species, the protein 

requirement decreases with increasing water temperatures, which is probably a 

consequence of improved protein digestibility and better carbohydrate utilization at 

higher temperatures (Amin et al., 2014; Glencross and Bermudes, 2010). Similarly, an 

inverse relationship between fish size and protein requirement has been shown for 

some species indicating that larger fish require less protein than smaller ones (Page 

and Andrews, 1973; Yoshimatsu et al., 1992). Finally, the protein requirement is 

typically lower for high-quality protein sources due to high bioavailability and 

digestibility of proteins (Oliva-Teles, 2012). 
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The amino profile and the EAA/NEAA ratio are known to be influencing the protein 

retention and ammonia excretion as well as the feed intake. Generally, maximum 

protein retention is obtained when the amino acid composition of the feed meets the 

dietary amino acid requirement of the cultured species. On the other hand, increased 

ammonia excretion occurs if dietary levels of amino acids surpass the amino acid 

requirement because excess amino acids might be used for energy production by 

oxidative deamination (Green et al., 2002a). A number of studies have evaluated the 

effect of EAA/NEAA ratio on protein retention and ammonia excretion in several fish 

species (Green et al., 2002b; Mambrini and Kaushik, 1994; Peres and Oliva-Teles, 

2006). These studies demonstrated that protein retention increased and ammonia 

excretion decreased with increasing EAA/NEAA values. Furthermore, an EAA/NEAA 

ratio of 50:50 was reported to be preferable for all examined fish species as this ratio 

promoted maximum protein retention (Ptissue) and feed intake while minimizing 

discharge of ammonia. 

In broad terms, antinutritional factors (ANFs) can be defined as biologically active 

molecules that reduce the bioavailability of nutrients resulting in inhibited digestion. In 

nature, ANFs constitute an essential part of the chemical defence system utilized by 

plants and therefore ANFs are most prevalent in plant-derived fish feeds (Samtiya et 

al., 2020). Antinutritional factors (ANFs) are commonly grouped into six major classes: 

alkaloids, saponins, phytate, protease inhibitors, tannins and structural cell wall 

constituents including cellulose, hemicellulose and lignin. While some ANFs directly 

impact the digestion of nutrients (phytate, protease inhibitors, tannins and cell wall 

components), others act as deterrents due to their bitter taste, thus reducing feed 

intake (alkaloids and saponins)(Glencross et al., 2020; Sinha et al., 2011). 

Concentrations of ANFs in fish feeds should be kept at an absolute minimum to 

enhance feed intake and reduce nutrient losses in feces. 

Utilization of ingredients that improve the overall feed palatability and attractability may 

promote feed intake and diminish waste production stemming from uningested feeds 

(Al-Souti et al., 2019). While the term palatability is related to taste and smell, 

attractability is mainly controlled by the visibility of the feed. The physical properties of 

a feed are determined by a number of chemical factors including the quantities of 

macronutrients, ANFs, toxins and stimulants/attractants which indirectly affect feed 

palatability and attractability (Eriegha and Ekokotu, 2017). 
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Finally, feed intake and protein utilization are influenced by the digestible protein to 

digestible energy (DP/DE) ratio which varies depending on the feed composition of 

lipids, carbohydrates and protein. In bioenergetics, digestible energy (DE) is defined 

as the difference between gross energy of the feed (GE) and the energy lost in feces 

(FE) (Kaushik et al., 2002). The effect of varying DP/DE ratios has been investigated 

for several fish species including rainbow trout (Oncorhynchus mykiss) (Lee and 

Putnam, 1973), Nile tilapia (Oreochromis niloticus) (Fernandes et al., 2016) and 

channel catfish (Ictalurus punctatus) (Garling and Wilson, 1976). As a whole, these 

studies established that the DP/DE ratios required for maximum protein retention vary 

among different fish species. Generally, low DP/DE ratios, which are characteristic of 

high-energy diets with low protein content, promote the utilization of lipids and 

carbohydrates as energy sources instead of protein, a phenomenon known as protein 

sparing. Although protein sparing reduces ammonia excretion, it may lead to 

insufficient protein intake since fish eat to meet their energy requirements. In contrast, 

high DP/DE ratios (low energy, high protein) are often associated with excess 

consumption of protein and consequently increased ammonia excretion. This can be 

explained by the fact that fish need larger amounts of feed to meet their energy 

demands when fed low-energy diets (Kaushik et al., 2002; Oliva-Teles, 2012; Wilson 

and Halver, 1986). Having considered the key aspects of fish nutrition with focus on 

protein, we will now move on to discuss the basic principles of aquafeed production. 

1.2.3 Fundamentals of aquafeed production 

Insight into the nutritional requirements of fish and the nutritive value of the feed 

ingredients is of prime importance for producing nutritionally adequate fish feeds. 

Overall, the manufacturing of fish feed entails three major operations: 1) ingredient 

selection, 2) feed formulation and 3) feed production. In the feed manufacturing 

industry, it is commonplace to express nutrient values as percentage of the dry matter 

content (DM). Accordingly, all values presented in this thesis will be reported on a dry 

matter basis also known as “as-fed” basis. 

Fish feeds are composed of six main ingredients derived from different sources 

including: 1) protein supplements (>20% protein), 2) energy supplements, mostly fat 

and oils (<20% protein), 3) soluble carbohydrates, 4) mineral supplements, 5) vitamin 

supplements and 6) additives. Additives do not add any nutritional value to the feed 

but they are still of high value. These compounds include filling agents, such as 
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cellulose, palatability enhancers, medication, antimicrobial agents and enzymes 

(Gatlin, 2010; Hardy and Barrows, 2003). As previously stated, dietary carbohydrates 

are not essential for fish; nevertheless, most formulated diets contain appreciable 

levels of soluble carbohydrates such as starch (15-20%) which are cheap energy 

sources and possess a high binding capacity (Craig and Kuhn, 2017). Protein is the 

most important ingredient in fish diets because of the high dietary demand for this 

nutrient. Many feeds consist of multiple protein sources mixed in adequate quantities 

to meet the protein requirements of fish. Selection of protein sources for feed 

formulation is based on different key considerations. First, a protein source should be 

rich in high-quality protein (50-70%) and palatable. Second, stable annual availabilities 

and low costs are essential prerequisites for ensuring an economically sustainable 

production of fish feeds. 

The ultimate goal of feed formulation is to compute quantities of selected ingredients 

required for a nutritionally balanced diet that meets the minimum requirements of fish 

(Hardy and Barrows, 2003). Formulation of fish feeds that consist of multiple 

ingredients are performed in formulation softwares with inbuilt calculation 

spreadsheets. During feed production, calculated amounts of selected ingredients are 

mixed with water to form a homogeneous mixture that is further processed by 

pelletization and drying to form compact feeds of desired shape, texture and density 

(Sayooj and Ebeneezar, 2021). In the manufacturing of feed pellets two major 

technologies prevail, namely extrusion or steam compression. The type of processing 

mode determines the physical characteristics of a feed which may affect the 

performance of fish. Fish differ in the way they respond to and utilize different types of 

pellets. In general, extruded diets have several advantages over steam-compressed 

diets. These include a high utilization efficiency and hence low wastage, increased 

starch gelatinization, high durability and excellent water absorption capacity (Hilton et 

al., 1981). On the contrary, extrusion may have a negative impact on feed quality due 

to heat-induced degradation of vitamins and amino acids in extruded pellets (Misra et 

al., 2002). In addition, the hardness of extruded pellets may reduce feed intake and 

disturb the digestive processes in some fish species (Jacobsen et al., 2018). 
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Aside from the nutritional and economical considerations of feed formulation, it is 

important to evaluate the practical aspects of the manufacturing process including type 

of pelletization mode, which indirectly affect feed quality and thus fish performance. 

1.3 The protein source in fish feed 

1.3.1 Conventional protein sources 

Currently, two major types of protein supplements are applied in formulated 

aquafeeds: animal-based and plant-based meals (Tacon et al., 2011). The animal-

based meals are derived from marine or terrestrial sources. They include fishmeal and 

meals produced from bone, blood, feathers, shrimp and poultry by-products (Hardy 

and Barrows, 2003). Plant-based protein is mainly sourced from oil seeds such as 

soybean, rapeseed, sunflower, groundnut, cottonseed and palm kernel (Salin et al., 

2018). To date, fishmeal and soybean meal represent the most widely used protein 

sources in aquafeed production. 

Fishmeal is obtained from different sources, mostly wild-caught fish but also fish 

processing waste such as frames, offal and trimmings (Ghaly et al., 2013; Péron et 

al., 2010). Whole fish or fish by-products are reduced to fishmeal in a three-step 

process which involves cooking, drying and grinding. Apart from fishmeal, this process 

also generates fish oil commonly used as energy supplements in fish feeds (Ghaly et 

al., 2013). Fishmeal constitutes the most attractive ingredient in formulated fish feeds 

as it is associated with a high feed intake, good fish performance and minimal nitrogen 

excretion (Oliva-Teles, 2012). These benefits result from its excellent nutritional 

properties including high palatability, high protein content (50-70%), well-balanced 

amino acid profile and no ANFs. In addition, fishmeal is rich in other essential nutrients 

such as fatty acids and vitamins (Cho and Kim, 2011). As such, fishmeal is 

distinguished as the most complete feed ingredient reported to date. Dependence of 

fishmeal as the main protein source in fish feeds is a continuing concern within the 

aquaculture industry as an increasing demand for fish protein may lead to shortage of 

the small pelagic fish species exploited for fishmeal production (Olsen and Hasan, 

2012; Salin et al., 2018). In recent years, fishmeal prices have escalated due to 

reduced availability of wild fish in the oceans combined with an increasing aquaculture 

production. From 2000 to 2018, the global fishmeal prices underwent a steep increase 

from 452 USD/tonnes to 1596 USD/tonnes (Jannathulla et al., 2019). Concurrently, 
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fishmeal production from non-targeted captures declined from ~7.3 million tonnes in 

1994 to ~5.0 million tonnes in 2020 (FAO, 2020). These challenges have bolstered 

efforts to implement alternative protein sources in aquafeed production, thereby 

reducing the reliance on fishmeal. 

The last decades have seen a growing trend in the use of soy protein owing to its wide 

availability and high nutritional quality. Soy protein is available in the form of soybean 

meal and soy protein concentrate which differ with respect to protein content, ANFs 

levels and amino acid profiles. Soy protein concentrates are characterized by a high 

protein content (>75%), insignificant levels of ANFs and a favourable amino acid 

profile similar to that of fishmeal (Dersjant-li, 2002). In comparison, soybean meal has 

a lower protein content (40-50%) and contains considerable amounts of different 

ANFs, primarily trypsin inhibitors and phytate. Furthermore, soybean meals are 

deficient in certain amino acids such as lysine and methionine (Hardy, 2010). 

Consequently, soybean meals have lower nutritional value than soy protein 

concentrates, and therefore high inclusion levels soybean meals adversely affect 

nutrient utilization in most fish species (Kaushik et al., 1995). Although soybean meals 

have lower nutritional quality as compared to soy protein concentrates, they are still 

the most common type of soy protein in aquafeed. Besides nutritional limitations, the 

usage of soybean meals in aquafeed poses an environmental challenge because soy 

production is associated with intensified land use and high CO2 emission caused by 

increased deforestation (Pelletier et al., 2018). Furthermore, a high content of phytate 

in soybean meal is problematic in two respects. Firstly, phytate increases faecal 

excretion of phosphorus because fish lack the enzyme phytase and are therefore 

unable to utilize phytate-bound phosphorus. Secondly, phytate inhibits the absorption 

of minerals and protein via complexation which prevents utilization of these nutrients 

in fish (Dalsgaard et al., 2009; Kumar et al., 2012). 

The challenges imposed by conventional protein sources, have spurred a need to 

identify and implement sustainable alternatives in aquafeeds. Potential alternative 

protein sources will be explored in the next section focusing on agroindustrial by-

products, which are abundant and rich in recoverable protein. 
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1.3.2 Agroindustrial by-products as alternative protein sources 

Agroindustrial by-products are a diverse group of residues with high protein content 

and as such, they represent potential sources of protein for aquafeed. Despite this, 

agroindustrial by-products are mostly disposed of through landfilling and incineration. 

Depending on their origin, agroindustrial by-products can be classified into animal-and 

plant-derived by-products (Reguengo et al., 2022). The animal-derived by-products 

comprise a small group, consisting of meat waste from fish and livestock as well as 

dairy by-products. On the other hand, the plant-derived by-products form a large group 

of multiple residues emanating from the processing of different plant materials. 

Three of the most abundant plant-derived by-products are: 1) grape pomace from 

wineries, 2) dried distiller’s grain (DDG) from ethanol production) and 3) brewer’s spent 

grain (BSG) from beer brewing (Petruccioli et al., 2011). Recently, these plant-derived 

by-products have attracted increasing attention as potential protein sources for fish 

feed because of their wide distribution, exorbitant quantities and low prices (Diógenes 

et al., 2019; Jayant et al., 2018; Peña et al., 2020). Table 1 compares the proximate 

compositions and global production volumes reported for BSG, DDG and grape 

pomace. 
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Table 1. Composition and worldwide production of three abundant plant-derived agroindustrial by-products.* 

 

 Protein 

(%DM) 

Lignina 

(%DM) 

Celluloseb 

(%DM) 

Hemicellulosec 

(%DM) 

Global 

production 

in 2020 

(mio. tonnes) # 

References 

Brewer’s spent 

grain (BSG) 
 

25.8 5.4 16.5 34.4 36.4 (Heuzé et al, 

2017; Karlsen 

and Skov, 2022) 

 

Dried distiller’s 

grain (DDG) 

29.5 4.3 9.3 20.6 24.0 (Heuzé et al, 

2015; USDA, 

2021; 

Shahbandeh, 

2022) 

 

 

Grape pomace 13.6 33.7 18.9 8.2 8.50 (Castellanos-

Gallo et al., 

2022; Heuzé and 

Tran, 2020) 

*All nutritional data is average values acquired from the open access information system Feedipedia. 

The reported compositions of the three by-products are based on: 1) dehydrated, unground BSG, 2) 

maize distiller’s dried grain with solubles and 3) dehydrated grape pomace containing stems, seeds and 

skins. #Note on data sources: production volumes of dried distiller’s grain (DDG) were estimated as the 

sum of values reported for United States (~24 mio. tonnes) (USDA, 2021) and Europe (~4.2 mio. 

tonnes) (Shahbandeh, 2022) as no single source was available. Contributions from UK and other DDG 

suppliers are not included in this estimation. aLignin content is determined as acid detergent lignin (ADL) 

and excludes the acid-soluble lignin fraction. bCellulose content is calculated as the difference between 

acid detergent fibre (ADF) and ADL: cellulose = ADF – ADL. cHemicellulose content is calculated by 

subtracting ADF from the neutral detergent fibre (NDF): hemicellulose = NDF – ADF 

Currently, the use of these by-products in aquaculture has been restricted by two 

major drawbacks. Firstly, their protein content is too low to meet the high protein 

requirement of most fish species. Secondly, these residues contain considerable 

amounts of lignin, cellulose and hemicellulose which are antinutritional factors (ANFs) 

for fish (Kokou and Fountoulaki, 2018). To realize the potential of these residues as 

aquafeed ingredients, they must undergo a refinement in which the protein content is 

increased and the lignocellulosic material is removed. In a broader perspective, the 
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valorization of these residues as aquafeed ingredients may contribute to the 

development of a circular economy because value is added to waste that would 

otherwise be dumped in landfills or incinerated. 

This PhD project addresses the possibility of implementing BSG as an alternative 

protein source in fish feed with focus on different valorization strategies. Yet, all 

refinement methods considered for BSG could be extended to other plant-derived by-

products due to the compositional similarity between these residues. 

1.3.3 Brewer’s spent grain (BSG) as an alternative protein source for fish 

feed 

1.3.3.1 Production of BSG: the beer brewing process 

Brewing is an industrial process that transforms cereal grains into beer. In addition, 

brewing generates huge quantities of by-products including BSG and brewer’s yeast 

(Rachwał et al., 2020). Brewer’s spent grain is the most abundant by-product 

representing ~85% of the total waste streams generated during production of beer. 

Barley (Hordeum vulgare) is the main ingredient in the beer brewing process. 

Structurally, a barley grain is compartmentalized into three sections: the embryo 

(germ), the endosperm and the grain covering. The endosperm comprises a matrix of 

starch and protein encapsulated in a layer of aleurone cells that separates it from the 

grain covering. The grain covering surrounds the inner parts of the grain (embryo and 

endosperm) and consists of three distinct layers which include the teste (inner seed 

coat), the pericarp (middle layer) and the husk (outer layer). The latter is a protective 

layer consisting mainly of dead cells rich in lignocellulose and silica (Mosher and 

Trantham, 2017; Willows et al., 2017). During the initial stages of beer brewing, the 

starchy endosperm undergoes substantial alterations resulting in the production of 

fermentable sugars. Transformation of the endosperm takes place in two separate 

processes known as malting and mashing. Malting is the germination of barley grains 

in which the endosperm is chemically modified by synthesis and activation of hydrolytic 

enzymes. After malting, the germinated barley grains, referred to as the malt, are 

milled to separate the grain covering from the endosperm and increase the exposure 

of starch and proteins to hydrolytic enzymes. Subsequently, the milled malt undergoes 

mashing in which a sweet wort is produced under action of the hydrolytic enzymes 

produced during malting. This liquid forms the primary fermentation medium for beer 
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production as it contains significant amounts of fermentable sugars (glucose) 

generated by enzymatic hydrolysis of endosperm starch. After mashing, the wort is 

enriched by hops and sugars to form a so-called hopped wort. Finally, the hopped wort 

is isolated by filtration through a bed of insoluble and undegraded malt, which 

accumulates and forms a filter in the bottom of the mash tun. Brewer’s spent grain 

constitutes the wet, grainy material obtained from wort filtration and is mainly 

composed of grain coverings as well as endosperm fragments (Lewis and Young, 

2001; Mussatto et al., 2006). 

1.3.3.2 Chemical composition of BSG 

Brewer’s spent grain is heterogeneous biomass majorly composed of lignin (~12-28% 

DM), cellulose (12-25% DM), hemicellulose (20-25% DM) and protein (20-30% DM). 

Furthermore, BSG contains several minor constituents including lipids (7-10% DM), 

ash (2-5% DM), minerals (~1%), mono-and disaccharides such as glucose, fructose 

and sucrose, vitamins in traceable amounts and endosperm-derived β-glucans and 

starch (~1%) (Steiner et al., 2015; Waters et al., 2012). 

Lignin is a phenolic polymer composed of three alcohol monomers: p-coumaryl, 

coniferyl and sinapyl. To synthesize lignin, these monomeric precursors are coupled 

randomly via a radical-induced polymerization reaction resulting in the formation of a 

complex aromatic network consisting of several C-C and ether linkages. Due to its 

structural complexity and high content a stabile bonds (C-C and C-O), lignin is highly 

recalcitrant towards degradation (Yinghuai et al., 2013). Hemicellulose and cellulose 

are collectively referred to as non-starch polysaccharides (NSP). Structurally, 

cellulose is a linear polysaccharide of glucose monomers linked together by β-1,4-

glycosidic bonds. Because of its high content, cellulose represents the primary source 

of glucose in BSG while starch and β-glucans account for a minor fraction of glucose. 

Arabinoxylan (AX) constitutes the most abundant hemicellulose in BSG and is an 

amorphous polysaccharide composed of a xylose backbone with a complex 

substitution pattern. The xylose backbone is mainly substituted with arabinose 

moieties at O-2 and/or O-3 but it can also be linked to other substituents such as uronic 

acids, methylated uronic acid and acetyl groups (Coelho et al., 2016). Furthermore, 

xylose-linked arabinose can be esterified to ferulic acids which may result in formation 

of diferrulic acid cross-linkages between adjoining AX strands under oxidative 

conditions (Lynch et al., 2016). Lignin, hemicellulose and cellulose are arranged in a 
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compact structure known as lignocellulose. In this arrangement, cellulose and 

hemicellulose are held together via hydrogen bonds while hemicellulose forms ether 

and ester linkages with lignin (Mandalari et al., 2005). 

After lignocellulose, protein is the second most abundant component in BSG 

representing up to 30% of DM. The proteins of BSG belong to the class of cereal 

protein which are divided into four major types based on their extractability differences 

in different solvents. These include: 1) water-soluble albumins, 2) salt-soluble 

globulins, 3) alcohol-soluble prolamins and 4) acid/alkaline soluble glutelins (Byers et 

al., 1983). Hordeins (barley prolamins) are the most abundant protein type in BSG 

(>50% of total protein) followed by glutelins while albumins and globulins represent 

the smallest fraction of the total BSG protein (~2%) (Celus et al., 2006). From a 

nutritional perspective, the proteins of BSG can be defined as high-quality proteins 

due to a high content of amino acids that are essential for fish (~65% of total protein). 

Among these, Lys, Leu, Phe and Ile are the most abundant with concentrations 

estimated at ~14%, ~6%, ~5% and ~3% of the total protein, respectively (Waters et 

al., 2012). 

1.3.3.3 Potential of utilizing BSG as an alternative fish feed ingredient 

Since the advent of the brewing industry, BSG has mainly found use as a low-cost 

feed supplement for livestock. However, the current oversupply of BSG combined with 

its poor storability pose challenges for the transportation from breweries to farmers 

(Steiner et al., 2015). As a result, surplus BSG is disposed of by other means, mainly 

landfilling or incineration which represent environmental nuisances (Johnson et al., 

2010). Hence, incorporation of BSG as a second-generation feedstuff in aquafeed 

could be a way to diminish the environmental impact caused by current waste 

management practices. 

To date, a number of studies have addressed the use of raw or semi-refined BSG as 

a feed ingredient for different fish species (Fernandes et al., 2022; He et al., 2020; 

Jayant et al., 2018; Nazzaro et al., 2021). These studies have tended to focus more 

on the nutritional aspects of utilizing BSG in aquafeeds rather than the socio-economic 

implications. One recent study of He et al. (2021) considered the economic aspects 

related to production of a BSG-derived protein concentrate intended for fish feed. They 

concluded that the production costs of this BSG product (1043 USD/t) were 
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considerably lower compared with the current fishmeal price (1449 USD/t). This finding 

suggests that BSG valorization is economically viable provided that cost-effective 

methods are employed. Studies on the nutritional impact of utilizing BSG in aquafeed 

found that the maximum allowed inclusion levels varied depending on fish species. 

Expectedly, carnivorous fish species displayed a lower tolerance towards high 

inclusion levels of BSG as compared to omnivorous and herbivorous fish. This was 

demonstrated by Nazzaro et al. (2021) who found that low inclusion of 20-30% raw 

BSG was appropriate for maintaining a high protein digestibility in rainbow trout and 

gilthead seabream (Sparus aurata) which are both carnivorous fish species. Similarly, 

Jayant et al. (2018) established that replacing soybean meal with up to 50% of raw 

BSG did not negatively affect growth or protein digestion in striped catfish 

(Pangasianodon hypophthalmus) which is an omnivorous fish species. Furthermore, 

the benefits of BSG valorization were substantiated by He et al. (2020) who found that 

growth and feed utilization of Pacific white shrimp (Litopenaeus vannamei) were 

unaffected when fishmeal was replaced by up to 50% of a BSG-derived product with 

high protein content (46% DM). Likewise, Fernandes et al. (2022) showed that the 

growth performance and protein digestion of European seabass (Dicentrarchus 

labrax) increased with increasing levels of an enzyme extract produced by solid-state 

fermentation of BSG. 

Previous studies have not been able to incorporate BSG at inclusion levels higher than 

50% which can be attributed to the nutritional constraints of raw and semi-refined BSG. 

To enable higher inclusion in aquafeeds, BSG must therefore be extensively refined. 

The prospects of developing of an economic refinement method for BSG, thereby 

allowing for higher inclusion levels (60-90%) in aquafeeds, has been the primary 

motivation for this PhD project. 
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1.4 PhD study: major objectives and structure 

The overarching aim of the PhD project was to evaluate the suitability of different 

valorization methods for converting BSG into a high-quality protein source for fish feed. 

Initially, a systematic review was performed to attain a complete overview of existing 

research into BSG valorization. The knowledge gained from this literature study was 

compiled in a review article (Paper 1) which served as a reference work in elaborating 

the experimental studies. To address the main objective of the PhD project, two 

general refinement strategies were considered as outlined in Paper 1: 

1) Chemical fractionation, in which protein is separated from lignocellulose by 

extraction. 

2) Conversion of lignocellulose, in which the lignocellulosic components are 

transformed into compounds that can be digested by fish or utilized as starting 

materials in production of various value-added compounds. 

Based on these strategies, the experimental work was divided into three parts: 

 Part I intended to optimize the protein extraction of BSG by testing the effect of 

various parameters on protein yield and protein content of BSG-derived isolates. 

All results from this part are presented in Paper 2. 

 Part II examined the possibility of eliminating lignin by a fungal delignification 

strategy using solid-state fermentation (SSF) under different cultivation conditions. 

 Part III had two major objectives. First, the cellulose and hemicellulose of BSG 

were hydrolysed to yield a liquid hydrolysate containing NSP-derived 

monosaccharides. Second, this BSG hydrolysate was utilized as a substrate for 

production of two types of value-added products by submerged fermentation: 1) 

free amino acids and 2) single cell protein (SCP). Results from the fermentation 

experiments are compiled in Manuscript 3 and Manuscript 4. 

The following chapters provide an overview of the major findings of this PhD project 

along with a short theoretical background of the applied valorization methods. For a 

detailed overview of the various refinement methods reported to date, the reader is 

referred to Paper 1. 
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2. Storage and initial processing of BSG 

2.1 Storage of BSG 

The high moisture content of fresh BSG (70-80%) coupled with a favourable chemical 

composition makes it an excellent substrate for microbial growth (Robertson et al., 

2010a). Consequently, wet BSG is highly susceptible to spoilage under improper 

storage conditions which is problematic in two respects. First, microbial colonization 

will lead to chemical deterioration of BSG eventually impairing its nutritional quality 

(Robertson et al., 2010b). Second, poor storage may increase the production of 

aflatoxins by inherent aflatoxin-producing fungi growing on BSG, mainly species 

belonging to the genera Aspergillus, Penicillium and Fusarium (Gerbaldo et al., 2011; 

Sodhi et al., 1985). Inappropriate storage facilitates the proliferation of these microbes 

leading to production and accumulation of aflatoxins (Asurmendi et al., 2013; Sodhi et 

al., 1985). These compounds are harmful for fish although tolerance differs greatly 

among different fish species. Hence, employment of adequate storage conditions is of 

paramount importance to prevent chemical alterations and aflatoxin contamination of 

BSG. A detailed description of the toxicogenic effects of aflatoxins and different 

detoxification strategies can be found in Paper 1 (Section 4.2.3.1 Aflatoxins). 

The most common methods for BSG storage encompass drying and freezing. While 

drying renders BSG microbiologically stable and more manageable by removing 

water, freezing is used for long-term preservation of wet BSG. The major 

disadvantages of freezing are the demand for bulk storage area and the fact that the 

arabinoxylan (AX) content is significantly reduced during thawing of BSG (Bartolomeé 

et al., 2002). For aquafeed applications, however, a reduction in the AX content might 

be beneficial due to the antinutritional effect of AX on most fish species (Sinha et al., 

2011). Overall, there are three main types of drying: freeze-drying, oven-drying and 

superheat steam (SS) drying. Freeze-drying and oven-drying are energy-intensive 

techniques and as a result less suitable for large-scale applications. Furthermore, 

these drying methods apply harsh conditions which might induce compositional 

changes in BSG, mainly decreases in protein and lipid contents stemming from partial 

degradation of these components (Santos et al., 2003). On the other hand, SS drying 

is a mild technique known to have negligible impact on the composition of BSG; yet, 
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the main weakness of this method is a requirement for technically advanced and costly 

equipment (Tang et al., 2005). 

The storage and initial processing of the BSG batches employed in this PhD project 

involved the following consecutive processes: 

I. Storage of wet BSG by freezing (-20°C) 

II. Slow thawing of frozen BSG followed by autoclaving (121°C for 15 min) 

III. Water removal by drying at 60°C 

IV. Mechanical pretreatment by micronization 

Autoclaving was performed to remove any indigenous microbial activity from BSG. As 

established by Robertson et al. (2010a), autoclaving may lead to heat-induced 

decomposition of certain constituents in BSG such as starch and phenolic compounds. 

To ascertain whether proteins and amino acids were degraded during autoclaving, the 

contents of these compounds were determined in autoclaved and non-autoclaved 

BSG. Results from this analysis clearly showed that autoclaving did not affect the 

composition of protein and amino acids (data not shown). Furthermore, autoclaving 

may lead to structural alterations of proteins which could affect the physico-chemical 

properties, and hence the extractability, of proteins from BSG. Even so, the effect of 

autoclaving on protein extractability was not examined in this PhD project. 

Micronization was performed at the Danish Technological Institute to reduce the 

particle size of BSG, thereby increasing the surface area and reducing the cellulose 

crystallinity. This process is believed to enhance the efficacy of BSG refinement due 

to increased exposure of macromolecules to enzymes and/or extraction solvent. 

Furthermore, micronization might lead to a partial fragmentation of the lignocellulosic 

structure which may increase the accessibility of cellulose and hemicellulose to 

enzymatic attack (Kumar et al., 2017). In the section that follows, the principles of the 

micronization method applied for BSG will be outlined followed by an evaluation of the 

proximate composition of micronized BSG fractions. 

2.2 Micronization of BSG 

The micronization method used in this PhD project can be divided into two basic 

processes: milling and sifting. Whilst milling reduces the overall particle size of a 
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biomass resulting in a mixture of different size fractions, sifting is used to segregate 

the milled material into separate fractions of uniform size distribution. 

Traditionally, the milling process has been classified into two main types based on 

their mode of grinding: knife milling and hammer milling. During knife milling, biomass 

is chopped into smaller fragments while hammer milling squeezes the biomass to form 

long fibrous chains (Montgomery and Bochmann, 2014). For the purpose of this PhD 

project, BSG was milled employing a knife milling system. Specifically, dried BSG 

entered a milling chamber via a feed throat (hopper) wherein it was shredded by the 

rotation of a blade assembly anchored to a central rotor. This process generates a 

fierce centrifugal force which causes extrusion of milled material through a sieve that 

surrounds the milling chamber. Finally, the milled BSG was collected in a receptacle 

connected to the milling chamber. Prior to milling, BSG was dried at 60°C to obtain a 

dry matter content higher than 90% as a high moisture content is associated with 

increased operation costs owing to strengthened shearing forces of the wet material 

(Barakat et al., 2015). 

Sifting is used to separate the milled biomass into different fractions based on particle 

size. This process is commonly carried out using a horizontal vibratory sifter which 

contains a stack of sieves with decreasing mesh size (Liu, 2009). The idea of this 

technique is that smaller particles will pass through the sieve apertures while oversize 

particles are rejected and conveyed to the opposite end of the sifter where they are 

collected. Thus, the largest fraction is always obtained from the upper sieve while the 

smallest fraction passes through all sieves and is collected under the lowest sieve. 

Previous studies have established that particle size influences the chemical 

composition of the sieved fractions, thus indirectly affecting their nutritional quality. 

Often, larger size fractions have lower nutritional value due to a lower protein content. 

Conversely, smaller size fractions tend to have higher protein content and thus a 

higher nutritional value (Hanif et al., 2014; Neto et al., 2016). Consequently, sifting 

may offer a powerful tool for eliminating fractions of lower quality from the initial 

biomass. 

Micronization of BSG resulted in obtainment of three size fractions, referred to as small 

(<125 µm), medium (125-250 µm) and large (>250 µm). The medium fraction 

represented the most abundant fraction totalling ~66% of the micronized BSG followed 
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by the small fraction (~25%) and the large fraction (~9%). Following micronization, the 

proximate composition of all size fractions were determined (Table 2). 

Table 2. Proximate composition of size fractions obtained from micronization of brewer’s spent grain 

(BSG). All fractions were analysed in duplicates and results reported as mean SD. 

 

BSG fractions Dry matter (%DM) Ash (%DM) Lipid (%DM) Protein (%DM)* 

 

Small (<125 µm) 

 

94.6  0.00 

 

 

3.50  0.03 

 

 

 

14.2  0.1 

 

36.8   0.10 

 

Medium (125-250 µm) 

 

95.0  0.00 

 

 

4.21  0.03 

 

 

9.90  0.04 

 

20.2  0.10 

 

Large (>250 µm) 

 

95.5  0.00 

 

4.27  0.00 

 

5.60  0.03 

 

14.1  0.10 

*Protein content was determined with the Kjeldahl method and includes non-protein nitrogen (NPN) as 

well as protein nitrogen. To calculate the protein content, Kjeldahl N was multiplied by a conversion 

factor of 6.25. 

The most compelling result was that the protein content was ~2.6 fold higher in the 

small fraction (~37%) as compared to the large fraction (~14%). This finding was 

encouraging because it suggests that the protein content of BSG could be increased 

by mechanical treatment. Although interesting, the potential of valorizing BSG by 

mechanical processing was not explored further as this PhD project focused 

exclusively on chemical and biological valorization methods. Even though the small 

size fraction had the highest protein content, it was considered unsuitable for 

chemical/biological treatments due to its dusty nature which may complicate its 

handling and pose a health risk. On the other hand, the medium size fraction presents 

a reasonable trade-off between high protein content and low dustiness. Therefore, this 

size fraction was employed in the experimental work of this PhD project. 



29 
 

3. Part I: fractionation of BSG focusing on protein 

extraction 

3.1 Fractionation methods for BSG 

Chemical fractionation is the process of separating a biomass into its macromolecular 

constituents. In overall terms, a fractionation process consists of two individual steps: 

extraction and isolation. During extraction, the biomass is mixed with a solvent, known 

as the extractant, resulting in the production of an extract that contains the target 

compound as well co-extracted substances. By isolation, the target compound is 

separated from the extract with a suitable method, the most common being 

precipitation and filtration (Galanakis, 2015). Characteristics of a successful 

fractionation process include a high recovery of the target compound and minimal 

content of co-extracted compounds in the final product. This may be achieved by 

selecting extraction and isolation conditions that maximize solubilization and 

separation of the target compound. 

In the context of this PhD project, the overarching goal of utilizing fractionation was to 

produce a protein-rich product from BSG. Drawing on existing literature, fractionation 

of BSG can be categorized into two different approaches: 

1) Fractionation-based removal of lignocellulosic components 

2) Fractionation-based isolation of proteins 

Both fractionation methods are believed to have their advantages and drawbacks. One 

major benefit of the first method may be that it allows for a better exploitation of all 

components in BSG by generating a protein-rich product applicable for feeds and 

lignocellulosic fractions useful for a variety of biotechnological applications. By 

contrast, the second method may be more efficient in obtaining a protein-rich product 

from BSG as it involves fewer extractions; however, it does not ensure full utilization 

of all constituents present in BSG. 

3.1.1 Method 1: fractionation-based removal of lignocellulosic 

components 

A growing body of literature has studied the fractionation of lignocellulosic components 

and proteins in BSG. While some studies have focused on the extraction of single 
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constituents, mainly lignin and AX, others have evaluated sequential processes for 

complete fractionation of lignocellulose. Extraction of AX from BSG has been the 

primary focus of most studies due to the well-documented health benefits of this 

polysaccharide (Mendis and Simsek, 2014). One study by Mandalari et al. (2005) 

demonstrated a highly selective procedure in which AX was sequentially extracted 

from BSG using alkaline solutions of increasing strength (0M to 4M KOH). Similarly, 

Laine et al. (2015) found that AX could be obtained from a single alkaline extraction; 

however, this method was associated with poor selectivity resulting in simultaneous 

extraction of proteins, lignin and lipids. In another study, Reis et al. (2015) reported 

the fractionation of AX from BSG by ultrasound-sound assisted extraction (UAE) and 

concluded that UAE and alkaline extraction were equally efficient in extracting AX. As 

previously reported by Mussatto et al. (2007), lignin can be removed from BSG by 

acidic treatment with sulfuric acid where the highest removal was obtained at pH ~2 

(~80%). More interestingly, sequential fractionation of BSG into lignin, cellulose, AX 

and protein fractions was demonstrated for the first time by D’Heysselaer et al. (2022). 

In this seminal study, BSG was subjected to acidic treatment followed by alkaline 

extraction. These processes led to AX isolation (acidic treatment) and production of 

two products (alkaline treatment): a solid cellulosic fraction and a liquid fraction 

consisting mainly of lignin and proteins. Lignin and protein from the liquid fraction were 

separated into two fractions by acidic precipitation of lignin (D’Heysselaer et al., 2022). 

3.1.2  Method 2: fractionation-based isolation of proteins 

To date, protein extraction presents the most well-studied fractionation method for 

BSG. Previous studies have evaluated the usefulness of numerous extraction 

procedures. These include sequential extractions in different solvents (Osborne 

extraction), alkaline and acidic extractions, hydrothermal extraction, detergent 

extractions, protease-assisted extraction and ultrasonic-assisted extraction (Celus et 

al., 2006; Crowe et al., 1985; He et al., 2021; Qin et al., 2018; Tang et al., 2010; Vieira 

et al., 2014). Additionally, a few studies have investigated different procedures for 

isolation of solubilized proteins including isoelectric precipitation, which occurs at the 

isoelectric point of proteins, ethanol precipitation with and without refrigeration (4°C) 

and ultrafiltration (Ervin et al., 1989; Tang et al., 2009). The most intriguing result from 

the study by Ervin et al. (1989) was that ethanol precipitation appeared to be more 

efficient in recovering proteins from BSG than isoelectric precipitation. Furthermore, 



31 
 

ethanol precipitation with refrigeration increased the protein recovery nearly two-fold 

as compared to ethanol precipitation without refrigeration which suggests that cooling 

promotes precipitation of proteins from the extract. The study by Tang et al. (2009) 

demonstrated the use ultrafiltration for protein isolation, a process that retains proteins 

on membranes while eliminating salts and other low-molecular weight compounds by 

filtration. Even though several methods have been successfully employed in the 

literature, alkaline extraction coupled with isoelectric precipitation continues to be the 

most preferred procedure for extracting and isolating proteins from BSG (Wen et al., 

2019). Therefore, this section focused entirely on alkaline extraction combined with 

isoelectric precipitation. 

3.2 Alkaline protein extraction of BSG 

Proteins were obtained from BSG by alkaline extraction (NaOH) followed by isoelectric 

precipitation as schematized in Figure 3. 

 

Figure 3. Protein fractionation of brewer’s spent grain (BSG) using a combination of alkaline extraction 

and isoelectric precipitation. First, proteins are extracted with an alkaline solution. After extraction, the 

protein-rich supernatant is separated from the solid BSG residue by centrifugation. Then, proteins are 

isolated from the supernatant by isoelectric precipitation resulting in production of a protein isolate which 

is washed with water, neutralized and freeze-dried. 

During alkaline extraction, proteins are separated from the biomass and solubilized in 

alkaline solution (NaOH or KOH). Protein solubilization occurs via unfolding and partial 

hydrolysis of proteins into shorter peptides which are more soluble in alkaline solution 

as compared to the folded proteins. Opon extraction, the solid residue is separated 

from the liquid fraction by centrifugation. Under ideal extraction conditions, most of the 

protein from the original biomass will be recovered in the supernatant. During 

isoelectric precipitation, proteins are isolated from the supernatant by adjusting pH to 

the isoelectric point (pI) of proteins after which the precipitated proteins are washed 

with water, neutralized and freeze-dried. Typical pI values of plant proteins are found 
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within the range of 4-5 (Lam et al., 2018). Protein precipitation occurs because 

proteins are less soluble near their pI. In contrast, proteins display higher solubility at 

pH values above or below their pI. This trend can be explained by the fact that proteins 

are positively charged at pH lower than pI, negatively charged at pH higher than pI 

and neutral at pH equal to pI. Positively and negatively charged proteins will not 

precipitate due to repulsive forces that prevent the formation of insoluble protein 

aggregates (Pace et al., 2004; Türker et al., 2021). Several factors have been found 

to influence extraction and precipitation efficacies, thus affecting the overall protein 

recovery and the protein content of the produced isolates. Major determinants of 

protein extractability include: 1) interactions between proteins and other 

macromolecules in the vegetal matrix, 2) extraction pH and salinity, 3) solid to liquid 

(S:L) ratio, 4) temperature and 5) extraction time (Rodrigues et al., 2012; Sari et al., 

2015b, 2015a). Precipitation efficiency is largely dependent on temperature and 

precipitation pH since even small pH deviations from pI may cause significant 

reductions in the amount of precipitated protein (Ervin et al., 1989; Veide Vilg and 

Undeland, 2017). 

3.2.1 Optimization of alkaline protein extraction of BSG 

Part I investigated the impact of variuous parameters on protein recovery and protein 

content of isolates obtained from alkaline extraction/isoelectric precipitation of BSG. 

The results obtained from Part I are compiled in Paper 2. Therefore, the aim of this 

section is not to provide a detailed exposition of all results, but merely to summarize 

and explain the most significant findings. 

Protein content of isolates and protein yield were used for assessing the efficiency of 

protein extraction and isolation under different conditions. Protein content provides 

insight into the purity of the isolated product, and it was determined as crude protein 

(Cp) or true protein (AAp). The Cp was measured with the Kjeldahl method and includes 

both non-protein-and protein nitrogen. By contrast, AAp includes only protein nitrogen 

and was calculated as the sum of all amino acids. Protein yield (Y), also known as 

protein recovery, expresses the percentage of proteins recovered from the original 

biomass and can be calculated using equation (2): 

 (2) 
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Protein yield reflects the extractability of proteins—that is how easily proteins are 

separated from other biomass constituents—but also the overall efficiency of the 

fractionation process. 

Temperature and time: initially, the effect of temperature and time on protein content 

and yield were evaluated by a two-factorial experiment including three temperature 

levels (30, 45 and 60°C) and four time levels (30, 60, 120 and 180 min). Overall, the 

results indicated that the protein content decreased with temperature while the protein 

yield increased with temperature until a certain point beyond which it started to 

decrease. In contrast, protein yield and content appeared to be inversely correlated 

with extraction time. The inverse correlation between time and yield may be ascribed 

to complete protein hydrolysis yielding free amino acids that would remain in the liquid 

fraction during precipitation. The decreasing protein content, however, might be a 

result of enhanced solubilization of lignin and lignin-AX adducts at longer extraction 

times as lignin is partially soluble in alkaline solutions (Melro et al., 2020; Sari et al., 

2015b). All protein isolates had a relatively high protein content ranging from 40% to 

55%, which might be acceptable for aquafeed applications depending on the target 

fish species. Despite that, all combinations resulted in low yields (6-10%) which could 

be related to low extractability or loss of protein. As shown in Figure 4, protein losses 

might occur during precipitation or washing with water. 
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Figure 4. Partitioning of protein during alkaline extraction and isoelectric precipitation of 

brewer’s spent grain (BSG). Potential losses may occur during precipitation and washing. 

Abbreviations: P = protein, AA = amino acids. 

It is possible that precipitation losses stem from protein-derived amino acids produced 

by complete hydrolysis during alkaline extraction. Alternatively, protein losses could 

be due to incomplete precipitation resulting from indefinite pI values of solubilized 

proteins or inadequate precipitation pH (Ervin et al., 1989). Protein losses occurring 

during the washing step, however, may originate from solubilization of water-soluble 

proteins such as albumins. Furthermore, reduced protein extractability might be due 

to improper agitation during extraction and/or interactions with other biomass 

constituents. To elucidate whether the low yield emerged from poor extractability, 

protein losses or both, five optimization experiments were conducted. 

Precipitation salinity: based on the principles of the salting-out effect, it was 

hypothesized that increased salinity would enhance protein precipitation. This 

hypothesis was tested by comparing results obtained from precipitation of a saline 

extract (0.5 M NaCl) and a control (0.0 M NaCl). Contrary to our expectations, 

increased salinity substantially reduced the protein yield and content compared with 

the control. This rather contradictory result may be explained by the fact that solubility 

is affected by a multitude of factors including salinity, pH, protein structure and amino 
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acid profile (Sousa et al., 2007). These factors, particularly pH, may contribute to an 

increased protein solubility, and hence reduced precipitation, near the isoelectric point 

(4.5) as reported for pea proteins by (Chavan et al., 2001). 

Agitation mode: Two different agitation modes were evaluated: orbital shaking and 

magnetic stirring, of which the latter was expected to be more efficient in extracting 

proteins from BSG. Surprisingly, these agitation modes did not differ with respect to 

protein content and protein yield which was supported by previous studies (Crowe et 

al., 1985; Surasani et al., 2017). 

Chemical pretreatment: three chemical pretreatments were examined to determine 

whether the low yield was due to interactions of proteins with lipids, lignin or both. 

These pretreatments included 1) defatting, 2) delignification and 3) a combination of 

defatting and delignification. Delignification had a positive effect on the protein content 

whereas it did not affect the protein yield. These findings suggest that protein and 

lignin do not form associations and that lignin is simultaneously extracted with proteins. 

Lipid-protein interactions have previously been demonstrated to hamper protein 

extraction; a problem that might be overcome by defatting (Sari et al., 2015b). 

Surprisingly, defatting negatively affected the protein yield, which is probably related 

to the methanol-chloroform system used for defatting. A comparison between the 

protein content of defatted and untreated BSG revealed a lower protein content of 

defatted BSG which suggests that proteins are lost during defatting, probably because 

of moderate methanol solubility. The combined pretreatment was associated with 

increased protein content and reduced protein yield which are almost certainly due to 

the single effects of delignification and defatting, respectively. 

Isolation mode and triple extraction: to rule out the possibility that the low yield was 

due to precipitation losses, isolates produced by freeze-drying and isoelectric 

precipitation of extracts were compared. This comparison revealed that the protein 

yield was almost 3-fold higher for isolates generated by freeze-drying (~30%) 

compared to isolates obtained from isoelectric precipitation (~10%). Evidently, protein 

loss occurred during precipitation which may partly explain the poor protein yield. To 

optimize the protein yield further, isolates were generated using a combination of 

freeze-drying and triple extraction. Results obtained under these conditions showed 

that the protein yield increased from 10% to 45% when freeze-drying and triple 
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extractions were applied instead of precipitation and a single extraction. Although this 

approach may appear promising, it suffers from two serious limitations. First, the 

protein yield (45%) was low in comparison with previous research which reported 

yields higher than 70% (Qin et al., 2018). Second, the protein content of isolates was 

comparable to that of unprocessed BSG (20-25% DM) and as a result, these isolates 

may have low nutritional value. 

The results accumulated from Part I suggest that the low protein yield is caused by a 

combination of low extraction efficiency and precipitation losses. Obviously, further 

optimization is needed to develop a method that allows for maximization of the protein 

yield without compromising the nutritional quality of isolates. 

3.2.2 Recommendations for future research 

Extraction efficiency may potentially be improved through optimization of extraction 

pH and the solid to liquid (S:L) ratio which have been shown to influence protein 

extraction in earlier studies (Gao et al., 2020; Ruiz et al., 2016; Surasani et al., 2017; 

Vareltzis and Undeland, 2012). Furthermore, the protein loss emerging from 

precipitation could be minimized by optimizing the precipitation pH. In this work, an 

extraction pH of 12.40 was necessary to maintain alkaline conditions during extraction 

of BSG; therefore, future research should evaluate extraction pH values above 12.40. 

A S:L ratio of 1:15 was utilized in the present work; yet, increasing the extraction 

volume might improve protein extraction due to increased exposure of protein to 

extractant. Thus, it is recommended that future studies investigate the impact of S:L 

ratio, extraction pH and precipitation pH on protein yield and content. Simultaneous 

assessment of these factors might be accomplished by using a three-factorial design 

which can be constructed as exemplified in Figure 5. 
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Figure 5. Proposal of a nested design for optimization of solid to liquid (S:L) ratio, extraction pH (pHE) 

and precipitation pH (pHP). For simplification, two levels of each parameter were shown in this figure. 

It is well-established that alkaline conditions combined with high temperatures might 

decrease the nutritional value of protein isolates because of an altered tertiary protein 

structure and enhanced production of Maillard reaction products (Deleu et al., 2019). 

Structural alterations of proteins are often associated with reduced solubility in 

aqueous environment. Maillard reactions are known to lower the bioavailability of 

amino acids, especially lysine, which are consumed to form Maillard reaction products 

(Van Rooijen et al., 2013). In consequence, future studies should also consider these 

aspects when evaluating the nutritional quality of protein isolates produced by alkaline 

extraction of BSG. 
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4. Part II: delignification of BSG with focus on 

biological methods 

4.1 Delignification strategies 

Historically, the term delignification has been used to describe the natural process of 

wood decay in which lignin is slowly degraded by microorganisms. In modern terms, 

this definition has been broadened to include any process that results in degradation 

or removal of lignin from a biomass (Wool, 2005). In a biotechnological context, 

delignification serves a dual purpose. Firstly, it may improve the nutritional quality of 

lignocellulosic residues by eliminating the antinutritional effect of lignin, thereby 

enabling their use in feed applications. Secondly, delignification favors downstream 

processing of lignocellulosic biomasses as it increases the access of hydrolytic 

enzymes to cellulose and hemicellulose. Delignification methods can be grouped into 

two broad categories: chemical and biological methods. Chemical delignification relies 

on the extraction of lignin using different solvent systems including alkaline solutions, 

organic solvents (ethanol or acetone) and ionic liquids while biological methods 

employ lignin-degrading microorganisms to delignify a biomass (Christopher et al., 

2014; Prado et al., 2013). The major advantage of biological methods is a low by-

product formation due to the mild operation conditions. In contrast, chemical methods 

often involve harsh conditions which may cause biomass deterioration. On an 

industrial scale, however, biological methods are currently of limited use because they 

require long incubation times (up to 50 days) and may lead to consumption of other 

essential biomass components such as protein and carbohydrates (Tocco et al., 

2021). 

This PhD project aimed to develop a better understanding of the biological 

delignification of BSG. Before proceeding to examine the main findings of Part II, it is 

important to understand the key aspects of biological delignification which will 

therefore be presented in the following pages. 

4.1.1 Biological delignification systems 

Biological delignification is principally carried out using solid-state fermentation (SSF); 

a process that involves the cultivation of microorganisms on a solid substrate in the 

absence and near-absence of free water. Water is an essential element for all 
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microbial processes; therefore, minimum moisture levels are required to sustain 

growth during SSF (Lizardi-Jiménez and Hernández-Martínez, 2017). 

Lignin-degrading microorganisms comprise a diverse group of bacteria and fungi 

(Atiwesh et al., 2022). Generally, fungi are more efficient in lignin degradation as 

compared to bacteria. Lignin-degrading fungi are classified into three main groups 

depending on their ecology and substrate preference: 1) white-rot fungi, 2) brown-rot 

fungi and 3) soft-rot fungi (Janusz et al., 2017). The brown-rot fungi are able to 

depolymerize cellulose and hemicellulose while their lignin degradation is inefficient. 

Soft-rot fungi are non-selective degraders of lignin, cellulose and hemicellulose 

whereas most white-rot fungi selectively degrade lignin, thus leaving cellulose and 

hemicellulose untouched (Blanchette, 1995). In addition, white-rot fungi are the most 

efficient lignin degraders because they are capable of oxidizing lignin completely to 

CO2 and H2O under aerobic conditions. The possibility of utilizing white-rot fungi in 

biological delignification has drawn special attention due to their high substrate 

specificity and effective lignin degradation (Abdel-Hamid et al., 2013). Phanerochaete 

chrysosporium represents the most well-characterized white-rot fungus, and it has 

been extensively used to study different aspects of fungal delignification (Schoemaker 

and Leisola, 1990). 

Lignin-degrading enzymes are secreted extracellularly by fungi and comprise three 

major types: lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase. The 

LiP and MnP share several structural and functional similarities as they are both H2O2-

dependent enzymes with a heme group embedded in the active site. Production and 

activity of these enzymes depend largely on the culture conditions (Singh and Chen, 

2008). To establish conditions that enhance enzyme production and activity, it is 

important to be familiar with the degradative mechanisms which differ among laccase, 

MnP and LiP (Wong, 2009). MnP, LiP and laccase are collectively known as lignin 

modifying enzymes (LME) because they are directly involved in the degradation of 

lignin. In addition to LMEs, white-rot fungi produce various accessory enzymes which 

play a crucial role in delignification but cannot degrade lignin on their own. These 

enzymes are often responsible for the production of extracellular H2O2 consumed by 

LiP and MnP; therefore, medium supplementation with H2O2 is not necessary for 

maintaining high activities of LiP and MnP (Janusz et al., 2017). 
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Lignin peroxidase: unlike MnP and laccase, oxidation of phenolic and non-phenolic 

lignin structures by LiP does not require redox mediators, which are defined as small 

compounds or ions that function as electron carriers between enzyme and substrate 

(Christopher et al., 2014; Vandana et al., 2019). This may be explained by the high 

redox potential of LiP (Eo ~1.2 V) which makes it an excellent electron acceptor 

(oxidant) as compared to MnP and laccase (Eo ~0.5-0.8 V) (Wong, 2009). Due to the 

lower redox potential of MnP and laccase, these enzymes are incapable of oxidizing 

the non-phenolic structures of lignin in the absence of a mediator. As displayed in 

Figure 6, the catalytic cycle of LiP encompasses three main steps: 

1. Oxidation of the native LiP enzyme to Compound I by a two-electron transfer 

process in which H2O2 serves as the electron acceptor. 

2. Reduction of Compound I to Compound II coupled with the oxidation of phenolic 

or non-phenolic lignin substrates (Sred). 

3. Reduction of Compound II to the native state of LiP and simultaneous oxidation of 

another lignin substrate (Sred). 

 

Figure 6. Catalytic cycle of lignin peroxidase (LiP) involved in lignin degradation. Sred is a phenolic or 

non-phenolic substrate of the lignin polymer. 

The redox processes in step 2-3 proceed via transfer of a single electron resulting in 

the oxidation of lignin substrates (Sred) to cation radicals (Sox
ꞏ+). Subsequently, these 

reactive intermediates undergo various degradative reactions such as C-C and ether 

cleavages, aromatic ring opening, demethoxylation and decarboxylation (Schoemaker 

and Leisola, 1990). 
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Manganese peroxidase: mechanistically, the catalytic cycle of MnP resembles that of 

LiP; however, the main difference is that MnP-bound Mn2+ ions, located near the active 

site, are utilized as redox mediators (Figure 7). 

 

 

Figure 7. Catalytic cycle of manganese peroxidase (MnP) involved in lignin degradation. Sred is a 

phenolic or non-phenolic substrate of lignin. 

Reduction of the oxidized MnP intermediates (Compound I and II) is accompanied by 

the oxidation of Mn2+ to Mn3+. The formed Mn3+ ions are detached from MnP and 

stabilized by chelation with organic acids. Oxidation of lignin substrates is facilitated 

by reduction of the chelated Mn3+ ions to Mn2+ ions which may reassociate with MnP 

and be utilized in the oxidation of a new lignin substrate (Wong, 2009). 

Laccase: laccases are multicopper-containing phenol oxidases that catalyze the 

oxidation of phenolic and non-phenolic substrates with simultaneous reduction of 

molecular oxygen to water (Thurston, 1994). Oxidation proceeds via laccase-mediator 

systems in which small aromatic compounds act as mediators. The mediators help 

overcome steric hindrance between substrates and laccase and facilitate the oxidation 

of non-phenolic lignin substrates which are highly recalcitrant and therefore require 

strong oxidants (Li et al., 1999). The mechanistic aspects of substrate oxidation by 

laccase-mediator systems are delineated in Figure 8. Initially, the mediator is oxidized 

by laccase to generate an intermediate of high redox potential (mediatorox) which 

dissociates from laccase and oxidizes the substrate (Sred). During this reaction, the 

mediator is converted to its reduced form that reenters the catalytic cycle of the 

laccase-mediator system (Christopher et al., 2014; Shraddha et al., 2011). 
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Figure 8. Catalytic cycle of a laccase-mediator system. The mediator acts as an electron shuttle 

between laccase and lignin substrates (Sred). The terminal electron acceptor is O2 which is reduced H2O 

during the catalytic cycle. 

Previous research has indicated that phenolic structures of lignin are preferentially 

oxidised before the non-phenolic lignin structures. During the initial oxidation of 

phenolic structures, small phenolic compounds are formed which serve as mediators 

to oxidize the non-phenolic parts of lignin (Camarero et al., 1994). Examples of 

naturally-occurring phenolic compounds, which have proven to be effective mediators, 

include syringaldehyde, p-coumaric acid and vanillin (Camarero et al., 2005). 

Because P. chrysosporium formed the central focus of Part II, the remaining part of 

this chapter will concentrate on describing key features of this white-rot fungus. It has 

been established that P. chrysosporium produces multiple extracellular isoenzymes of 

LiP and MnP which act in a synergistic manner to degrade lignin (Singh and Chen, 

2008). There is a general belief that P. chrysosporium does not produce any laccase. 

Yet, high laccase activities have been reported for cultures of P. chrysosporium 

supplemented with MnO2 indicating that MnO2 may act as a stabilizer of laccase 

(Couto et al., 1998; Rodríguez Couto et al., 2000). Another unique characteristic of P. 

chrysosporium is its ability to grow optimally at 40°C. A large volume of literature has 

investigated the factors involved in regulating the activity of lignin-degrading 

peroxidases (LDPs), including LiP and MnP, produced by P. chrysosporium (Cancel 

et al., 1993; Couto et al., 1998; Faison and Kirk, 1985; Hammel et al., 1985; Kirk et 

al., 1986; Schoemaker and Leisola, 1990; Venkatadri and Irvine, 1990). Based on 

these studies, it can be concluded that the following conditions have a stimulatory 

effect on LDP activity, particularly LiP, in P. chrysosporium: 

1. Nutrient limitation, mainly nitrogen and carbon limited conditions. 

2. Presence of veratryl alcohol (VA); a natural secondary metabolite of P. 

chrysosporium. 

3. Addition of MnO2 
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4. Excess of trace elements 

5. High oxygen tension 

The enhanced LDP activity observed under nutrient scarcity suggests that production 

of MnP and LiP is part of the secondary metabolism of P. chrysosporium. By contrast, 

excess levels of nutrients appeared to have a suppressive effect on LDP activities 

(Faison and Kirk, 1985). Moreover, some studies have considered the effect of 

agitation under submerged conditions and found that LDP activity was strongly 

inhibited by agitation, probably because of mechanical inactivation (Faison and Kirk, 

1985; Venkatadri and Irvine, 1990). 

The positive effect of VA on LiP activity is well-documented; though, the exact role of 

VA has been subject to considerable debate. Until recently, VA was believed to be an 

inducer of the ligninolytic system of P. chrysosporium, thereby increasing protein 

synthesis of LiP (Leisola et al., 1984). Nonetheless, this theory was refuted by Cancel 

et al. (1993) who found strong evidence that VA protects LiP against H2O2–induced 

inactivation and decay rather than activating the synthesis of LiP. This conclusion was 

based on the findings that external addition of VA caused a stable LiP activity under 

prolonged H2O2 exposure while it did not increase the transcription of LiP encoding 

genes (Cancel et al., 1993). 

In Part II, SSF using P. chrysosporium was explored with the aim of optimizing 

delignification of BSG. To date, a number of studies have demonstrated the use of 

BSG as a SSF substrate for production of protein, amino acids and enzymes by 

different fungi (Ibarruri et al., 2019; Sousa et al., 2018; Tan et al., 2019). To the best 

of the author’s knowledge, no previous studies have considered the possibility of 

utilizing P. chrysosporium to delignify BSG by SSF. The following section outlines the 

experimental design and presents major results obtained from this work; furthermore, 

it provides a technical description of the method applied for quantification of lignin in 

fermented and unfermented BSG. 
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4.2 Employing solid-state fermentation for delignification of BSG 

4.2.1 Quantification of lignin and insoluble polysaccharides by the Van 

Soest method 

The Van Soest method is based on the fractionation of lignocellulosic biomass into 

three insoluble fractions known as neutral detergent fibre (NDF), acid detergent fibre 

(ADF) and acid detergent lignin (ADL). As depicted in Figure 9, these fractions can be 

utilized for estimating the contents of cellulose and insoluble hemicellulose in a 

biomass. In addition to lignocellulose and soluble components (proteins, lipids and 

sugars), biomasses contain ash. As a result, the NDF, ADF and ADL fractions must 

be corrected for the ash content of the biomass. Each fraction is determined 

gravimetrically as the solid residues retained on porous crucibles after extraction and 

removal of solubilized material by filtration. The contents of NDF, ADF and ADL are 

generally expressed as percentages of the dry matter content (Mongeau and Brooks, 

2015). 
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Figure 9. Principles of the Van Soest method. For the sake of simplicity, the ash content is omitted from 

the figure. Soluble components are comprised of proteins, lipids and various sugars. Abbreviations: 

NDS = neutral detergent solution, NDF = neutral detergent fibre, ADS = acid detergent solution, ADF = 

acid detergent fibre and ADL = acid detergent lignin. 

NDF is the solid fraction remaining after treatment with neutral detergent solution 

(NDS) and α-amylase which dissolve the soluble fraction of the biomass including 

protein, lipids, starch and pectin. Further, enzymatic treatment with amylase eliminates 

interferences with starch, consequently increasing the accuracy of NDF determination 
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(Van Soest et al., 1991). The NDF fraction, which typically comprises cellulose, 

hemicellulose and lignin, is calculated according to equation (3): 

ౚ౨౯ ొీూ ౩

౩ౣ౦ౢ
 (3) 

where  is the sample weight before analysis,  is the sample weight 

after extraction with NDS, filtration and drying and  is the weight of ashes 

generated by incineration of the dried NDF residue. 

ADF is defined as the insoluble fraction that remains after extraction with acid 

detergent solution (ADS); it is chiefly composed of cellulose and lignin. The ADF may 

be determined either by extracting the intact biomass or the NDF fraction with ADS, 

and it is calculated using equation (4): 

ౚ౨౯ ఽీూ ౩

౩ౣ౦ౢ
(4) 

Definitions of all variables in equation (4) are equivalent to those in equation (3), the 

only difference being that equation (4) is based on the ADF fraction instead of the NDF 

fraction. 

Acid detergent lignin (ADL) refers to the solid residue obtained from extraction of the 

ADF fraction with 72% sulfuric acid. Lignin is known to be composed of an acid-soluble 

and an acid-insoluble fraction, with the latter representing the most abundant fraction 

in most lignocellulosic biomasses. The ADL fraction excludes acid-soluble lignin and 

therefore it slightly underestimates the true lignin content. 

Cellulose and hemicellulose can be easily deduced from the NDF, ADF and ADL 

contents by using equation (5) and (6): 

 (5) 

 (6) 

The Van Soest method is a facile approach for determining the contents of structural 

polysaccharides and lignin in biomasses; yet, it has a number of flaws. First, it does 

not provide insight into the structural characteristics of the isolated fractions. Second, 

it may be inaccurate for complex biomasses containing interfering compounds, such 

as chitin which are insoluble in ADS and NDS. When present in the biomass, such 
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components may impede the fractionation process, eventually resulting in 

overestimation of the NDF and ADF contents (Mould and Robbins, 1981). 

4.2.2 Solid-state fermentation of BSG using Phanerochaete 

chrysosporium 

Solid-state fermentation (SSF) was conducted by adopting the procedure described 

by Couto et al. (1998). The principal goal of this work was to evaluate the suitability of 

different BSG media as potential SSF substrates for delignification by P. 

chrysosporium. Specifically, this work aimed to test the hypothesis that fungal 

delignification of BSG can be increased by supplementation with veratryl alcohol (VA), 

MnO2 and excess levels of trace elements (6X). In addition, it was hypothesized that 

excess levels of trace elements combined with VA or MnO2 may have an additive 

positive effect on delignification. All experimental details are illustrated graphically in 

Figure 10. 
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Figure 10. Design of solid-state fermentation (SSF) of brewer’s spent grain (BSG) using the fungus 

Phanerochaete chrysosporium. First, an inoculum of P. chrysosporium was produced in liquid medium 

and used for inoculation of six solid BSG media (A-F). P. chrysosporium was grown on the BSG media 

for 20 days and sterile O2 was added every third day to enhance enzymatic lignin degradation. VA: 

veratryl alcohol, S:L: solid to liquid ratio. 

The growth broth used for inoculum production was prepared according to Huang et 

al. (2020) and had a glucose concentration of 10 g/L. The production medium, which 

was added to the autoclaved BSG, had the same composition as the growth broth 

expect for a glucose concentration of 2 g/L (Couto et al., 1998). Prior to inoculation of 

the solid BSG media, the spore concentration of the inoculum was measured as 

described by Tien and Kirk (1988). In summary, the inoculum was homogenized by 

manual agitation and a small volume (~10 mL) was drawn out and filtered through a 
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cell strainer (40 μm) to produce a mycelium-free spore suspension. The spore density 

was determined spectrophotometrically by measuring the absorbance at 650 nm, and 

the measured absorbance was converted into spore concentration assuming that an 

absorbance of one unit corresponds to 5ꞏ106 spores/mL. In the present work, all BSG 

media were inoculated with ~100.000 spores which was considered a sufficient 

quantity for establishing new cultures of P. chrysosporium on solid substrates. On 

completion of the SSF experiment, fermented BSG samples were autoclaved to 

quench microbial activity, dried at 60°C and analysed for ADF, ADL and protein. 

Compositional differences between fermented and unfermented BSG are summarized 

in Table 4. 

Table 4. Comparison of unfermented and fermented brewer’s spent grain (BSG) obtained from solid-state 

fermentation (SSF) with Phanerochaete chrysosporium on different BSG media (A-F). For unfermented BSG, 

the protein content was determined in duplicates while acid detergent fibre (ADF) and acid detergent lignin 

(ADL) were quantified in triplicates. The SSF treatments (media A-F) were carried out in triplicates and a single 

analysis was performed for each triplicate. All data is presented as mean SD*. 

 ADF (% DM) ADL (% DM) Protein (% DM) ** 

Unfermented BSG 22.8  1.15a 3.00  0.48a 20.2  0.10a 

    

Fermented BSG    

Medium A 31.5  0.07b 2.55  0.11b 23.7  0.13b 

Medium B 33.1  0.64b 2.67  0.26b 24.0  0.58b 

Medium C 31.4  0.10b 2.71  0.07b 23.5  0.16b 

Medium D 31.4  0.17b 2.68  0.16b 23.4  0.12b 

Medium E 31.6  0.61b 2.82  0.06b 23.5  0.27b 

Medium F 30.5  1.68b 2.92  0.26b 23.0  0.28b 

*To evaluate the effect of media type (A-F) on the composition of fermented BSG, data was subjected 

to a one-way analysis of variance (ANOVA) while a t-test was employed for pairwise comparison of 

unfermented BSG and fermented BSG from different SSF treatments (medium A-F). Lowercase letters 

designate significant differences between fermented BSG from different SSF treatments as well as 

fermented and unfermented BSG. **Protein content was measured with the Kjeldahl method using a 

conversion factor of 6.25. For unfermented BSG, protein data was retrieved from Table 2. 

Lignin (ADL): a statistically significant reduction in the lignin content was observed for 

all SSF treatments (media A-F) which indicated that P. chrysosporium has the 

capability to delignify BSG. In contrast, no significant differences were found between 

the different BSG media which suggest that addition of VA, MnO2 and excess levels 

of trace elements did not promote the delignification of BSG. From a nutritional and 
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economic point of view, the observed lignin reduction was not meaningful as only 10-

15% of lignin was removed after 20 days. There might be several plausible 

explanations for the low delignification rates. Firstly, it could be due to matrix 

interactions which may restrict the access of enzymes to lignin. Secondly, it might be 

caused by high levels of secreted polysaccharides which are known to inhibit lignin 

degradation in P. chrysosporium (Huang et al., 2020). Thirdly, the results might be 

explained by insufficient enzyme production. This theory finds support in the work of 

Gassara et al. (2010) who investigated the production of LiP, MnP and laccase by 

solid-state cultures of P. chrysosporium grown on BSG with and without VA. 

Interestingly, there was no production of LiP and laccase while high MnP production 

was observed in the presence and absence of VA. It is well-known that fungal 

delignification is controlled by the concerted action of different lignin-degrading 

enzymes. Thus, the slow delignification observed in the present work could be due to 

the absence of one or more enzyme activities. To establish this, however, activities of 

laccase, LiP and MnP should be assayed for each SSF treatment. 

Protein: a significant increase (15-20%) was observed in the protein content of BSG 

for all SSF treatments; however, the protein content of fermented BSG (23-24%) was 

still too low to be considered suitable for aquafeed. 

ADF: SSF led to a noticeable increase in the ADF content of BSG (~40%). This finding 

is probably due to accumulation of chitin, which is insoluble in ADS. Production of 

chitin may be used as an indirect measure of a fungus ability to proliferate on a certain 

substrate since chitin is an important structural polysaccharide of fungal cell walls 

(Blumenthal and Roseman, 1957). Hence, the high ADF levels imply that the 

conditions were favourable for growth but did not facilitate efficient lignin degradation. 

High chitin levels in fermented BSG may hinder its use in aquafeeds as chitin is an 

antinutritional factor (ANF) for some fish species (Karlsen et al., 2017). 

As a whole, the findings of Part II were less promising because the nutritional quality 

of BSG did not change considerably during SSF. Undoubtedly, further work is needed 

to develop a more effective method for delignification of BSG. 

4.2.3 Suggestions for future research 

Solid-state fermentation can be considered a less feasible approach to delignify BSG 

as it is time-consuming, ineffective and leads to accumulation of chitin. These 
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challenges could conceivably be addressed by employing an enzymatic strategy. In 

their pioneering work, Fan et al. (2019) established an enzymatic method in which 

corn stover was treated with a LiP isolated from submerged cultures of Aspergillus 

oryzae. Furthermore, they identified ideal conditions for delignification of corn stover 

by systematic screening of multiple parameters including temperature, time, buffer pH, 

enzyme load, H2O2 concentrations and S:L ratio. In view of their findings, it is 

suggested that future research adopt a similar approach to investigate the enzymatic 

delignification of BSG. 

5. Part III: valorization of non-starch polysaccharides 

in BSG using a combination of hydrolysis and 

submerged fermentation 

The third part of the PhD project is concerned with valorization of the NSP (cellulose 

and hemicellulose) in BSG using a combination of hydrolysis and submerged 

fermentation. Part III was undertaking with two major objectives. First, it pursued to 

increase the nutritional value of BSG by hydrolysing hard-to-degrade cellulose and 

hemicellulose to monosaccharides including glucose, xylose and arabinose. Second, 

Part III investigated the possibility of utilizing the BSG-derived monosaccharides as 

substrates for production of free amino acids (Manuscript 3) and single cell protein 

(SCP) (Manuscript 4) by submerged fermentation. For convenience, the work of Part 

III will be divided into two sections. The first section lays out the theoretical dimensions 

of NSP hydrolysis and presents the primary results from the optimization experiments 

that were performed before the fermentations. The second section deals with 

submerged fermentation of BSG-derived sugars and is composed of four consecutive 

parts including: 1) short background, 2) outline of main findings from the experimental 

work and 3) recommendations for future research. In addition, the second section 

considers how the fermentation products may contribute to the development of 

sustainable aquafeeds. The different segments of Part III are summarized in Figure 

11. 
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Figure 11. Schematic overview of the experimental work of Part III. Abbreviations: BSG = brewer’s 

spent grain, BSGH = hydrolysate of brewer’s spent grain and BSGRES = hydrolysed residue of brewer’s 

spent grain. 

5.1 Hydrolysis of cellulose and hemicellulose 

5.1.1 Hydrolysis methods 

During hydrolysis of cellulose and hemicellulose, the polymeric structures are broken 

down into their monomeric building blocks comprising glucose, xylose and arabinose 

(Laca et al., 2019). These monosaccharides are liberated from the BSG matrix 

resulting in production of a solid BSG residue (BSGRES) and a sugar-rich hydrolysate 

(BSGH) that may serve as a C-source for fermentative processes (Figure 11). Under 

optimal conditions, protein will be retained in solid BSGRES fraction while cellulose and 

hemicellulose are recovered as fermentable sugars in the BSGH fraction (Mussatto 

and Teixeira, 2010). Generally, hydrolysis of cellulose and hemicellulose can be 

achieved by means of chemical and enzymatic methods (Galbe and Zacchi, 2002). 
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The chemical method relies on acidic hydrolysis in which an acid catalyses the 

cleavage of polymeric bonds in cellulose and hemicellulose. The main advantage of 

acidic hydrolysis is that it does not require a preliminary delignification step because 

acid molecules easily penetrate the lignin barrier that protects cellulose and 

hemicellulose (Verardi et al., 2012). Acidic hydrolysis is performed using either 

concentrated (30-70%) or diluted acid (2-5%), with the most widely used acids being 

hydrochloric acid (HCl) and sulfuric acid (H2SO4). One advantage of using 

concentrated acid solutions is that high hydrolysis yields can be obtained at low 

temperatures (Galbe and Zacchi, 2002). On the other hand, this approach involves a 

risk of equipment corrosion due to the high acid concentrations. To overcome this 

challenge, diluted acid may be employed to hydrolyse cellulose and hemicellulose. 

Yet, the main limitation of dilute acid processes is that high temperatures (200-240°C) 

are required for obtaining acceptable hydrolysis yields which may increase the 

production of various sugar decomposition products such as furfural, 5-

hydroxymethylfurfural (5-HMF) and acetic acid (Niju et al., 2019). Cellulose hydrolysis 

leads to production of glucose as the sole product while hydrolysis of hemicellulose 

generates assorted products including arabinose, xylose and acetic acid. Harsh 

conditions, such as high temperatures combined with acidic media, favour the 

degradation of glucose to 5-HMF and acetic acid whereas xylose and arabinose are 

degraded to furfural (Fiorella et al., 2015). Excessive concentrations of these by-

products are undesirable for fermentative processes because they are toxic to many 

types of fermenting microorganisms. As documented in previous studies, these 

compounds inhibit growth as well as product formation during fermentation; therefore, 

their production should be avoided (Baek et al., 2008; Casey et al., 2010; Dessie et 

al., 2019; Martín and Jönsson, 2003). Recently, enzymatic hydrolysis has become an 

attractive alternative because it is associated with minimal formation of fermentation 

inhibitors due to the mild reaction conditions. Despite this, enzymatic hydrolysis of 

NSP is yet to be implemented on industrial scale owing to the high costs of enzymes 

and a relatively low enzyme activity compared to other commercial enzymes (Laca et 

al., 2019; Verardi et al., 2012). 

Enzymatic hydrolysis of cellulose and hemicellulose takes place by two distinct 

systems which rely on the synergism of multiple enzymes. The conversion of 

crystalline cellulose into glucose is carried out by the concerted action of cellulases, a 
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class of enzymes that catalyse the hydrolysis of β-(1,4) glycosidic bonds. The 

cellulases involved in the depolymerization of cellulose comprise three types with 

different substrate specificity and mechanism of action (Figure 12). These are: 1) β-

1,4-endoglucanase, 2) β-1,4-exoglucanase and 3) β-glucosidase (Singhania, 2011). 

The β-1,4-endoglucanase hydrolyses internal bonds located in the amorphous regions 

of crystalline cellulose which results in the formation of cellulose chains of varying 

length. The β-1,4-exoglucanase, also known as cellobiohydrolase, catalyses the 

cleavage of cellobiose units from the non-reducing ends of the cellulose chains. 

Finally, the liberated cellobiose dimers are hydrolysed to glucose monomers by β-

glucosidase (Béguin and Aubert, 1994; Gomez Del Pulgar and Saadeddin, 2014). 

 

Figure 12. Enzymatic conversion of cellulose. Reducing and non-reducing ends are highlighted in blue 

and pink, respectively. Dashed lines indicate the site of cleavage during enzymatic hydrolysis. 

Owing to the structural complexity of hemicellulose, total hydrolysis of this NSP 

depends on the simultaneous action of various enzymes which target different bonds. 

β‐1,4‐endoglucanase 

β‐1,4‐exoglucanase 

β‐glucosidase 
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The enzymes involved in hydrolysis of arabinoxylan (AX), the main hemicellulose in 

BSG, are shown in Figure 13 and include: 1) α-L-arabinofuranosidase, 2) endo-1,4-

xylanase, 3) β-xylosidase, 4) ferulic acid esterase and 5) acetyl xylan esterase. To 

attain complete AX conversion, all five enzymes must be present in the enzyme 

mixture used for enzymatic treatment (Xiros et al., 2011). 

 

Figure 13. Enzymes involved in the hydrolysis of arabinoxylan (AX) which is composed of a xylose 

backbone (red) substituted with acetyl (pink) and arabinose (blue) moieties. Adjacent xylose chains are 

linked via cross-linkages of ferulic acid (green). Dashed lines denote the sites of enzymatic cleavage. 

The figure is modified from Karlsen and Skov (2022) (Paper 1). 

To obtain an effective enzymatic conversion of cellulose and hemicellulose, the 

biomass must undergo a pretreatment prior to hydrolysis. During this process, the 

accessibility of cellulose and hemicellulose to hydrolytic enzymes is increased by lignin 

removal or structural alterations of lignocellulose. Removal of lignin is possible via the 

different delignification strategies discussed in Part II while the overall structure of 

lignocellulose may be disintegrated by mechanical pretreatment such as the 

micronization procedure applied for BSG in this PhD project. Mechanical pretreatment 

decreases cellulose crystallinity and increases the overall surface area onto which 

enzymes can act, but it does not remove or modify lignin (Alvira et al., 2010). 

Therefore, this approach might be less suitable for biomasses of high lignin content. 

α‐L‐arabinofuranosidase 

Ferulic acid esterase 

β‐xylosidase 

Endo‐1,4‐xylanase 

Acetyl xylan esterase 
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Numerous factors have been found to influence the enzymatic hydrolysis of cellulose 

and hemicellulose which must be taken into account when optimizing a hydrolysis 

process. These factors include type of pretreatment, enzyme dosage, buffer pH, 

temperature, agitation mode and duration of hydrolysis (Amit et al., 2018). Further, 

higher enzyme dosages are required for biomasses with a high lignin content due to 

adsorption of hydrolytic enzymes onto lignin (Lu et al., 2016). 

To date, an extensive body of literature has investigated the enzymatic conversion of 

the cellulose and hemicellulose in BSG employing either commercial enzyme mixtures 

or enzyme extracts produced by SSF (Forssell et al., 2008; Giacobbe et al., 2019; 

Mussatto et al., 2008; Paz et al., 2019; Rochelle et al., 2008; Xiros et al., 2008b, 

2008a). Hence, the focus of this PhD project was not to develop a fully optimized 

hydrolysis process for BSG. Instead, enzymatic hydrolysis was employed as a tool for 

producing bulk volumes of BSG hydrolysate adopting a modified version of the 

procedure described by Forssell et al. (2008). Initially, this procedure was further 

optimized with respect to enzyme dosage and hydrolysis duration. The following 

section provides a brief outline of the main results from the initial optimization 

experiments. 

5.1.2 Optimization of enzymatic hydrolysis of cellulose and hemicellulose 

in BSG 

According to the procedure outlined by Forssell et al. (2008), BSG was suspended in 

ammonium acetate buffer (50 mM, pH 5.0) to achieve a final BSG concentration of 

10% w/v. This suspension was preheated to 50°C and the enzyme preparation Depol 

686L was added (Biocatalyst, UK). The resulting reaction mixture was incubated at 

50°C for 5 h with intermittent agitation after which the solid and liquid fractions were 

separated by centrifugation. The solid fractions were washed twice to extract sugars 

that might be trapped in the BSG matrix. The liquid fractions from washing were 

combined with the liquid fraction obtained directly from the reaction mixture to produce 

a dilute hydrolysate. Finally, glucose was quantified in the dilute hydrolysates using 

the Glucose Colorimetric Detection Kit (ThermoFisher Scientific, Norway). 

Concentrations of glucose were used as an indirect measure of cellulose hydrolysis 

efficiency. Likewise, the efficiency of AX hydrolysis can be measured in terms of xylose 

and arabinose concentrations; however, quantification of these sugars was not 
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possible due to technical constraints. Because of this, the conversion efficiency of the 

NSP in BSG was solely based on cellulose hydrolysis. Due to a low lignin content 

(~3% DM), it was assumed that lignin would have minimal impact on enzyme activity; 

therefore, micronized BSG was not delignified prior to hydrolysis. To optimize the 

original procedure of Forssell et al. (2008), three different enzyme dosages were 

tested: 16, 53 and 106 U/mL. Concurrently, a control treatment was performed to 

determine the degree of glucose solubilization in buffer solution without enzyme. 

Results from the initial optimization experiment showed an increasing trend in glucose 

concentration with increasing enzyme dosage, thus the highest glucose concentration 

was observed at an enzyme dosage of 106 U/mL (Figure 14). At the lowest enzyme 

dosage (16 U/mL), the glucose concentration was comparable to that obtained from 

the control treatment which implied a lack of enzymatic conversion. Moreover, the 

glucose concentrations were generally low for all tested enzyme dosages (0.2-0.8 g/L) 

and therefore further optimization was required. To examine how the nutritional quality 

of BSG is affected by hydrolysis using different enzyme dosages, protein contents 

were determined in the BSG residues (BSGRES) with the Kjeldahl method. Results from 

this analysis revealed an increase in the protein content from ~20% in untreated BSG 

to ~29% in hydrolysed BSG (data not shown). More interestingly, the protein content 

seemed unaffected by enzyme dosage which may raise questions about the actual 

cause of the protein enrichment observed during hydrolysis. Although interesting, 

these findings were not explored further here but may serve as a base for future 

research. 
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Figure 14. Effect of enzyme (Depol 686L) dosage on the glucose concentration in brewer’s spent grain 

hydrolysate (BSGH) produced by enzymatic treatment for 5 h. All treatments were performed in 

duplicates and results are presented as mean SD. 

In an attempt to further optimize the hydrolysis of BSG, a second optimization 

experiment was conducted which compared incubation times of 5 and 24 h using a 

fixed enzyme dosage of 106 U/mL. A comparison of the results gained from this 

experiment revealed a two-fold increase in the glucose concentration (~0.8 g/L to ~2.0 

g/L) when the incubation time was increased from 5 to 24 h. Even though this finding 

may seem convincing, the glucose concentration was still too low for preparation of 

media with a glucose concentration of 2.5 g/L which was used in all fermentation 

experiments. Furthermore, it is preferable to utilize highly concentrated hydrolysates 

for media preparation in order to minimize consumption of chemicals and enzymes. 

This can be illustrated by a hypothetical case in which a fermentation medium is 

prepared from two hydrolysates with glucose concentrations of 5 g/L (H1) and 300 g/L 

(H2). To prepare 1 L of medium with a final glucose concentration of 2.5 g/L, 500 mL 

must be added of the H1 hydrolysate (5 g/L). By comparison, the same medium 

concentration can be obtained by adding 25 mL of the H2 hydrolysate (300 g/L). This 

example clearly underpins the importance of utilizing hydrolysates of high sugar 

concentration in media preparation. Two different approaches might prove useful for 

increasing the glucose concentration in the BSG hydrolysate produced during the 
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second optimization experiment. One is based on the evaporation of water to reduce 

the volume of the hydrolysate while the other omits the washing of solid BSG residues. 

It was decided that omission of washing would be the best-suited approach since 

evaporation by oven-or freeze-drying is an energy-and time-consuming process. To 

verify the appropriateness of the selected approach, glucose was quantified in the 

liquid fractions produced from hydrolysis and washing of BSG. The liquid fraction 

obtained from hydrolysis had a glucose concentration of 5-6 g/L which was sufficient, 

but not ideal, for preparation of fermentation media with a glucose concentration of 2.5 

g/L. In contrast, the fractions obtained from washing of the BSG residue contained 

negligible amounts of glucose which indicated that washing did not improve glucose 

recovery from BSG. Based on these results, washing was excluded from the 

procedure and the enzymatic hydrolysis of BSG was carried out using an enzyme 

dosage of 106 U/mL and a duration of 24 h. 

5.2 Submerged fermentation 

5.2.1 Basics of submerged fermentation 

Submerged fermentation is the cultivation of microorganisms in liquid media 

containing excess water (>95%) and nutrients (nitrogen, carbon and salts) 

(Ouedraogo and Tsang, 2021). It represents an important process for industrial 

production of a diversity of value-added compounds including enzymes, microbial 

biomass and metabolites such as antibiotics, organic acids, alcohols and amino acids 

(Martínez-Medina et al., 2018). Submerged fermentations are carried out in stirred 

bioreactors/fermenters which allow for strict regulation and monitoring of different 

operating parameters known to influence the performance of the cultivated 

microorganisms. Among these parameters are medium pH, temperature, dissolved 

oxygen (DO) and foaming. Furthermore, agitation is crucial for maintaining an even 

distribution of oxygen, cells and nutrients (Ouedraogo and Tsang, 2021). As depicted 

in Figure 15, an industrial fermentation process can be divided into six basic 

components: 

1) Formulation of media for fermentation and inoculum production. 

2) Sterilization of media, bioreactor and accessory equipment and solutions. 

3) Development of an inoculum containing an adequate quantity of active cells. 

4) Inoculation of fermentation medium in the bioreactor (addition of inoculum). 
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5) Cultivation under ideal conditions for product formation. 

6) Isolation and purification of the intended product(s). 

During the cultivation step (5), three interrelated processes take place: 1) biomass 

accumulation (growth), 2) substrate consumption and 3) product formation (Stanbury 

et al., 1995a). 

 

Figure 15. General steps of an industrial fermentation process. Reprinted from Stanbury et al (1995a) 

with permission from Elsevier. 

Submerged fermentation may be performed by three different configurations 

constituting batch, fed-batch and continuous fermentation. The choice of fermentation 

mode is largely dictated by the producing microorganism as well as the product 

(Ouedraogo and Tsang, 2021; Stanbury et al., 1995b). Operational details of each 

configuration are outlined in Figure 16. 
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Figure 16. Graphical presentation of the three major fermentation modes. (A) batch, (B) fed-batch and 

(C) continuous fermentation. Arrows indicate the directions of fluids. The figure was modified from 

Ochoa (2019). T: temperature, DO: dissolved oxygen. 

Batch fermentation occurs in a closed system that contains limited amounts of 

nutrients. During batch fermentation, nutrients are not added and wastes are not 

removed; thus, growth is restricted by two main factors: 1) nutrient depletion and 2) 

production of inhibitory compounds. In batch fermentation, the cell population 

undergoes four phases: (1) the lag phase, which is the period of adaptation; (2) the 

exponential phase, which is the period of maximum growth; (3) the stationary phase; 

which involves cessation of growth due to nutrient depletion and (4) the death phase, 

which is characterized by loss of cell viability (Shanmugam et al., 2022). Fed-batch 

fermentation is a variant of the batch mode in which a nutrient-rich feed is added to 

the batch culture without removing waste. This process may prevent nutrient depletion 

but it does not overcome the growth inhibition caused by secretion of inhibitors 

(Ochoa, 2019). The problems encountered in batch and fed-batch fermentation may 

be evaded by using continuous fermentation. This mode is characterized by 

simultaneous feed addition and waste removal which maintain high nutrient 

concentrations while eliminating dead cells and toxic compounds (Stanbury et al., 

1995b). 
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5.2.2 Production of value-added compounds for the aquaculture sector by 

submerged fermentation of BSG-derived sugars 

The experimental work of Part III intended to develop microbial processes for the 

production of free amino acids and single cell protein (SCP) using BSG hydrolysate 

as fermentation substrate. These products were chosen as the primary focus as they 

could potentially be integrated as alternative ingredients in aquafeed production. Free 

amino acids may find application as crystalline amino acids (CAA) which are used for 

fortification of deficient amino acids in formulated diets (Nunes et al., 2014). On the 

other hand, BSG-derived SCP might be a potential protein source for aquafeeds owing 

to the fact that microbial SCP is generally rich in high-quality protein (Nangul and 

Bhatia, 2013). The most prominent results from the research of Part III will be 

presented shortly in the next section with reference to Manuscript 3 and Manuscript 

4. 

5.2.2.1 Production of free amino acids 

Microbial production of amino acids is obtainable by two types of processes: 

fermentation and enzymatic conversion of which fermentation is the most widespread 

method (D’Este et al., 2018). Enzymatic processes occur via hydrolysis of peptides to 

free amino acids by means of proteases secreted by the cultured microorganism (Toe 

et al., 2019). Fermentation is closely linked to the central C-metabolism and involves 

the conversion of sugars into intermediates which serve as precursors for amino acid 

production (Sanchez et al., 2018). Amino acids are primary metabolites produced at 

largest quantities during the exponential phase where cells have highest metabolic 

activity (Stanbury et al., 1995a). The production of amino acids is to a large extent 

regulated by negative feedback control; a process which ensures that the microbial 

cells do not produce more amino acids than they need to sustain growth (Currell and 

Dam-Mieras, 1991). Overproduction of amino acids is a prerequisite for obtaining a 

successful fermentative process, but it does not occur naturally due to metabolic 

regulation. However, overproduction of amino acids may be induced by two general 

approaches: 1) modification of growth media and 2) metabolic engineering where 

strains are genetically modified to overproduce specific amino acids (Ma et al., 2017; 

Shakoori et al., 2012). In the literature, amino acid production has been reported for 

various microorganisms including Corynebacterium glutamicum, Saccharomyces 

cerevisiae, Escherichia coli, Lactobacillus plantarum and different Bacillus species 
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(Gopinath and Nampoothiri, 2014; Malaney et al., 1991; Rodriguez et al., 2014; 

Shakoori et al., 2012; Toe et al., 2019). Amongst these, C. glutamicum and E. coli are 

the most widely used microorganisms for industrial production of several amino acids. 

While C. glutamicum is the primary producer of glutamic acid (Glu) and lysine (Lys), 

E. coli accounts for the main production of aromatic amino acids (Gopinath and 

Nampoothiri, 2014; Rodriguez et al., 2014). Industrial manufacturing of most amino 

acids employs fed-batch fermentation followed by separation and purification using 

ion exchange chromatography and crystallisation, respectively (Sanchez et al., 2018). 

The major objective of the work presented in Manuscript 3 was to optimize a microbial 

process for transforming BSG-derived sugars into amino acids. To do so, an 

experimental design was adopted which included the following sequence of steps: 

I. Shake flask cultivations: initial screening of the growth performance of different 

microorganisms in BSG-based media. The screened microorganisms included 

native strains of E. coli, L. plantarum, C. glutamicum and S. cerevisiae. Those of 

highest growth performance were selected and their amino acid production 

examined. 

II. Batch fermentation: the microorganisms that produced amino acids during shake 

flask cultivation were cultivated in a bioreactor to investigate the effect of controlled 

conditions (pH and DO) on growth and amino acid production. 

III. Fed-batch fermentation: microorganisms, for which amino acid production was 

biomass-associated, were cultured by fed-batch fermentation to enhance the 

productivity. 

A graphical summary of the experimental design and the most compelling results is 

shown in Figure 17. 
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Figure 17. Graphical overview of experimental set-up and the most significant results obtained from the 

study on amino acid production by submerged fermentation using brewer’s spent grain (BSG) as a 

substrate. More details can be found in Manuscript 3. Ala: alanine, Pro: proline, Gly: glycine, Val: 

valine, Glu: glutamic acid. 

Based on the results shown in Figure 17, the following conclusions can be drawn: 

 E. coli and L. plantarum exhibited low growth performance (OD600<8), probably due 

to the drop in pH observed during cultivation. As a result, these microorganisms 

were not selected for further investigation. 

 C. glutamicum and S. cerevisiae had high growth performance (OD600>8) and 

therefore it was investigated whether they produced amino acids during shake flask 

cultivation. 
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 During shake flask cultivation, C. glutamicum produced alanine (Ala), proline (Pro), 

valine (Val) and small quantities of glycine (Gly). Likewise, S. cerevisiae produced 

Ala, Pro and Val but also Glu when grown in shake flask. 

 During batch fermentation, no amino acid production was seen for S. cerevisiae 

while C. glutamicum produced the same amino acids as in shake flask cultivation, 

yet with higher production of Gly. 

 Fed-batch fermentation with C. glutamicum did not increase amino acid production. 

Instead, all amino acids, except for Gly, decreased during the fed-batch phase 

indicating that they were consumed. 

 For C. glutamicum and S. cerevisiae, amino acid production appeared to be 

dependent on two variables: 1) the growth phase (exponential vs stationary) and 

2) the cultivation mode (shake flask vs batch fermentation). 

Altogether, these findings were encouraging as they demonstrate the feasibility of 

utilizing BSG as a substrate for amino acid production by submerged fermentation 

either in shake flasks or under controlled conditions in a bioreactor. Although this work 

was promising, its main limitation was a low productivity compared to industrial amino 

acid production for which productivities are normally found within the range of 10-150 

g/L (Lee et al., 2016). Thus, more research is required to optimize amino acid 

production from BSG-derived sugars by submerged fermentation. It is suggested that 

future studies focus on C. glutamicum due to its industrial significance and the fact 

that it appeared to be a better amino acid producer compared to S. cerevisiae in our 

research. A natural progression of this work would be to optimize the fed-batch 

fermentation. This could be realized by increasing the glucose concentration of the 

feed as the observed amino acid consumption combined with a rapid decline in 

glucose suggest that lack of productivity is caused by substrate limitation. One 

possible way to increase the glucose concentration is to optimize the hydrolysis 

process. Typically, glucose concentrations as high as 500 g/L are required to prevent 

fast depletion of the growth limiting substrate during feeding (Xu et al., 1999). The 

hydrolysis method used to produce the BSG hydrolysate led to a glucose 

concentration of ~5 g/L which is probably too low for feeding. Optimization of BSG 

hydrolysis may be doable by adopting methods that increase the hydrolysability of 

cellulose by either increasing the accessibility of cellulose to enzymes or eliminating 

adsorption of enzymes to lignin. As previously mentioned, hydrolysis of cellulose can 
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be enhanced by employing a suitable pretreatment method for removing lignin and/or 

hemicellulose. For instance, sequential treatment with dilute acid and base has proven 

effective in increasing cellulose hydrolysis (Mussatto et al., 2008). In addition, the BSG 

hydrolysate contained high concentrations of acetate (8-9 g/L) which could be a 

contributing factor to the low amino acid production because of the inhibitory effect of 

acetate (Baek et al., 2008). The acetate present in the BSG hydrolysate may originate 

from two different sources including the buffer (ammonium acetate) and the hydrolysis 

of arabinoxylan (AX) during which xylose-linked acetate is released (Figure 13). 

Minimizing the acetate concentration in the BSG hydrolysate may therefore help 

increase the productivity. This may be accomplished by using a different buffer 

solution and employing an enzyme mixture that does not contain AX-degrading 

enzymes. Furthermore, the use of surfactants may be a useful tool for increasing the 

cellulose hydrolysis because these compounds stimulate substrate-enzyme 

interactions by obstructing the adsorption of enzymes to lignin (Amit et al., 2018). 

Another interesting area of future research would be to investigate whether it is 

possible to improve amino acid production by using metabolically engineered strains 

of C. glutamicum. There is a possibility that amino acid production can be enhanced 

by using strains that lack the natural feedback regulation. In addition, strains with a 

broadened repertoire of C-sources might also augment the productivity due to the 

increased C-flux towards amino acid production. Native strains of C. glutamicum are 

not capable of metabolizing xylose; however, the construction of recombinant strains 

that are able to co-utilize glucose and xylose has been reported by Kawaguchi et al. 

(2008). In the context of this PhD project, it would be interesting to assess how amino 

acid production is affected by co-utilization of glucose and xylose from the BSG-based 

medium. 

5.2.2.2 Production of yeast single cell protein (SCP) 

Single cell protein is derived from biomass of different unicellular organisms which can 

be clustered into three generic groups: bacteria, fungi and microalgae (Anupama and 

Ravindra, 2000). Most sources of SCP might be suitable for aquafeeds due to their 

high content of protein and essential amino acids (EAAs); though, the protein content 

is known to vary depending on the SCP source. Often the highest protein content is 

found in algal (60-70%) and bacterial (50-80%) biomasses while fungal biomass 

normally has a lower protein content (30-50%). Furthermore, fungal SCP is often 
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deficient in methionine (Met) which may restrict its incorporation in aquafeeds (Ritala 

et al., 2017). These generalities, however, must be treated with caution as the protein 

content of SCP is influenced by several factors including type of species and 

fermentation substrate (Bratosin et al., 2021). 

The research outlined in Manuscript 4 evaluates the nutritional quality of S. cerevisiae 

biomass produced by submerged fermentation using BSG as substrate. This 

evaluation was based on a comparison with fishmeal concerning protein content and 

amino acid composition. The most significant findings of Manuscript 4 are 

summarized below: 

1. S. cerevisiae biomass had a lower protein content (~38%) as compared to fishmeal 

(50-70%). 

2. S. cerevisiae biomass was rich in several amino acids; however, most amino acids 

were found in lower concentrations compared with fishmeal. 

3. The most abundant amino acids in S. cerevisiae biomass were Glu (~5.3% vs 6.9-

9.9% in fishmeal), Asp (~4.1% vs 4.6-7.0% in fishmeal) and Lys (~3.2% vs 3.6-

5.9% in fishmeal). 

4. S. cerevisiae biomass was deficient in Met (~0.6% vs 1.5-2.0% in fishmeal) and 

His (~0.9% vs 2.3-4.2% in fishmeal). 

Collectively, these findings suggest that the nutritional quality of BSG-derived S. 

cerevisiae biomass was high enough that it could partially replace fishmeal in 

aquafeeds without affecting protein digestion or growth performance. Notwithstanding 

this, a higher protein content and a more balanced amino acid profile will be required 

to permit higher inclusion levels (60-90%) of S. cerevisiae biomass in aquafeeds. 

In the light of these findings, future studies should focus on optimizing the process 

productivity and the protein content of microbial biomass. One reasonable approach 

to enhance the productivity would be to adopt continuous fermentation which is the 

most common fermentation mode for industrial production of SCP (Stanbury et al., 

1995b). The major advantage of continuous fermentation is that it enables high 

biomass production, because growth is not limited by the C-source or the presence of 

inhibitory compounds produced by the fermenting microorganisms (Lindskog, 2018). 

There are two major strategies for increasing the protein content of BSG-derived 

fungal biomass. Firstly, the protein content could be increased by downstream 
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processing of the biomass which is initiated by cell wall disruption followed by chemical 

or enzymatic extraction of proteins (García-Garibay et al., 2014). Secondly, a higher 

protein content could be attained by substituting S. cerevisiae with a better-performing 

microorganism. For instance, Candida species may be potential candidates because 

of their ability to grow on various substrates and produce biomass of high protein 

content (50-60%) (Gao et al., 2012). 
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6. Conclusions and future perspectives 

The present PhD project has advanced our knowledge regarding the valorization of 

brewer’s spent grains (BSG) for aquafeed applications. This work has made a 

significant contribution to existing knowledge and created new insight into the 

refinement of BSG. In essence, the work consisted of three major parts with the 

overarching objective of refining BSG into high-quality products that might find use as 

ingredients in aquafeeds. Part I aimed to develop an effective process for producing 

protein isolates from BSG by employing chemical extraction. Part II intended to 

remove lignin from BSG by solid-state fermentation (SSF) in order to increase the 

protein content of BSG and remove the antinutritional effect of lignin. Part III was split 

into two sections: 1) hydrolysis of cellulose and hemicellulose from BSG to produce a 

liquid hydrolysate and 2) production of single cell protein (SCP) and free amino acids 

by submerged fermentation using BSG hydrolysate as a substrate. Both fermentation 

products have great potential for aquafeed production as they represent sources of 

protein or crystalline amino acids. 

Overall, the results obtained from this PhD project were promising; yet, there is still 

space for improvement. Main conclusions and general directions for future research 

are summarized below: 

‐ Part I led to development of two procedures for extracting proteins from BSG. One 

was based on isoelectric precipitation while the other utilized freeze-drying to 

obtain protein isolates. Both methods had their pros and cons with respect to 

recovery and protein content of isolates. The precipitation-based method was 

associated with high protein content of isolates (~55% DM) but poor recovery 

(~10%). Conversely, freeze-drying combined with multiple extractions resulted in 

a relatively high recovery (~45%) but low protein content of isolates (~25% DM). 

Consequently, further research must be done to establish a method that maximizes 

the recovery as well as the protein content of isolates. Specifically, future studies 

should focus on optimizing parameters known to influence precipitation efficiency 

and protein solubilization during extraction. 

‐ Part II demonstrated the removal of lignin by SSF using the lignin-degrading 

fungus Phanerochaete chrysosporium; though, the lignin removal rate was low 

(~0.75%/day). Unfortunately, this process did not cause any meaningful increase 
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in the protein content of BSG and led to an increase in biomass-bound chitin. To 

increase the efficacy of lignin removal and circumvent chitin accumulation, it is 

suggested that future activities explore the potential of enzymatic systems. 

‐ Part III was interesting in two ways. First, it established a novel process for 

converting the cellulosic fraction of BSG into free amino acids by submerged 

fermentation using the state of the art amino acid producer Corynebacterium 

glutamicum. Second, it demonstrated the production of SCP in the form of 

Saccharomyces cerevisiae biomass by submerged fermentation using BSG as 

substrate. Although encouraging, both processes had certain limitations that need 

to be considered in future research. The fermentative production of amino acids 

suffered from low productivities as compared to industrial production while the 

drawbacks of SCP production were related to the nutritional constraints of the 

fungal biomass including a relatively low protein content (~38% DM) and deficiency 

in some amino acids. These issues could potentially be addressed via optimization 

of fermentation mode, microbial strain and media composition. 

Ultimately, the practicability of using BSG-refined products in aquafeeds must be 

validated for target fish species focusing on protein digestibility and growth 

performance at different inclusion levels. However, this presupposes fully optimized 

valorization processes for BSG which should be the first priority of future studies. 
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Optimisation of alkaline extraction of protein
from brewer’s spent grain
Freja Karlsen,* Ivar Lund and Peter V. Skov

Extraction of proteins from industrial residues is a potential source for animal feed. Alkaline extraction combined with isoelectric
precipitation may be a useful method for isolating protein from brewer’s spent grain (BSG), an abundant by-product from the
brewing industry. The objective of this study was to examine the effect of temperature (30, 45 and 60°C), time (30, 60, 120
and 180 minutes), agitation (shaking and stirring), precipitation salinity (0.5 M sodium chloride), isolation mode (freeze drying
and precipitation), pre-treatment (defatting and delignification) and repeated extraction on the protein yield and protein con-
tent from BSG. Generally, the protein content decreased while protein yield increased with increasing extraction temperatures.
Yield and content weremaximised after 30minutes reaching the highest protein content at 30oC (54.8%) and the highest protein
yield at 60oC (10.5%). Precipitation with 0.5 M sodium chloride reduced the protein content to 36.4% and the yield to 4.2%.
Freeze drying combined with triple extraction yielded a protein content of 20-25%, together with a relatively high protein yield
(ca. 45-50%). Delignification increased the protein content from 27% to 32%whereas defatting reduced the overall protein yield
from 45% to 38%. Combining isoelectric precipitation and single extraction was associated with a higher protein content (40-
55%) but poor protein yields (5-10%). In the light of these findings, further research is required to establish conditions that max-
imise both the protein content and yield. © 2022 The Institute of Brewing & Distilling.

Additional supporting information may be found online in the Supporting Information section at the end of the article.
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Introduction
Protein is the costliest ingredient in formulated diets for farmed
animals. Currently, fishmeal and plant derived meals are the most
widespread protein sources in the production of animal feeds, par-
ticularly aquafeed (Tacon et al, 2011). These protein sources have a
high nutritional value; however, sourcing them is associated with
economic and environmental concerns (Olsen and Hasan, 2012).
Therefore, there is a need for more sustainable protein sources in
animal feeds.

Brewer’s spent grain (BSG) is the most abundant by-product
from the brewing industry with an annual production ofmore than
40 million tonnes of wet BSG (Petit et al, 2020). At present, the
main uses of BSG include supplementation of feed for livestock an-
imals, composting and energy production through incineration
(Petit et al, 2020). In recent years, increasing attention has been di-
rected at alternative uses of BSG in food and non-food applications
as BSG represents a source of different bioactive compounds and
is a favourable substrate for microbial cultivation. As a result, sev-
eral approaches to valorisation have been investigated for BSG in-
cluding chemical extraction, enzymatic conversion and microbial
production of value added compounds and enzymes (Crowe
et al, 1985; Forssell et al, 2008; Pejin et al, 2017; Tišma et al, 2018).
BSG has a relatively high protein content of dry matter (20-25%
DM) and its availability from the brewing industry is stable (Lynch
et al, 2016). As such, BSG constitutes a potential protein source for
animal and fish feeds. However, BSG contains high levels of lignin
and non-starch polysaccharides (NSP), mainly cellulose and hemi-
cellulose, which has prevented the direct use of unprocessed
BSG as a protein source in feed applications (Sousa et al, 2018).
To facilitate implementation in animal feeds, BSG must undergo
refinement where lignin and NSP are reduced, and the protein

content is increased. This may be achieved by either chemical frac-
tionation or conversion of BSG. During chemical fractionation, the
protein fraction is isolated by extraction whereas the conversion
strategy is based on a chemical transformation of lignin and NSP
into digestible compounds. Furthermore, the digestibility of lignin
and NSP differs between different animal groups. While ruminants
are capable of digesting large amounts of cellulose, a high cellu-
lose content will reduce digestion in most fish species. As a result,
the levels of lignin and NSP vary depending on their digestibility
by the target animal which must be considered when designing
a refinement strategy for BSG.
Protein extractionmay offer an efficient and convenientmethod

for obtaining protein rich material while eliminating indigestible
components. Extraction of protein from BSG has been explored
in previous studies to assess different methods including sequen-
tial extraction, alkaline and acidic extraction, salt and detergent
mediated extraction and ultrasound assisted extraction (Crowe
et al, 1985; Diptee et al, 1989; Tang et al, 2010; Qin et al, 2018;
Connolly et al, 2019; Wen et al, 2019). In addition, several proce-
dures for precipitation of solubilised protein have been evaluated.
For instance, Ervin et al (1989) reported that ethanol precipitation
was more effective than isoelectric precipitation when recovering
protein from BSG. Earlier research has focused on optimising the
extraction of crude proteins from BSG and characterising their
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amino acid profile and physicochemical properties such as water
solubility and proteolytic digestibility. For successful protein ex-
traction, two criteria must be satisfied: 1) high recovery of proteins
from the original material and 2) high protein content and purity.
To be considered a suitable protein source for feed applications,
particularly aquafeeds, the protein content should be similar to
that of fishmeal (70-85%) and plant based protein meals
(50-80%) (Gorissen et al, 2018).

This study was undertaken with the objective of evaluating the
impact of duration, temperature, precipitation salinity, protein iso-
lation mode, agitation method and chemical pre-treatment on the
recovery of crude protein and the true protein and amino acid con-
tent after alkaline extraction from BSG. Furthermore, the effective-
ness of isoelectric precipitation in terms of protein content and re-
covery was assessed. In this study, all extractions were performed
with micronised BSG, which reduces the particle size and leads
to increased surface area and exposure of protein to solvent mol-
ecules. Accordingly, micronisation would be expected to increase
the extraction efficiency of protein from BSG.

Materials and methods

Spent grain

Brewer’s spent grain was provided by Carlsberg Denmark two dif-
ferent batches - batch 1 (B1) and batch 2 (B2). The BSG was
autoclaved at 121°C for 15 min and dried at 60°C until the dry mat-
ter content (DM) was above 90%. Subsequently, BSG was mechan-
ically processed at the Danish Technological Institute and was
autoclaved to prevent any microbial colonisation.

BSG - mechanical processing

Before protein extraction, BSG from B1 and B2 was processed by
micronisation to increase the surface area. This process combines
milling and sifting to fractionate the raw material into portions
with a range of different particle sizes. The micronisation of
BSG was performed using a Rotor FITZ®MILL size-reduction in-
strument and a SCAN-Vibro VÅV vibrational sifter. During the
micronisation process, different size fractions were generated
where the most abundant fraction accounted for 50-70% of the
micronised material and had a particle size of 125-250μm. This
fraction was used for protein extraction with the other fractions
discarded.

BSG - defatting

BSG samples were defatted using a modification of the method
described by Bligh and Dyer (1959). Methanol and chloroform at
a ratio of 1:2 (v/v) was added to BSG at a ratio of 15:1 (w/v). The sus-
pension was stirred for 1 hour at room temperature. The extracted
lipids were removed by vacuum filtration and the BSG residue was
oven dried at 60°C. This procedure resulted in the removal of 90-
95% of the lipids in BSG. Defatted BSG was split into triplicate for
protein extraction.

BSG - delignification

Delignification of BSG was performed according to the method of
Prado et al. (2013). BSG wasmixed with a 60% aqueous ethanol so-
lution at a ratio of 1:4 (w/v) and the suspension heated under reflux
at 180°C for 90 min. The delignified BSG fraction was recovered by

vacuum filtration and the solid residue was washed three times
with 60% ethanol and oven dried at 60°C. The delignified BSG
was divided into triplicate and used for protein extraction.

Alkaline protein extraction of BSG

Protein from BSG was solubilised and recovered as protein rich
isolates using alkaline extraction followed by isoelectric
precipitation (Lam et al. 2018). Sodium hydroxide (pH 12.4,
0.01 M) was used for extraction, and the solubilised proteins
were precipitated at pH 4.5. To separate the liquid and solid
fraction, the extract was centrifuged for 15 min at 3871 x g at
25°C (3-18 KS, Sigma, Germany).

The experimental work was divided into two parts to optimise
the extraction conditions and to determine the influence of sev-
eral factors on protein yield and content. The first part investi-
gated the following parameters on the protein content and
yield: temperature and time, agitation mode during extraction,
precipitation salinity and isolation mode of extracted proteins
(Figure 1A). The second part considered how the protein con-
tent and yield were affected by repeated extraction and differ-
ent pre-treatments including delignification, defatting and a
combination of these (Figure 1B). All protein extractions were
performed in triplicate.

Optimisation - temperature and time

A two factorial experiment was designed with three temperatures
(30, 45 and 60°C) and four extraction times (30, 60, 120 and
180 min). For each temperature, the effect of the different extrac-
tion times was evaluated.

Optimisation - salinity and precipitation

The influence of salinity on isoelectric precipitation was evaluated
by comparing protein isolates obtained from precipitation of pro-
teins from a sodium chloride (0.5 M) enriched supernatant against
a control (water). Prior to precipitation, the salinity of the superna-
tant was adjusted by addition of NaCl.

Protein isolation

Two methods for obtaining protein isolates from the liquid ex-
tracts were evaluated: freeze drying and isoelectric precipitation.
Besides quantifying the protein content and yield, the recovery
of non-protein nitrogen (NPN) and amino acids was determined
for both approaches.

Agitation

Protein extractions were carried out using orbital shaking or mag-
netic stirring. Orbital shaking was in a SW22 shaking water bath
(Julabo, Germany) at a speed of 150 rpm. Magnetic stirring was
performed on an AREX Digital PRO Hot Plate Stirrer (VELP
Scientifica, Italy) at a speed of 1000 rpm.

Repeated extraction and pre-treatment

Before protein extraction, BSG was subject to three chemical
pre-treatments including delignification, defatting and a combina-
tion of the two. Additionally, extraction of the pretreated material
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and control (untreated BSG) was performed three times to assess
how repeated extraction affects the protein yield and content.

Protein content

The concentration of protein produced by extraction of BSG is
expressed as a percentage of the dry matter. Crude protein con-
tent (CP) was determined from the nitrogen content measured
with the Kjeldahl method while total amino acid protein (AAP) -
also referred to as the true protein content - was based on the
sum of the amino acids. The protein content was calculated by
multiplying the Kjeldahl nitrogen by a conversion factor of 6.25.

Amino acid content

Amino acids were quantified using the standard procedure de-
scribed by Otter (2012). Amino acids were liberated from protein
by acid hydrolysis with 1.8 mL 6M HCl with 0.2% phenol, for 24
hours at 110°C. Following hydrolysis, 100 μL 30 mM norvalin
(internal standard) was added and HCl was removed by evapora-
tion in a RVC 2-18 vacuum centrifuge from CHRIST (Germany) at
210 x g. The concentrated sample were resuspended in 3 mL 0.01

M HCl solution and 0.7 mL centrifuged for 10 min at 3000 x g.
The supernatant was diluted 10-fold and the amino acids were
derivatised (Cohen, 1994) with 6-aminoquinolyl-N-hydroxy-suc-
cinimidyl carbamate (AQC) to yield short term stable, UV-active
amino acid-AQC adducts. Amino acid derivatisation was per-
formed using the AccQ•Tag Ultra Derivatization Kit (Waters, Mil-
ford, Massachusetts). The amino acid derivatives were separated
and quantified using reverse-phase liquid chromatography with
UV detection at 260 nm (Waters ACQUITY UltraPerformance liq-
uid LC (UPLC)). Separation was performed on an ACCQ-TAG UL-
TRA C18, 2.1x100 mm, 1.7 μm column using water and acetoni-
trile as eluent systems. A gradient of 0-60% acetonitrile over 10
min and a flow rate of 0.7 mL/s was applied for separation of
amino acids.

Protein yield

Protein yield (YP) measures the proportion of protein recovered
from the original material after extraction. In this study, two YP
types have been integrated for assessment of protein extraction
under different conditions: a Kjeldahl based yield (YP, Kjeldahl) and
an amino acid-based yield (YP, AA). The YP, Kjeldahl, which includes

Figure 1. Experimental design of part 1 (panel A) and part 2 (panel B). BSGRES: solid residue of extracted brewer’s spent grain (BSG) obtained after alkaline extraction, centrifu-
gation and drying. PP: protein isolate obtained by isoelectric precipitation. PF: protein isolate obtained by freeze-drying of the liquid extract. DL: delignification of BSG. DF: defatting
of BSG. BSG125-250: micronised BSG fraction used in protein extraction where the numbers in lowercase refer to the particle size of BSG.
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protein derived nitrogen and non-protein nitrogen (NPN) is calcu-
lated by formula (1):

YP; Kjeldahl ¼
mKjeldahl protein; isolate gð Þ
mKjeldahl protein; BSG gð Þ

· 100%

mKjeldahlprotein is the mass of Kjeldahl protein in isolates or the

micronised BSG sample before extraction.
The YP, AA is the sum of amino acids present in the isolate and

excludes the NPN component. In this work, the two different
amino acid-based yields are designated YP, AA1 and YP, AA2. The
YP, AA1 estimates the amount of extracted protein nitrogen relative
to the total amount of extractable nitrogen in micronised BSG ac-
cording to formula (2):

YP; AA1 ¼
mAA protein; isolate gð Þ
mKjeldahl protein; BSG gð Þ

· 100%

The YP, AA2 is used to quantify the proportion of extractable pro-
tein nitrogen recovered from micronised BSG during extraction
and is calculated from formula (3):

YP; AA2 ¼
mAA protein; isolate gð Þ
mAA protein; BSG gð Þ

· 100%

Amino acid yield

The yield of individual amino acids (YAA) was calculated using the
formula (4) as the amount of extracted amino acid in the isolate rel-
ative to the amount that can be extracted from micronised BSG:

YAA ¼ mAA; isolate gð Þ
mAA; BSG gð Þ

· 100%

Statistics

All statistical analyses were performed using the open source soft-
ware R version 3.5.1 (R Core Team, 2018) while graphical illustra-
tions were constructed using the platform SigmaPlot 14.0. A signif-
icance level of 0.05 was applied to all statistical tests in this study.
To evaluate the impact of time, temperature and their interactions,
the data was subjected to a two-way analysis of variance while the
different treatment combinations were compared by a pairwise t-
test. The influence of salinity on isoelectric precipitation was eval-
uated using a t-test. Statistical evaluation of the impact of isolation
method on protein content and yield was performed using a t-test
whereas the effect on amino acid yields was evaluated by a
two-way analysis of variance with amino acid type and isolation
mode as the explanatory variables. The effect of pre-treatment
was evaluated by a one-way analysis of variance. In addition, the
amino acid recovery was examined for protein isolates produced
by extraction of defatted BSG and a control to determine the effect
of defatting on amino acid extractability. A two-way analysis of var-
iance was performed using amino acid type and pre-treatment
(control and defatting) as independent variables.

Results and discussion

Chemical composition of BSG

The amino acid composition was determined for non-micronised
and micronised BSG (125-250 μm) to validate the compositional
similarities between these BSG fractions. This analysis revealed that
micronised and non-micronised BSG from the same batch (B1)
were similar in protein and lipid content (Table 1). Although
micronisation was employed to increase the extraction efficiency
of proteins from BSG, separation of the different size fractions led
to losses of micronised material (30-50%). Although this could be
overcome by extracting micronised BSG containing all size frac-
tions from the micronisation process, this was not progressed
any further. A comparison of the three size fractions suggested
that the protein content decreased with increasing particle size.
For the smallest fraction (<125 μm), a protein content of about
40% was measured whereas the largest fraction (>250 μm) had
a protein content of about 15%. Because of the high dust of the
small size fraction and low protein content of the large size frac-
tion, these fractions were less suitable for protein extraction. Ac-
cordingly, the medium size fraction (125-250 μm) was use for ex-
tractions in this study.

The amino acid composition of BSG reflects its nutritional quality
as a protein source for feed applications, and it may prove useful in
predicting the amino acid content of BSG derived protein isolates.
As shown in Table 1, the micronised BSG contains high levels of
glutamic acid (5.31 ± 0.33 g/100 g DM), proline (2.46 ± 0.13 g/
100 g DM) and aspartic acid (1.75± 0.11 g/100 g DM) while it is de-
ficient in methionine (0.31± 0.04 g/100 g DM). Consequently, alka-
line extraction of micronised BSG may generate protein isolates
rich in glutamate, proline and aspartate but may not be an ideal
source of methionine. Moreover, the amino acid composition re-
ported here is consistent with the previous studies presented in
Table 1 (Gmoser et al, 2020; Gutiérrez-Barrutia et al, 2022; Oluseyi
et al, 2011; Waters et al, 2012; Yu et al, 2020). Due to its thermal in-
stability, tryptophan is susceptible to breakdownwhen exposed to
high temperatures (Cuq et al, 1983) and therefore lost in the hydro-
lysis conditions used for amino acid analysis. As a result, the true
protein content (AAP) will be underestimated while the NPN con-
tent will be overestimated. Waters et al (2012) found that BSG
had a relatively low content of tryptophan and therefore the un-
derestimation of AAP may be of minor concern. Proteins and
amino acidsmay also degradewith autoclaving of the rawmaterial
owing to the high temperature. To determine whether these com-
ponents deteriorate during autoclaving, the composition of
autoclaved BSG were compared with that without autoclaving.
The results showed that autoclaved and non-autoclaved BSG had
a similar content of protein and amino acids indicating that
autoclaving did not result in any compositional changes in the
BSG (data not shown).

Optimisation of protein extraction

Temperature and time. A nested design was employed to ex-
plore the single and combined effects of time and temperature
on Kjeldahl based protein yield (YP, Kjeldahl) and content (CP). The
two-way analysis of variance indicated that time and temperature
significantly affected both protein yield and content (p<0.001)
while the combined effect of these variables appeared to be insig-
nificant (pyield = 0.256, pcontent = 0.729). Protein content decreased
with increasing temperature for all extraction times (Figure 2A).
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Conversely, a positive correlation was observed between protein
yield and temperature at 30 minutes, although not statistically
significant, while no general trend was found at 60, 120 or
180 minutes (Figure 2B). The inferred relationship between tem-
perature and protein yield could suggest that protein
solubilisation increased as the temperature was raised. Within
all temperature groups, a declining tendency was observed in
protein content and yield when extraction times were prolonged
from 30 to 120 and 180 minutes. For protein yield, this trend
may reflect a higher degree of complete protein hydrolysis
resulting in the loss of protein derived amino acids during iso-
electric precipitation. In contrast, the tendency of reduced pro-
tein content may stem from the enhanced solubilisation of lignin
at higher temperatures and longer extraction times as lignin is
partly soluble in dilute alkaline solutions (Melro et al, 2020). This
was supported by the visual appearance of the protein isolates
as increased extraction time and temperature yielded darker

material. These impurities may originate from co-isolated lignin
and/or lignin-hemicellulose adducts.
The impact of time and temperature on protein yield are in

agreement with Qiaoyun et al (2017) and Surasani et al (2017),
where protein yield was positively correlated with time and tem-
perature within a specific range, above which the yield would de-
crease or remain constant. Further, much of the variability was at-
tributable to factors that were not accounted for in the statistical
model. One possible explanation is that protein isolates are pro-
duced in a multiple step process which may increase the degree
of uncertainty. Moreover, the high residual variation can also be
explained by minor fluctuations in pH during isoelectric precipita-
tion which may influence the amount of precipitated protein. This
is supported by Chavan et al (2001) who reported that small pH de-
viations from the isoelectric point affect the protein solubility and
the efficiency of isolation. With respect to the protein yield, a com-
bination of 60°C and 30 minutes was the most efficient while the

Table 1. Chemical composition of micronised and non-micronised brewer’s spent grain (BSG) and comparison of amino acid compo-
sition from this study with that from previous publications. All measurements were in duplicate, and results reported as mean ± SD.

Micronised BSG* Non-micronised BSG* Previous studies‡

Composition
Dry matter (DM) (%) 93.5 ± 0.00 95.9 ± 0.00 -
Ash (%) 3.67 ± 0.03 3.66 ± 0.00 -
Lipids (%) 10.5 ± 0.08 9.90 ± 0.06 -
CP (%)a 25.2 ± 0.11 24.1 ± 0.31 -
AAP (%)b 22.2 ± 1.03 20.9 ± 0.61 -
NPN (%)c 3.03 ± 0.92 3.10 ± 0.91 -
Essential amino acids (g/100 g DM)
Phenylalanine (Phe) 1.24 ± 0.07 1.23 ± 0.04 1.03 - 1.59
Histidine (His) 0.48 ± 0.03 0.45 ± 0.01 0.50 - 5.81
Valine (Val) 1.22 ± 0.06 1.13 ± 0.03 1.02 - 1.45
Isoleucine (Ile) 0.96 ± 0.07 0.90 ± 0.03 0.73 - 1.11
Leucine (Leu) 1.76 ± 0.08 1.64 ± 0.04 1.35 - 3.19
Methionine (Met) 0.31 ± 0.04 0.26 ± 0.03 0.40 - 0.59
Threonine (Thr) 0.87 ± 0.04 0.79 ± 0.01 0.16 - 1.11
Lysine (Lys) 0.93 ± 0.04 0.75 ± 0.00 0.67 - 3.17
Non-essential amino acids (g/100 g DM)
Arginine (Arg) 1.12 ± 0.01 1.01 ± 0.01 0.50 - 1.22
Alanine (Ala) 1.10 ± 0.49 0.97 ± 0.01 0.80 - 2.05
Aspartate (Asp) 1.75 ± 0.11 1.54 ± 0.01 1.06 - 1.95
Glutamate (Glu) 5.31 ± 0.33 5.28 ± 0.25 3.67 - 5.36
Glycine (Gly) 0.89 ± 0.04 0.80 ± 0.00 0.39 - 1.08
Serine (Ser) 1.04 ± 0.06 0.98 ± 0.03 0.83 - 1.46
Tyrosine (Tyr) 0.70 ± 0.00 0.67 ± 0.03 0.57 - 0.94
Cysteine (Cys) 0.00 ± 0.00 0.00 ± 0.00 0.00 - 0.49
Proline (Pro) 2.46 ± 0.13 2.48 ± 0.11 1.40 - 2.99
Cystine (Csn) 0.10 ± 0.00 0.10 ± 0.01 -
* Values are based onmicronised or non-micronised brewer’s spent grain (BSG) from batch 1. The micronised BSG had a particle size of
125-250 μm.

‡ Amino acid composition of BSG from previous studies, presented as a range of the values reported by Gmoser et al (2020), Gutiérrez-
Barrutia et al (2022), Oluseyi et al (2011), Waters et al (2012) and Yu et al (2020).

a Kjeldahl protein calculated by multiplying the Kjeldahl nitrogen by 6.25.
b True protein content calculated as the sum of all measured amino acids and excludes any non-protein nitrogen (NPN) found in the
Kjeldahl protein.

c NPN is the non-protein nitrogen calculated as the difference between Kjeldahl protein and true protein.
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protein content in the extract was maximised using a temperature
of 30°C and an extraction time of 30minutes. Interestingly, all com-
binations of temperature and time led to low protein yields (6-
10%), although the protein content was relatively high in all iso-
lates (37-55%). There are several explanations for this including:
1) loss of water soluble proteins during washing of the precipitate,
2) complete hydrolysis of proteins to amino acids resulting in a loss
of protein derived amino acids during isoelectric precipitation or 3)
poor protein extractability caused by interactions with other mac-
romolecules in the BSG matrix. To optimise the protein recovery
and identify possible causes of the low protein yield, five optimisa-
tion experiments were carried out at a common temperature of
60°C and an extraction time of 30 minutes.

Agitation and salinity. To examine the effect of agitation on
protein yield and content, extractionswere performedwith stirring
or orbital shaking. Initially, it was thought that stirring would

be more effective than orbital shaking, as stirring may ensure con-
stant exposure of proteins to the extraction solvent. However, the
results show that both protein yield and content were unaffected
by the type of agitation (pyield=0.629 and pcontent=0.847)
(Supporting Information, Figure S1). This is in agreement with
the findings from Crowe et al (1985) who reported that equal
amounts of nitrogen were solubilised from BSG when shaking
and stirring were employed. Also, Surasani et al (2017) reported
that the velocity and time of stirring did not adversely affect the
protein yield and content; although protein solubilisation was
maximised with continuous stirring. Based on the principles of
the salting-out technique, which takes advantage of the reduced
solubility of proteins at higher salt concentrations, it was thought
that protein precipitation could be enhanced by increasing the sa-
linity of the liquid extract. This was tested by precipitating out pro-
teins from the liquid extract by addition of 0.5 M sodium chloride.
Contrary to the initial hypothesis, this approach showed a marked

Figure 2. Effect of temperature and time on Kjeldahl-based protein content of isolates (CP) (A) and Kjeldahl-based protein yield (YP, Kjeldahl) (B) of brewer’s spent grain (BSG).Within
each time group, three different temperatures were evaluated. Uppercase and lowercase letters are used to designate significant differences between and within different time
groups, respectively. CP = Kjeldahl N (%)·6.25 and YP, Kjeldahl = mKjeldahl protein, isolate (g)/mKjeldahl protein, BSG (g)·100%. All treatment combinations were tested in triplicate and the results
reported as mean±SD.
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reduction in protein yield and content when isoelectric precipita-
tion was performed with a saline extract as compared to the con-
trol (Figure 3). It is possible that protein solubility is influenced by
an interplay of external factors including medium pH and salinity,
protein structure and the amino acid composition of the proteins.
This was demonstrated by Sousa et al (2007) who reported that the
protein solubility of egg derived proteins was largely dependent
on salinity, pH and the type of salt. Similarly, Chavan et al (2001) re-
ported that the solubility of proteins extracted frompeas increased
with increasing NaCl concentrations near the isoelectric point. This
may explain the reduced protein yield observed when proteins
were precipitated from a saline extract.

Protein isolation. The low protein yield observed could also be
due to a loss of water soluble proteins during the washing
step or to the generation of free amino acids by protein hydrolysis.

Owing to differences in the isoelectric points, amino acids and pro-
teinsmay have different solubilities at the pH value (4.5-5) used for
precipitation. As a result, the released amino acids may be retained
in the liquid extract during precipitation. To establish whether the
poor recovery was due to protein loss or protein hydrolysis, pro-
teins were concentrated from the liquid extract by freeze drying
(Figure 1B). The protein isolates generated by precipitation and
freeze dryingwere comparedwith respect to their protein content,
protein yields and recovery of NPN (Figure 4). The crude protein
content reported in Figure 4A, showed that freeze drying led to a
significantly lower protein content compared to precipitation

Figure 3. Effect of precipitation salinity on Kjeldahl-based protein content of isolates
(CP) (A) and yield (YP, Kjeldahl) (B). Double asterisks (**) indicate that groups are signifi-
cantly different. Results are presented as mean±SD.

Figure 4. Effect of protein isolation mode on protein content of isolates and extrac-
tion yield from brewer’s spent grain (BSG). A: Kjeldahl-based protein content (CP) of
isolates obtained by isoelectric precipitation and freeze-drying. B: Three different pro-
tein yields and recovery of non-protein nitrogen (NPN) for isolates generated by iso-
electric precipitation and freeze-drying. Protein yields and NPN were calculated by
the following formulas: YP, Kjeldahl = mKjeldahl protein, isolate (g)/mKjeldahl protein, BSG

(g)·100%, YP, AA1 = mAA protein, isolate (g)/mKjeldahl protein, BSG (g)·100%, YP, AA2 = mAA protein,

isolate (g)/mAA protein, BSG (g)·100%, NPN = YP, Kjeldahl – YP, AA1. Lowercase letters indicate
significant differences in protein and NPN recovery obtained by the two different
methods. Data is from triplicates and presented as mean± SD.
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(p<0.001). A likely cause of this is the occurrence of co-extracted
impurities in the liquid extract which remain in the isolate after
freeze drying.

To evaluate the effect of isolation method on protein and NPN
recovery, two different yield types were determined (Figure 4B:
1) with the crude protein yield (YP, Kjeldahl) and 2) the true protein
yield (YP, AA). Further, the true protein yield was measured as the
extracted amount of protein relative to the total nitrogen (YP,
AA1) and the total protein (YP, AA2) in BSG. The results presented
in Figure 4B indicated that the crude protein yield was significantly
higher for isolates produced by freeze drying compared with pre-
cipitation (pYP; Kjeldahl

= 0.0113).

To establish whether this observation was due to the enhanced
extraction of proteins, NPN or both, the true protein yield (YP, AA1
and YP, AA2) and NPN recovery were determined and compared
for isolates obtained from both isolation methods. With the crude
protein yield, the true protein yield increased significantly when
freeze drying was used instead of precipitation ðpYP; AA1

=
0.00548 and pYP; AA2

= 0.00453). Another interesting finding was
that the NPN recovery did not differ significantly between the
two isolation modes (pNPN = 0.193) which implies that the isolation
method only influences the recovery of protein derived nitrogen.

The amino acid yield (YAA) was used for assessing the degree of
protein hydrolysis under the extraction conditions (Figure 5). Here,
a substantial increase in YAA was detected for amino acids when
freeze drying was used for protein isolation. This suggests that a
greater proportion of proteins are hydrolysed to amino acids when
extraction was at 60°C for 30 minutes. Increasing the temperature
above 60°C is thought to enhance the hydrolysis of proteins, lead-
ing to a further reduction in protein recovery. Hence, increased
protein hydrolysis may be an underlying cause of the decreasing
protein yield observed at prolonged extraction times (Figure 2B).
In the light of this, future research should focus on the effect of
time and temperature on protein depolymerisation during extrac-
tion. Although freeze drying is associated with higher protein and
amino acid recoveries, this method is not suitable for producing
protein isolates for feed applications due to the low protein con-
tent of the resulting isolates. However, for the purpose of
optimising protein recovery, this approach was used in subse-
quent experiments in this study.

Repeat extraction and pre-treatment. Extraction of proteins
from a heterogeneous biomass such as BSG may be restricted by
intermolecular interactions between proteins and lipids, carbohy-
drates and lignin. These associations can lead to the formation of
clusters which may impair protein extraction as the proteins are
less accessible to solvent molecules. Previous studies have focused
on describing the effect of carbohydrate-protein interactions on
the extractability of BSG proteins. For instance, Crowe et al (1985)
found that cellulase aided degradation of cellulose led to a
seven-fold increase in the protein yield from alkaline extraction
suggesting that proteins form clusters with the structural carbohy-
drates of BSG.

In the current study, possible interactions of protein with lipid
and lignin were examined to determine whether the low protein
recovery resulted from macromolecular interactions. Accordingly,
BSG was subjected to three pre-treatments before protein extrac-
tion: 1) defatting, 2) delignification and 3) defatting and
delignification. In addition, the effect of repeat extraction was eval-
uated for pretreated and untreated BSG by exposing the same bio-
mass to three consecutive extractions. When repeated extraction
was applied, the total protein yields were increased by about

50% compared to a single extraction (Figure 6B). Moreover, similar
amounts of biomass were extracted in all three treatments al-
though the yield of crude protein, true protein and NPN decreased
with each extraction (Figure S2). It is likely that greater amounts of
lignin and carbohydrate are co-extracted by the second and third
extraction asmost of the protein was recovered during the first ex-
traction. This work was qualitative, andmore studies are needed to
determine the magnitude of co-extraction.

The one-way analysis of variance indicated that pre-treatment
had significant impact on the crude protein yield and content
(p<0.05). Furthermore, a pairwise analysis revealed that the three
pre-treatments had different effects on protein yield and content
(Figure 6). The effect of delignification on the total protein yield
was insignificant while the protein content was significantly higher
in the extract from delignified BSG compared to the control. That
protein yields are unaffected by delignification, suggests that

Figure 5. Yields of essential (A) and non-essential (B) amino acids recovered by iso-
electric precipitation and freeze-drying of liquid extracts from brewer’s spent grain
(BSG). The yield of all amino acids differed significantly between the two isolation
methods (p<0.05) (indicators of significance were omitted for clarity). The total amino
acid recovery, which reflects the recovery of the true protein, is calculated by the for-
mula: YAA, total = ΣmAA, isolate (g)/ΣmAA, BSG (g)·100%. Extractions were carried out in trip-
licate and the results are presented as mean±SD.
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lignin and proteins do not interact through intermolecular forces.
The lack of protein-lignin interactions is probably a result of pro-
tein denaturation during alkaline extraction; a theory supported
by Salas et al. (2013) who demonstrated that interactions between
lignin and proteins are weakened when proteins are denatured. In
contrast, the higher protein content may result from reduced co-
extraction of lignin and lignin-hemicellulose adducts, as most of
these compounds have been removed during the delignification
process. The protein content appeared to be unaffected by
defatting suggesting that BSG-bound lipids are not solubilised dur-
ing alkaline extraction. In addition, a significant reduction was ob-
served in the total protein yield when proteins were extracted

from defatted BSG. An explanation for this is that water soluble
proteins in BSG are dissolved by the extraction solvent due to their
moderate solubility in methanol. Alternatively, the chloroform-
methanol solvent for defatting may induce structural changes in
the protein which may reduce protein extraction in alkaline
solution.
To establish whether the reduced protein yield was due to im-

paired protein extraction or protein loss during defatting, the
amino acid yields (YAA) were quantified for each of the three ex-
tractions (Table 2). Data from the first and second extraction
showed that the total amino acid yield, as well as those of individ-
ual amino acids, were reduced by defatting. Following the third

Figure 6. Effect of pre-treatment and repeated extraction on Kjeldahl-based protein content of isolates (CP) (A) and Kjeldahl-based protein yield (YP; Kjeldahl) (B). For each pre-
treatment group, extractions were performed three times and compared to a control experiment in which untreated brewer’s spent grain (BSG) was extracted three times. Low-
ercase letters are used to denote significant differences between the pre-treatment groupswithin the same extraction. Abbreviations: DL = delignification, DF = defatting, DL+DF=
defatting and delignification. Results are presented as mean±SD.
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extraction, the total and individual amino acid yields appeared
higher for isolates originating from defatted BSG. Overall, these re-
sults imply that defatting had a negative impact on the total amino
acid yield from all three extractions, supported by the correspond-
ing reduction in the crude protein yield. Comparing the amino acid
composition of defatted and untreated BSG showed a lower amino
acid content of defatted BSG compared to untreated BSG
(Supporting Information, Table S1). This suggests that protein
may be solubilised and lost during defatting with chloroform-
methanol. When defatting and delignification were combined, a
significant decrease was observed in the total protein yield which
may be explained by defatting. On the other hand, the combined
treatment had a positive impact on the crude protein content,
probably due to delignification.

Conclusions
In the present study, solubilised proteins were either recovered by
isoelectric precipitation or freeze drying. Each method had both
shortcomings and benefits that need to be addressed in future
work. When using isoelectric precipitation, the protein yield was
generally low (5-10%) while the protein content in the isolates
were high enough to be suitable for feed applications (40-55%
DM) (Figure 2). Freeze drying resulted in a higher protein yield
(25-30%) with the protein content similar to that of BSG before ex-
traction (20-25%). Furthermore, when the same biomass was ex-
tracted three times, the total protein yield increased to 45% com-
pared to 25% from the single extraction; though, the protein
content from the second and third extraction were significantly
lower compared to the first extraction (Figure 6A). Consequently,

the isolates produced by freeze drying are likely to be of low nutri-
tional quality and unsuitable for feed applications.

Previously, protein yields higher than 70% have been reported
for alkaline extraction of BSG (Qin et al, 2018). Although the protein
yield increased with freeze drying instead of precipitation, the
maximum protein yield obtained in this study was significantly
lower than the yields obtained in previous study. This suggests
that the extraction efficiency is low and needs to be optimised. A
likely cause of the low extraction efficiency is that the extraction
pH (ca. 12.4) was not optimal for the solubilisation of protein from
the BSG batches used here. According to previous work, extraction
pH affects protein solubility, and therefore the extraction efficiency
could be improved by raising the pH of the alkaline solution (Ruiz
et al, 2016; Gao et al, 2020). Initially, a pH range of 8.3-12.4 was
evaluated to determine the optimum extraction pH (data not
shown). When the pH of the extraction solution was below 12.4,
a rapid decline was observed in pH of the BSG suspension which
led to low protein solubilisation and a low yield. This decrease
may have been caused by lactic acid produced by native lactic acid
bacteria in the BSG before autoclaving and suggests that better pH
control is required to maintain pH at the desired level during pro-
tein extraction (Asurmendi et al, 2014). Furthermore, more alkaline
conditions during extraction are associated with reduced purity of
protein isolates which may have adverse implications for their use
in feed (Ruiz et al, 2016). Therefore, an extraction pH > 12.4 may
reduce the nutritional quality of BSG protein.

The solid to liquid ratio (S/L) is also known to influence protein
solubilisation during alkaline extraction. Previous studies have em-
ployed S/L ratios of 1:5 to 1:60 in the alkaline extraction of protein
from different sources of biomass and have shown the optimum

Table 2. Comparison of amino acid yields (YAA) by extraction of defatted and untreated (control) brewer’s spent grain (BSG). All ex-
tractions were carried out in triplicate and yields are reported as mean ± SD*.

Amino
acid **

First extraction Second extraction Third extraction

YAA controlð Þ (%) YAA defattedð Þ (%) YAA controlð Þ (%) YAA defattedð Þ (%) YAA controlð Þ (%) YAA defattedð Þ (%)

Phe 21.9 ± 3.0a 15.8 ± 2.6a 9.5 ± 0.5a 9.0 ± 1.2 a 5.9 ± 0.2a 7.0 ± 0.3b

Val 26.9 ± 4.7a 20.3 ± 1.0a 14.1 ± 0.9a 11.7 ± 2.6a 9.3 ± 0.2a 11.0 ± 0.5b

Ile 20.5 ± 1.0a 17.5 ± 0.5b 7.6 ± 0.5a 8.5 ± 0.9a 4.8 ± 0.2a 5.8 ± 0.2b

Leu 25.6 ± 4.5a 17.7 ± 2.6a 12.3 ± 0.7a 10.9 ± 2.1a 8.1 ± 0.2a 9.5 ± 0.5b

Met 33.5 ± 3.1a 36.8 ± 10.7a 13.7 ± 0.7a 11.5 ± 2.4a 8.6 ± 0.5a 10.4 ± 1.2a

Thr 31.6 ± 7.3a 20.0 ± 4.5a 15.3 ± 1.4a 13.0 ± 2.4a 9.5 ± 0.2a 10.8 ± 0.5b

Lys 26.2 ± 4.2a 16.8 ± 2.3b 11.7 ± 1.0a 9.7 ± 1.9a 7.1 ± 0.2a 8.1 ± 0.3b

Arg 27.6 ± 6.4a 16.7 ± 3.8a 12.4 ± 0.9a 10.4 ± 1.6a 8.4 ± 0.5a 9.0 ± 0.7a

His 33.6 ± 7.8a 22.0 ± 5.4a 17.5 ± 2.6a 15.0 ± 3.1a 10.9 ± 0.3a 12.8 ± 0.5b

Ala 32.9 ± 7.6a 20.4 ± 4.8a 17.2 ± 1.4a 14.1 ± 1.7a 10.8 ± 0.2a 12.6 ± 0.5b

Asp 29.8 ± 7.1a 18.2 ± 4.1a 14.9 ± 1.0a 12.3 ± 2.6a 9.4 ± 0.2a 10.8 ± 0.5b

Glu 44.4 ± 10.4a 27.7 ± 5.7a 21.1 ± 0.9a 17.2 ± 2.8a 11.7 ± 0.5a 12.8 ± 0.7a

Gly 29.6 ± 6.8a 19.8 ± 5.0a 15.5 ± 1.4a 13.6 ± 2.8a 10.0 ± 0.3a 12.0 ± 0.5b

Ser 29.0 ± 6.8a 18.1 ± 3.6a 14.8 ± 1.2a 12.6 ± 2.6a 9.7 ± 0.2a 11.0 ± 0.5b

Tyr 21.8 ± 2.6a 16.5 ± 0.7b 9.5 ± 0.7a 8.3 ± 1.6a 6.2 ± 0.2a 7.1 ± 0.3b

Pro 44.4 ± 9.5a 28.6 ± 6.1a 20.5 ± 1.2a 17.1 ± 2.3a 10.7 ± 0.5a 11.8 ± 0.7a

Csn 6.9 ± 0.2a 6.9 ± 2.8a 2.0 ± 0.4a 1.8 ± 0.5a 1.0 ± 0.5a 1.0 ± 0.5a

Total*** 31.0a 20.8a 14.6a 12.5a 8.7a 10.0 b

* Yields of individual amino acids (YAA) are calculated by the equation: YAA = mAA, isolate (g)/mAA, BSG·100%.
** Lowercase letters indicate significant differences between the two pre-treatment groups (defatted and control) within the same
extraction.

*** The total amino acid yield from each extraction is calculated using the formula: YAA, total = ΣmAA, isolate (g)/ΣmAA, BSG (g)·100%.
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S/L varies with the type of biomass (Vareltzis and Undeland, 2012;
Surasani et al, 2017; Vilg and Undeland, 2017). In this study, a S/L
ratio of 1:15 was utilised, however the protein yield could possibly
be improved by increasing the extraction volume. The low protein
yield obtained by isoelectric precipitation could be a result of inad-
equate precipitation at pH 4.5, as a slight shift in pH during precip-
itation may cause a significant loss of protein in the liquid fraction
(Vilg and Undeland, 2017). Based on the findings of this study, fu-
ture research should focus on identifying a combination of extrac-
tion pH, precipitation pH and S/L ratio that maximises the effi-
ciency of extraction without reducing the quality of protein from
BSG.
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Figure S1. (A): Effect of agitation mode on Kjeldahl-based protein content of isolates (CP). (B): Effect 

of agitation mode on Kjeldahl-based protein yield (YP, Kjeldahl). The t-tests showed no significant 

differences between the two groups neither for the protein content (p=0.847) nor for the protein yield 

(p=0.629). CP = Kjeldahl N (%) ꞏ6.25 and YP, Kjeldahl = mKjeldahl protein, isolate (g)/ mKjeldahl protein, BSG (g)ꞏ100%. 

Extractions were carried out in triplicates (n=3) and the results are presented as means± . Freeze-

drying was used to isolate solubilised proteins. 
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Figure S2. Yields of crude protein (YP, Kjeldahl), true protein (YP, AA1) and non-protein nitrogen (NPN) 

obtained after three successive extractions. Extractions were done in triplicates (n=3) and data are 

reported as means±SD. All yield types were significantly different between the three extractions and 

for clarity indicators of significance were omitted (p<0.05).  

  

 

 

 

 

 

 

 

  

 

 

 



 

Table S1. Amino acid composition of untreated and defatted BSG*. All determinations were carried 

out in duplicates (n=2) and the results are reported as means SD. 

 

 Untreated BSG Defatted BSG 

Essential amino acids (g/100 g DM)   

Phenylalanine (Phe) 1.45  0.23 1.07  0.33 

Histidine (His) 0.23  0.08 0.16  0.01 

Valine (Val) 0.71  0.06 0.51  0.25 

Isoleucine (Ile) 1.03  0.71 0.75  0.71 

Leucine  (Leu) 1.10  0.06 0.79  0.28 

Methionine (Met) 0.19  0.18 0.19  0.11 

Threonine (Thr) 0.41  0.16 0.31  0.03 

Lysine (Lys) 0.48  0.01 0.38  0.11 

Non-essential amino acids (g/100 g 

DM) 

  

Arginine (Arg) 0.55  0.21 0.39  0.03 

Alanine (Ala) 0.49  0.18 0.38  0.04 

Aspartate (Asp) 0.90  0.35 0.67  0.08 

Glutamate (Glu) 2.44  0.82 1.75  0.18 

Glycine (Gly) 0.48  0.17 0.37  0.03 

Serine (Ser) 0.55  0.21 0.39  0.04 

Tyrosine (Tyr) 0.73  0.11 0.46  0.23 

Cysteine (Cys) 0.00  0.00 0.00  0.00 

Proline (Pro) 1.29  0.41 0.88  0.07 

Cystine (Csn) 0.26  0.08 0.17  0.11 
*Values are reported for brewer’s spent grain (BSG) from batch 2 (see the section Materials and 

Methods). 

 

 



Manuscript 3 

 

 

 

 

 

Evaluation of brewer’s spent grain as a feedstock for amino 

acid production by submerged fermentation 

 

Manuscript will be submitted to Bioresource Technology 

 

 



1 
 

Evaluation of brewer’s spent grain as a feedstock for 

amino acid production by submerged fermentation 
Freja Karlsena*, Peter V. Skova, Catherine Boccadorob and Sushil S. Gaykawadb 

aTechnical University of Denmark, DTU Aqua, Section for Aquaculture, Niels Juelsvej 

30, 9850 Hirtshals, Denmark; pvsk@aqua.dtu.dk  

bNorwegian Research Centre AS (NORCE), Prof. Olav Hanssensvei 15, 4021 

Stavanger, Norway; susg@norceresearch.no; cabo@norceresearch.no  

*Corresponding author: frkar@aqua.dtu.dk  

Abstract 

Brewer’s spent grain (BSG) was investigated as a fermentation substrate for 

production of amino acids using Corynebacterium glutamicum and Saccharomyces 

cerevisiae. C. glutamicum produced alanine (Ala), proline (Pro), valine (Val) and 

glycine (Gly) during shake flask and batch cultivation. The highest Ala production of 

193.6 0.09 mg/L was found after 30 h of shake flask cultivation. In the batch 

fermentation mode, the maximum production of Pro and Val achieved after 4 h was 

22.5 1.03 and 34.8 0.11 mg/L, respectively, while Gly production was highest at 

18.7 1.30 mg/L after 8 h. S. cerevisiae produced Ala, Pro, Val and glutamic acid 

(Glu) in shake flask cultivation. The highest production of Ala (11.8 1.25 mg/L), Pro 

(11.8 1.06 mg/L), and Val (4.94 1.01 mg/L) was achieved after 50 h while highest 

Glu production (66.2 0.49 mg/L) was observed after 60 h. This study successfully 

demonstrates the production of several amino acids from BSG by submerged 

fermentation processes. 

Key words 

Brewer’s spent grain; amino acids; submerged fermentation; Corynebacterium 

glutamicum; Saccharomyces cerevisiae 

1. Introduction 

Amino acids are compounds of immense industrial importance. They are utilized in 

several industrial applications including pharmaceuticals, human food and animal 
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feed (Mahmood, 2015). A growing demand for amino acids has led to an elevated 

global production from estimated 6.7 million tonnes in 2014 to projected 10 million 

tonnes in 2022 (Sanchez et al., 2018). This has fuelled a need for developing new 

and more sustainable technologies for amino acid production. Presently, amino acids 

are synthesized by three different routes: 1) chemical synthesis, 2) extraction from 

protein hydrolysates and 3) microbial processes (Stoimenova et al., 2013). Microbial 

amino acid production occurs under submerged conditions by fermentation or 

enzymatic conversion. During enzymatic processes, medium sized peptides are 

hydrolysed to form free amino acids. In fermentation, sugars are converted to amino 

acids via intermediates of the central C-metabolism by using different 

microorganisms (D’Este et al., 2018; Toe et al., 2019). Microbial amino acid 

production offers several advantages over the chemical and extraction-based 

methods including mild conditions, low by-product formation and selective production 

of L-amino acids (D’Este et al., 2018). Besides these benefits, microbial production 

has several shortcomings including high energy demand, risk of contamination and 

high substrate consumption, mainly glucose. Glucose is commonly produced from 

hydrolysis of starch which is also widely used in the food industry (Glittenberg, 

2012). Due to an increasing demand for food, the use of starch-derived glucose in 

microbial processes is not sustainable and as a result, there is a need to find 

alternative substrates. Recently, lignocellulosic biomasses have received 

considerable attention as renewable feedstock for microbial production due to their 

high content of cellulose and hemicellulose which represent sources of fermentable 

sugars (Zhang et al., 2020). Brewer’s spent grain (BSG) is an abundant 

lignocellulosic by-product from the beer brewing industry (Lynch et al., 2016). Owing 

to its high content of bioactive compounds, such as protein (20-30%), hemicellulose 

(30-35%), cellulose (25-30%) and lignin (~10-20), BSG is considered a potential 

feedstock for several applications (Aliyu and Bala, 2011). Previous research into the 

valorization of BSG has mainly focused on chemical extractions and production of 

various value-added compounds by submerged or solid-state fermentations 

(Mandalari et al., 2005; Mitri et al., 2022; Sousa et al., 2018; Wen et al., 2019). 

In this study, we examined the production of amino acids from BSG by submerged 

fermentation. Selected microorganisms were cultured in BSG hydrolysate-based 

media to evaluate the suitability of BSG as a fermentation substrate for amino acid 
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production. Furthermore, we studied the impact of cultivation mode and growth 

phase on amino acid production. To our knowledge, this is the first study to 

demonstrate the potential of BSG as a substrate for amino acid production by 

submerged fermentation. 

2. Materials and methods 

2.1  Brewer’s spent grain (BSG) 

Brewer’s spent grain was supplied by Carlsberg, Denmark. The raw BSG was 

autoclaved at 121°C for 15 min and dried at 60°C until the dry matter content was 

higher than 90%. Dried BSG was micronized at the Danish Technological Institute 

(Kolding) to obtain a size fraction of 125-250 μm. 

2.2  Hydrolysis of brewer’s spent grain 

A BSG hydrolysate was produced by enzymatic hydrolysis of micronized BSG using 

a modified version of the procedure outlined by Forssell et al. (2008). Briefly, the 

enzyme mixture Depol 686L (Biocatalyst, UK) was added to a preheated suspension 

of BSG (10% w/v) in ammonium acetate buffer (50 mM, pH 5.0) to obtain a final 

enzyme activity of 106 U/mL. This mixture was incubated at 50°C for 24 h with 

intermittent agitation. The solid and liquid fractions were separated by centrifugation 

at 4000 rpm and 21°C for 25 min (5810R Refrigerated Benchtop Centrifuge, 

Eppendorf, Germany). The liquid fraction was neutralized using a 10 M NaOH 

solution which resulted in formation of a white precipitate. This precipitate was 

removed by centrifugation at 4000 rpm and 4°C for 25 min. Finally, the liquid fraction 

was filter sterilized (0.22 μm Sterivex-GV Pressure Filter, Merck Millipore). For media 

with a pH below 7, the liquid fraction was acidified using dilute H2SO4 before the 

filtration step. 

2.3  Microorganisms 

Four microorganisms were studied: E. coli ATTC 49161, Lactobacillus plantarum Lp 

39, Saccharomyces cerevisiae (unknown strain) and Corynebacterium glutamicum 

DSMZ 1412. 

2.4  Media composition 
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E. coli, L. plantarum and S. cerevisiae were cultivated in media with the following 

composition: KH2PO4, 0.052 g/L; MgSO4ꞏH2O, 0.036 g/L; Na2HPO4, 0.0164 g/L; 

MnSO4ꞏH2O, 0.00384 g/L; CH3COONa, 0.0384 g/L; yeast extract, 1.0 g/L; BSG 

hydrolysate as the glucose source, 2.5 g/L. The media was prepared from a salt-

yeast extract stock solution and the BSG hydrolysate. The medium pH was adjusted 

to 7.0 0.1 for E. coli, while a pH of 6.5 0.1 was used for L. plantarum and S. 

cerevisiae.  

The medium used to culture C. glutamicum was prepared according to Venkata 

Narayana et al. (2013) with few modifications: MgSO4ꞏH2O, 0.082 g/L; (NH4)2SO4, 

11.8 g/L; K2HPO4, 1.18 g/L; 3,4-dihydroxybenzoic acid, 0.35 mg/L; glucose added as 

BSG hydrolysate, 2.5 g/L. The medium pH was adjusted to 7.0 0.1. Three stock 

solutions were used to prepare the medium: 1) BSG hydrolysate, 2) a salt solution 

and 3) a 3,4-dihydroxybenzoic acid solution. The BSG hydrolysate and the 3,4-

dihydroxybenzoic acid solution were sterilized by filtration while all salt solutions 

were autoclaved at 121°C for 30 min. 

2.5  Inoculum preparation 

Inoculum for bioreactor cultivations was prepared as follows: 500 μL 15% glycerol 

stock culture was added to 100 mL sterile medium in a shake flask. The shake flask 

culture was incubated in an orbital shaker (MaxQ 8000, Thermo Fisher Scientific, 

Marietta, USA) using the speed and temperature specified for each microorganism. 

2.6  Shake flask cultivation 

E. coli, S. cerevisiae, L. plantarum and C. glutamicum were grown in 250 mL shake 

flasks containing 50 mL of sterile medium. Cultivations of S. cerevisiae and L. 

plantarum were performed at 160 rpm and 30°C while E. coli was cultured at 250 

rpm and 37°C. Shake flask experiments with C. glutamicum were carried out at 130 

rpm and 30°C. 

2.7  Bioreactor cultivations 

Fermentations with C. glutamicum and S. cerevisiae were performed in a 3.5 L 

stirred bioreactor (Chemap, Switzerland) using an over pressure of 0.3 bar and 

constant aeration through the bottom sparger. The cultivation of both 

microorganisms was carried out at 30 0.1°C. Dissolved oxygen (DO) was monitored 
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with a DO probe (InPro6800, Mettler Toledo) and maintained at a minimum level of 

40% air saturation by regulating agitation speed or airflow. The pH was measured 

using a pH probe (InPro3253, Mettler Toledo). For C. glutamicum, pH was 

maintained at 7.0 0.1 with 10 M NaOH and 2 M H2SO4. For S. cerevisiae, pH was 

kept at 5.0 0.1 with 1 M NaOH and 2 M H2SO4. Foaming was controlled by 

dropwise addition of Glanapon 2000. Percentages of O2 and CO2 in the off-gas were 

measured continuously using a mass spectrometer (Prima Pro Process Mass 

Spectrometer, ThermoFisher) and the experimental data was acquired from 

Labview.  

During the batch fermentations with S. cerevisiae and C. glutamicum, 1.5 L medium 

was inoculated with 100 mL inoculum. The batch phase was considered to be 

finished when off-gas CO2 dropped. In the fed-batch fermentation with C. 

glutamicum, feeding was initiated at the end of the batch phase using an exponential 

feeding rate, Q(t), calculated by equation (1): 

౪ ౘ,బ ౮,బ

౩, ౩౮
  

Here,  is the glucose concentration in the feed (g/L),  is the initial weight of 

the fermentation broth (g),  is the initial biomass of the fed-batch phase (g/L) and 

 is the intended growth rate during the fed-batch phase (h-1) which was estimated 

as 1/3 of the maximum growth rate, , obtained during the batch phase.  is the 

yield coefficient of biomass on substrate which was determined by equation (2): 

ోీలబబ

౩,   ౘ౪ౙ
  

where 
లబబ

 is the change in optical density during the batch phase,  is the 

substrate consumption during the batch phase and F is a factor used to convert 

optical density into cell dry weight (CDW). A conversion factor of 0.3 g CDWꞏL-

1ꞏOD600
-1 for C. glutamicum reported by Blombach et al. (2011) was applied to 

calculate  in this study. 

2.8  Sampling procedure 

In the fermentation experiments, approximately 7 mL of sample was collected at 

each sample point regularly. Out of this volume, 2x1 mL was used to determine 

optical density (OD600) and the rest was centrifuged at 2500 rpm and 4°C for 15 min. 
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After centrifugation, cell pellets were discarded whereas supernatants were filtered 

through a sterile filter (0.22 μm Sterivex-GV Pressure Filter unit, Merck Millipore) and 

used for amino acid and sugar quantification. In the shake flask experiments, the 

same procedure was deployed except for the filtration step due to the small sampling 

volumes (1 mL). 

2.9  Analytical procedures 

2.9.1 Optical density 

Biomass was measured as optical density at 600 nm (OD600) using a 

spectrophotometer (Ultrospec 2100 pro spectrophotometer, Amsersham 

Biosciences, Uppasala, Sweden).  

2.9.2 Amino acids 

The amino acid analysis was carried out in two steps, namely purification and 

quantification. In the first step, the samples were purified by Solid Phase Extraction 

(SPE) to eliminate interfering compounds. The SPE purification step was carried out 

using a strong cation exchange (SCX) cartridge (40-75 μm, 70 Å, 100 mg/1mL, 

Hawach Scientific, China). Initially, the solid phase was equilibrated with 1 mL of 

100% methanol and acidified with 1 mL of 1% (v/v) aqueous formic acid. Samples 

were diluted two-fold in 1% (v/v) aqueous formic acid and norvalin was added as 

internal standard (IS) as to obtain a final concentration of 100 μM in the diluted 

samples. Diluted samples (500 μL) were loaded onto the solid phase and washed 

twice with 500 μL of 1% (v/v) formic acid in methanol. Then, amino acids were eluted 

from the solid phase with 2x250 μL 5% ammonium hydroxide in methanol. 

In the second step, concentrations of amino acids were determined according to the 

method described by Cohen (1994). The amino acids were converted into UV-active 

derivatives by reaction with the substrate 6-aminoquinolyl-N-hydroxy-succinimidyl 

carbamate (AQC) using a commercial derivatization kit (AccQ•Tag Ultra 

Derivatization Kit, Waters, Milford, Massachusetts). Amino acid derivatives were then 

quantified using reversed-phase liquid chromatography with UV detection at 260 nm 

(Waters ACQUITY UltraPerformance liquid LC, ACCQ-TAG ULTRA C18, 2.1x100 

mm, 1.7 μm column). Water (eluent A) and acetonitrile (eluent B) were used as 

eluents. A gradient of 0-60% eluent B over 10 min and a flowrate of 0.7 mL/s were 

applied to separate the amino acids. 
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2.9.3 Sugars 

Sugars (glucose, arabinose and xylose) and organic acids (lactate and acetate) were 

quantified by HPLC analysis (Shimadzu Nexera XR) using refractive index detection 

(RID-20A) Compounds were separated by reversed-phase mode (Biorad Aminex 

HPX-87H column) using the following conditions: 0.6 mL/min, 30°C and a 4 mM 

aqueous sulfuric acid eluent. Filtrated samples were prepared for injection (1 µL) by 

two-fold dilution in 0.2% aqueous sodium azide. Quantification was performed by 

comparing samples with 10 g/L standard solutions of each compound. 

2.10 Data analysis 

All variables (OD600, amino acids and sugars) were determined in duplicates and 

results were reported as mean SD. All graphs were created in the software 

GraphPad Prism 9.3.1. 

3. Results and discussion 

3.1  Selection of microorganisms for amino acid production 

The four microorganisms, listed in Table 1, were cultured in shake flasks to evaluate 

their ability to utilize BSG hydrolysate as a substrate for amino acid production. 

These microorganisms were chosen for the initial screening because they have 

previously been demonstrated to produce amino acids by submerged processes 

(Gopinath and Nampoothiri, 2014; Malaney et al., 1991; Rodriguez et al., 2014; Toe 

et al., 2019). 

Table 1 

Screening of different microorganisms 

Microorganism Growth 

performancea 

Major amino acids produced 

E. coli + ND 

L. plantarum + ND 

S. cerevisiae ++ Ala, Pro, Glu, Val, Leu, Phe 

C. glutamicum ++ Ala, Pro, Val, Gly 

aGrowth performance was based on optical density measured at 600 nm (OD600). +: low growth 

(OD600<8). ++: high growth (OD600>8). 

Initially, their growth performance was investigated and the best-performing 

microorganisms (OD600>8) were studied further for amino acid production. E. coli and 
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L. plantarum showed low growth performance and therefore amino acid production 

was not assessed for these microorganisms. The low growth of these 

microorganisms might be due to drop in medium pH during the growth. The pH 

dropped, from 7.0 to 4.9 and from 6.5 to 3.8, during cultivation of E. coli and L. 

plantarum, respectively. This decrease might stem from production of acetic acid by 

E. coli and lactic acid by L. plantarum, although the presence of these metabolites 

was not confirmed by chemical analysis. A similar pH decline from 6.5 to 5.4 was 

found for S. cerevisiae. However, the growth was not influenced as the optimum pH 

for growth ranges from 4.0 to 6.0 (Liu et al., 2015). Contrarily, pH increased from 7.0 

to 8.1 after 48 h cultivation of C. glutamicum which was also found to be within the 

optimum pH range (6.0-9.0). This explains why growth of C. glutamicum was 

unaffected (Follmann et al., 2009). Based on these results, C. glutamicum and S. 

cerevisiae were selected and explored for amino acid production in this study. 

3.2  Cultivation of Corynebacterium glutamicum and Saccharomyces cerevisiae 

To develop a microbial process for transforming BSG-derived sugars into amino 

acids, C. glutamicum and S. cerevisiae were cultured in shake flasks and fermenter. 

One shake flask experiment and two batch fermentations were carried out for both 

microorganisms. Additionally, one fed-batch fermentation was performed for C. 

glutamicum. The term amino acid profile refers to the concentration of free amino 

acids present in the fermentation broth at a specific time. Based on the changes in 

amino acid concentrations during growth, their consumption or production was 

determined. 

3.2.1 Shake flask experiments 

The aim of these experiments was two-fold, first to select and optimize the media 

and secondly to study the amino acid formation. 

The shake flask experiment with S. cerevisiae was performed using BSG 

hydrolysate as C-source and yeast extract as N-source. Yeast extract also contains 

carbohydrates (~10% of dry matter) which might be utilized as C-source. To examine 

whether the BSG hydrolysate comprises the primary C-source for S. cerevisiae, 

media with high (1 g/L) and low (0.5 g/L) concentrations of yeast extract were tested. 

Reducing the concentration of yeast extract from 1 g/L to 0.5 g/L led to a slight 

decrease in the growth performance as OD600 dropped from ~8 to ~6 after 20 h (data 
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not shown). This suggests that the carbohydrates in yeast extract support growth of 

S. cerevisiae; however, yeast extract is not the main C-source. Furthermore, it is 

important to note that the observed decrease in OD600 could also be due to 

limitations of the N-source. 

The growth medium for C. glutamicum does not contain yeast extract but ammonium 

sulphate as N-source. Quantification of amino acids in this medium revealed a 

relatively high background concentration of all amino acids. This may result from 

solubilization of amino acids during the enzymatic hydrolysis of BSG or simultaneous 

protein hydrolysis. However, low proteolytic activity has been reported for the Depol 

686L mixture and therefore the degree of protein hydrolysis is expected to be 

insignificant (Forssell et al., 2008). The effect of N-source on C. glutamicum growth 

and amino acid formation was investigated by using media with low (12 g/L) and high 

(20 g/L) concentrations of ammonium sulfate referred to as MLow and MHigh, 

respectively (Figure S1). The growth curves obtained from cultivation of C. 

glutamicum in MLow and MHigh followed the same trend, although biomass production 

appeared to be slightly higher when the bacterium was cultured in the MHigh medium 

(Figure S1A). On the other hand, C. glutamicum had highest production of alanine 

(Ala) in MLow medium (~194 mg/L) as compared to MHigh medium (~135 mg/L) (Figure 

S1B). As a result, MLow medium was chosen for all subsequent cultivations of C. 

glutamicum. 

A comparison of the growth data obtained for each microorganism reveals that C. 

glutamicum grows faster than S. cerevisiae on BSG hydrolysate (Figure 1). For C. 

glutamicum an unusual growth pattern was observed during the stationary phase 

where OD600 first declined rapidly (~13 h) and then increased (~24 h) (Figure 1A). 

The underlying cause of this observation is unclear; yet, it may be attributed to 

changes in the pH and DO as these parameters were not regulated during the shake 

flask experiments. Alternatively, it could be explained by an outlying data point; 

though, this scenario is unlikely because the same trend was obtained from 

cultivations in MLow and MHigh media (Figure S1A). For S. cerevisiae, the shape of the 

growth curve suggests that it grows diauxically on the BSG hydrolysate (Figure 

1B).This observation is supported by Tsao and Vegas (1982) who demonstrated that 

the growth of S. cerevisiae can be sustained by sequential utilization of different 

sugars when the medium contains more than one sugar.  
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Figure 1. Growth curves obtained from shake flask cultivation with Corynebacterium glutamicum (A) 

and Saccharomyces cerevisiae (B). Data is reported as the mean SD of two technical replicates. 

Different amino acid profiles were gained from shake flask cultivations of C. 

glutamicum and S. cerevisiae (Figure 2). C. glutamicum showed highest increase in 

Ala, valine (Val) and proline (Pro) (Figure 2A). The maximum concentrations 

achieved for Ala, Val and Pro, after 30 h of cultivation, was 205.5, 52.3 and 41.0 

mg/L. This corresponds to a 17, 5 and 2 fold increase in the concentration that was 

present in medium. For S. cerevisiae, several amino acids were produced with 

maximum production observed at different times (Figure 2B). These amino acids 

include Ala (45.1 mg/L to 56.9 mg/L), Pro (24.7 to 36.5 mg/L), glutamic acid (Glu) 

(77.8 to 144.1 mg/L), leucine (Leu) (23.2 to 37.0 mg/L) and phenylalanine (Phe) 

(18.4 to 31.8 mg/L). All amino acids were produced in small quantities except for Glu 

that nearly doubled during a growth period of 60 h. 
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Figure 2. Trends in amino acid concentrations (mg/L) during shake flask cultivations with 

Corynebacterium glutamicum (A) and Saccharomyces cerevisiae (B). Data is reported as the 

mean SD of two technical replicates. 

3.2.2 Fermentation experiments 

To examine the effect of controlled conditions (pH, aeration, agitation etc.) on growth 

and amino acid production, fermentations were conducted with S. cerevisiae and C. 

glutamicum in a bioreactor. 



12 
 

3.2.2.1 Batch fermentations 

Batch fermentations were performed in a 3.5 L Chemap fermenter with media 

volume of 1.5 L using C. glutamicum and S. cerevisiae. The cultivations of both 

microorganisms were carried out at 30°C. The pH of 7.0 0.1 and 5.0 0.1 was 

maintained during batch fermentation experiments for C. glutamicum and S. 

cerevisiae, respectively. Batch fermentation experiments were considered finished 

based on off-gas CO2 profile. To verify the reproducibility, duplicate batch 

fermentations were done for each microorganism, and trends in amino acid and 

growth profiles were studied (Figure 3 and Figure 4). 

The growth curves and substrate profiles achieved for each microorganism are 

compared in Figure 3. For C. glutamicum, the stationary growth phase was observed 

after 7-8 h with a maximum OD600~10 (Figure 3A and 3B). No decrease in OD600 was 

detected during the stationary phase as seen in the shake flask experiment (Figure 

1A). This finding supports our hypothesis that the decrease in OD600 observed during 

the shake flask experiment resulted from fluctuations in pH and/or DO. The 

maximum OD600 values obtained for C. glutamicum in batch fermentation and shake 

flask cultivation were similar (OD600: 9-10) while the growth period was shorter in the 

batch fermentations (7-8 h) as compared to shake flask cultivation (30 h). S. 

cerevisiae showed the stationary growth phase after 26-28 h which was shorter as 

compared to the shake flask experiment (60 h). Comparable OD600 values (OD600: 7-

9) were achieved in both cultivation modes (Figure 3C and 3D). 
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Figure 3. Growth curves and consumption of glucose and acetate during two repeated batch 

fermentations with Corynebacterium glutamicum (A, B) and Saccharomyces cerevisiae (C, D). Data is 

reported as mean SD of two technical replicates. 

Chemical analysis showed that the BSG hydrolysate-based media contained 

different concentrations of a variety of sugars such as glucose (2.5-3.0 g/L), 

arabinose (1.5-2.0 g/L), xylose (2.6-3.5 g/L), acetate (6.7-8.9 g/L) and lactate (1.0-

1.3 g/L). Glucose originates from the hydrolysis of cellulose, and to a lesser extent β-

glucans, found in BSG. On the other hand, arabinose, xylose and acetate are major 

products from hydrolysis of arabinoxylan, the most predominant hemicellulose in 

BSG (Coelho et al., 2016). Further, the buffer solution (ammonium acetate) used for 

BSG hydrolysis also contributes to the high media concentrations of acetate. The 

results presented in Figure 3 indicate that both microorganisms utilize glucose and 

acetate as major substrates, while neither of them consumed xylose and arabinose. 

For both microorganisms, lactate concentration remained stable during the 

exponential phase but was depleted by the end of the cultivations. A possible 

explanation for this could be that lactate is consumed after the depletion of glucose 

and acetate (Figure S2). Furthermore, the substrate curves imply that C. glutamicum 

and. S. cerevisiae utilize glucose and acetate by two distinct mechanisms. For C. 

glutamicum, overlapping curves indicate simultaneous consumption of glucose and 

acetate (Figure 3A and 3B). This result is consistent with findings of previous studies 

which demonstrated that C. glutamicum is capable of co-metabolizing glucose with 

other substrates such as acetate, lactate and various sugars (Gerstmeir et al., 2003). 

For S. cerevisiae, consumption of glucose was observed within the first 10 h after 

which acetate concentrations began to decrease (Figure 3D). These results support 

the hypothesis that S. cerevisiae grows diauxically with preference for glucose. The 

decreasing concentrations of acetate strongly suggest that acetate is the second 

most preferred substrate. To confirm this, however, further analysis is required since 

S. cerevisiae is known to utilize a multitude of other substrates including maltose, 

sucrose, galactose, ethanol and lactate (Turcotte et al., 2010). Based on the 

chemical analysis performed in the present study, the possibility that S. cerevisiae 

utilizes ethanol or lactate as substrates after glucose depletion can be ruled out 

because these compounds started to decline during the stationary phase (data not 

shown).  
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Amino acid profile obtained showed that Ala, Pro, Val and Gly were the major amino 

acids produced by C. glutamicum (Figure 4A and 4B). Production of these amino 

acids appeared to be growth-dependent as it increased with increasing OD600 values 

during the exponential phase. After 4-5 h, the production of Ala, Pro and Val started 

to decline while no general trend could be inferred for Gly. The decreased 

productivity may be due to C-source limitation as both glucose and acetate were 

depleted after 4-5 h; therefore, supplementation with these substrates may promote 

further growth and potentially increase amino acid production by C. glutamicum. All 

amino acids were consumed by S. cerevisiae during batch fermentation except for 

Ala which increased slightly during the first 10-11 h (Figure 4C and 4D).  
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Figure 4. Trends in amino acids concentrations (mg/L) during two repeated batch fermentations with 

Corynebacterium glutamicum (A, B) and Saccharomyces cerevisiae (C, D). Data is reported as 

mean SD of two technical replicates. 

3.2.2.2 Fed-batch fermentation 

As the amino acid production showed growth dependency in C. glutamicum, the 

effect of exponential feeding on amino acid production was investigated in an 

attempt to achieve high productivity. To do so, one fed-batch fermentation 

experiment was performed using exponential feeding. A fed-batch fermentation 

consists of two phases: a batch phase and a fed-batch phase. When the batch 

phase was finished (9 h), indicated by drop in off-gas CO2, the fed-batch phase was 

commenced by addition of feed exponentially. The feed was composed of BSG 

hydrolysate and salts. To achieve high biomass concentration during the fed-batch 

phase, a higher glucose concentration (4 g/L) was used in the feed as compared to 

the initial medium (2.5 g/L). The results from the fed-batch fermentation with C. 

glutamicum are presented in Figure 5. It is evident from the growth curve that the 

culture was not growing exponentially during the fed-batch phase indicating that 

growth was limited by feed media component (Figure 5A). Contrary to our 

expectations, beside Gly all amino acid concentrations were found to be low 
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throughout the fed-batch phase (Figure 5C). The lack of amino acid production could 

be ascribed to an increasing consumption of amino acids from the medium which 

may occur under C-limited conditions (Paczia et al., 2012). This hypothesis was 

corroborated by sample analysis indicating a complete depletion of glucose, acetate 

and lactate during the fed-batch phase. Similar to the batch phase, xylose and 

arabinose were not consumed during the fed-batch phase. This suggested that C. 

glutamicum is incapable of metabolizing these sugars, even under severe nutrient 

deprivation (data not show). Besides, the observed accumulation of Gly could be due 

to selective degradation of intracellular proteins stemming from nutrient limitation 

(Gur et al., 2017). 

Additional studies are needed to investigate the low or no production of amino acids 

during the fed-batch phase. Future research should focus on optimizing the process 

conditions with emphasis on high feed substrate/glucose concentration as it seems 

to be the limiting factor. To maximize amino acid production, the feed should be 

formulated in such a way to match the intended growth rate during exponential 

feeding. This could potentially be achieved by increasing the concentration of BSG-

derived glucose in the feed which requires further optimization of the hydrolysis 

process. Such efforts should concentrate on optimizing the enzymatic hydrolysis of 

cellulose rather than hemicellulose since C. glutamicum did not utilize the 

hemicellulosic monosaccharides (xylose and arabinose) from the BSG hydrolysate 

(Figure S2). One possible strategy for optimizing enzymatic cellulose hydrolysis of 

BSG could be to remove hemicellulose and lignin using a sequential pretreatment 

with dilute acid and base as reported by Mussatto et al (2008). The idea of this 

approach is to increase the accessibility of cellulose to cellulases by removing the 

protective layers of lignin and hemicellulose.  
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Figure 5. Fed-batch fermentation with Corynebacterium glutamicum. (A): growth curve of the batch 

phase (0-9 h) and fed-batch phase (9-18.5 h). Feeding was initiated after 9 h of cultivation. (B): trends 

in amino acid concentrations during the batch phase. (C): trends in amino acid concentrations during 

the fed-batch phase where concentrations measured at 8 h were used as the reference point. 

Concentrations are given in mg/L and all data is reported as mean SD of two technical replicates.  

3.3  General discussion 

In the previous section, the overall performance of S. cerevisiae and C. glutamicum 

was compared with respect to growth, substrate consumption and amino acid 

production. This section will focus on the effect of cultivation mode and growth phase 

on the production of selected amino acids by S. cerevisiae and C. glutamicum.  

3.3.1 Effect of cultivation mode and growth phase on amino acid production 

3.3.1.1 Corynebacterium glutamicum 

The changes in Ala, Pro, Val and Gly concentrations observed during the 

exponential and stationary phases of shake flask cultivation and batch fermentation 

with C. glutamicum are shown in Figure 6. These results indicate that amino acid 

production depends on the growth phase and cultivation mode. 
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Figure 6. Effect of cultivation mode and growth phase on amino acid production by Corynebacterium 

glutamicum during (A): shake flask cultivation and (B): batch fermentation. 

In the shake flask experiment, Ala, Pro and Val were produced during both growth 

phases whereas Gly was produced only during the stationary phase (Figure 6A). The 

production of Ala, Pro and Val was higher in the stationary phase at 30 h (Ala: 193.6 

mg/L, Pro: 20.3 mg/L, Val: 42.7 mg/L) as compared to the exponential phase (9 h) 

(Ala: 33.7 mg/L, Pro: 5.21 mg/L, Val: 32.3 mg/L). This finding was surprising as the 

productivity is expected to be higher during the exponential phase where the cells 

possess the maximum metabolic activity. It is likely that the high amino acid 

concentrations observed in the stationary phase are caused by cell lysis rather than 

production as suggested by Paczia et al. (2012). 

During batch fermentation, the exponential phase (4 h) was associated with the 

highest production of Ala, Pro and Val (Ala: 42.8 mg/L, Pro: 22.4 mg/L, Val: 34.8 

mg/L) (Figure 6B). In the stationary phase (8 h), however, production of Ala and Val 

was lower than in the exponential phase while Pro was consumed (Ala: 3.16 mg/L, 

Pro: -17.8 mg/L, Val: 20.4 mg/L). For Gly, the opposite trend was observed as the 

production appeared to be higher in the stationary phase (Gly: 18.8 mg/L) and lower 

in the exponential phase (Gly: 10.5 mg/L). 

Also, it was evident that Ala production during the stationary phase was substantially 

higher in the shake flask experiment as compared to that in batch fermentation. This 

might be related to the different sample processing method applied, depending on 

the cultivation mode. In shake flask experiment, the cell-free supernatants were 

produced by centrifugation only whereas in fermentation experiments supernatants 
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were obtained by a combination of centrifugation followed by filtration. As 

demonstrated by Paczia et al. (2012), filtration could increase the loss of 

metabolites, which might be the reason for the lower Ala production observed in the 

stationary phase of batch fermentation. 

3.3.1.2 Saccharomyces cerevisiae 

Changes in amino acid concentrations observed in shake flask cultivation and batch 

fermentation with S. cerevisiae are summarized in Figure 7. In the shake flask 

experiments, Ala, Pro, Glu and Val were produced during the exponential phase (50 

h). In contrast, Ala, Pro and Val were consumed while Glu was produced during the 

stationary phase (60 h) (Figure 7A). Interestingly, the production Glu was nearly 50% 

higher during the stationary phase when compared to the exponential phase. As 

explained for Ala production by C. glutamicum, the high Glu concentration might be 

due to cell lysis. 

     

Figure 7. Effect of cultivation mode and growth phase on amino acid production by Saccharomyces 

cerevisiae. (A): shake flask cultivation. (B): batch fermentation. 

Results from the batch fermentations with S. cerevisiae showed a clear absence of 

amino acid production except for Ala which increased slightly during the exponential 

phase (Figure 7B). One plausible explanation for this could be that the initial pH 

values differed between the shake flask (pH 6.5) and the batch fermentation (pH 5.0) 

experiments. Besides medium pH, the two cultivation modes are different with regard 

to agitation type, aeration and scaling. Considering these differences, it is more likely 

that variations in amino acid production are caused by a combination of several 

parameters rather than the single effect of medium pH. To investigate the effect of 

pH on amino acid production by S. cerevisiae, further study is required. Furthermore, 
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amino acid production by S. cerevisiae could possibly be enhanced by increasing the 

salinity as demonstrated by Malaney et al. (1991) who found elevated extracellular 

concentrations of certain amino acids at high NaCl concentrations. 

3.3.2 General discussion 

Although promising, the fermentative processes presented here are not without 

limitations. First, the productivities were considerably lower as compared to those 

reported for industrial production of amino acids by fermentation. Lee et al. (2016) 

reported production of 98 g/L Ala, 150 g/L Val and 13 g/L Pro from large-scale 

fermentations with metabolically engineered C. glutamicum strains. In the present 

study, a native strain of C. glutamicum was employed which yielded 0.043 g/L Ala, 

0.035 g/L Val and 0.022 g/L Pro when cultured in a BSG hydrolysate-based medium. 

This difference may be related to the properties of the producing strain since 

industrial processes typically employ strains that have been metabolically 

engineered to overproduce certain amino acids. Another reason could be the 

presence of lignocellulose-derived inhibitors originating from the hydrolysis of BSG. 

Recent research has suggested that compounds derived from lignocellulose, such 

as furfural, 5-hydroxymethylfurural (HMF), vanillin, syringaldehyde and acetate, 

inhibit the production of value-added compounds by C. glutamicum including 

ethanol, succinic acid and amino acids (Sakai et al., 2007; Wang et al., 2018; Xu et 

al., 2015). As proposed by Wang et al. (2018), this problem could be overcome be 

applying strains of high inhibitor tolerance. In addition, any inhibitory effects caused 

by acetate could be eliminated by performing the hydrolysis in a different buffer 

solution as the ammonium acetate buffer may be the main contributing factor for the 

high media concentrations of acetate (8-9 g/L). Second, C. glutamicum did not 

produce any Glu. This finding was surprising as C. glutamicum is the most well-

studied producer of Glu. The absence of Glu accumulation may be due to excessive 

biotin levels in the hydrolysate. High biotin levels are associated with reduced C-flux 

towards Glu synthesis and strengthened cell walls resulting in reduced secretion of 

Glu to the medium (Wen et al., 2018). Even though biotin was not quantified in the 

present study, it is reasonable to assume that the BSG hydrolysate contains 

significant biotin concentrations as Karlović et al. (2020) reported a biotin content of 

~100 μg/kg dry weight of BSG. Previous studies have shown that Glu secretion can 

be induced under biotin-rich conditions by addition of antibiotics which inhibit cell wall 
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synthesis (Wang et al., 2018; Wen et al., 2018). The use of antibiotics poses 

environmental and health challenges and should therefore be avoided. A better 

approach to tackle this issue was described by Wen and Bao (2019) who showed 

that high Glu production can be achieved by using a metabolically engineered strain 

of C. glutamicum designed to overproduce Glu under biotin-rich conditions. In all, 

these strategies may prove useful in optimizing Glu production from BSG by C. 

glutamicum. With respect to S. cerevisiae, a comparably high Glu production was 

found in the shake flask experiment. This finding suggests that Glu production by S. 

cerevisiae was not affected by biotin. 

Evaluation of other amino acid producing microorganisms would also be viable topic 

for future research. Besides E. coli, C. glutamicum, L. plantarum and S. cerevisiae, 

certain Bacillus species have been reported to be excellent amino acid producers 

(Shakoori et al., 2012). Previous studies have demonstrated the fermentative 

production of several amino acids by B. cereus, B. anthracis and B. spp. using either 

pure glucose or molasses as substrates (Abou-taleb, 2015; Shakoori et al., 2012). 

Yet, no prior studies have considered the utilization of lignocellulosic feedstock as 

substrates for amino acid production by Bacillus species. Therefore, a future study 

investigating amino acid production from BSG by different Bacillus species would be 

interesting. 

4. Conclusions 

The use of brewer’s spent grain as substrate for amino acid production using 

selected microorganisms was demonstrated successfully for the first time. 

Corynebacterium glutamicum and Saccharomyces cerevisiae were selected for 

amino acid production. Cultivation mode and growth phase affected amino acid 

production in both microorganisms. In shake and batch fermentations, C. glutamicum 

produced alanine, proline, valine and glycine where highest production was found for 

alanine in shake flasks (193-194 mg/L). In shake flask, S. cerevisiae produced 

alanine, proline, valine and glutamic acid with highest production of glutamic acid 

(65-66 mg/L). In batch fermentation mode, S. cerevisiae produced no amino acids. 
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Figure S1. Shake flask experiments with Corynebacterium glutamicum: evaluation of media with 

different ammonium sulfate concentrations. (A) growth curves and (B) amino acid profiles (mg/L) 

obtained from cultivation in medium of low ammonium sulfate concentration. Concentrations of 

ammonium sulfate were 20 g/L (high ammonium sulfate) and 12 g/L (low ammonium sulfate) in the 

two tested media. 
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Figure S2. Trends in concentrations of xylose, arabinose and lactate (g/L) during batch fermentations 

with Corynebacterium glutamicum (A, B) and Saccharomyces cerevisiae (C, D). Data is reported as 

mean SD of two technical replicates. 
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Abstract 

Lignocellulosic waste represents valuable feedstock for single cell protein (SCP) 

production by submerged fermentation. In this study, brewer’s spent grain (BSG) and 

Ligno biomass were evaluated as potential lignocellulosic substrates for production 

of SCP in the form of yeast biomass using Saccharomyces cerevisiae. S. cerevisiae 

was grown in BSG and Ligno biomass-based media and the nutritional quality of the 

harvested yeast biomasses was assessed based on their protein content and amino 

acid profile. The growth of S. cerevisiae was higher in the BSG-based medium 

(OD600, max~7.0) as compared to the Ligno biomass-based medium (OD600, max~2.5). 

BSG-derived yeast biomass had a higher protein content (37.9 1.08% DM) than the 

yeast biomass produced from Ligno biomass (27.9 0.18% DM). The yeast 

biomasses contained high levels of amino acids except for methionine (Ligno: 

0.50 0.01% DM, BSG: 0.62 0.00% DM) and cystine (Ligno and BSG: 0.09 0.00% 

DM). Glutamic acid was the most abundant amino acid in yeast biomass derived 

from BSG (5.34 0.23% DM) and Ligno biomass (3.77 0.06% DM). This study 

demonstrated the production of high-quality SCP products from two lignocellulosic 

substrates by submerged fermentation. From an economic and nutritional 

perspective, BSG appeared to be the best substrate for SCP production. 
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1. Introduction 

Protein is an essential source of amino acids for all living organisms. A steadily 

growing population has caused an increased global demand for animal protein which 

is chiefly supplied by the agriculture and aquaculture industries [1]. In 2020, 

aquaculture and capture fisheries accounted for ~17% of the global production of 

animal protein for human nutrition [2]. Aquaculture is one of the fastest growing 

industries and as a result, its contribution to the global supply of animal protein is 

expected to increase in the future. Fishmeal represents the most common protein 

source in formulated aquaculture feeds due to its high protein content (50-70%) and 

well-balanced amino acid profile [3]. The aquaculture sector is the primary consumer 

of fishmeal (75-80%) while a minor share is consumed by the pig and poultry 

industry (20-25%) [4]. Notwithstanding its high nutritional value, fishmeal is 

associated with economic and ecological concerns owing to high prices and 

declining stocks of forage fish used in the manufacturing of fishmeal. To meet the 

growing demand for animal protein and reduce the consumption of fishmeal by the 

food-producing sectors, alternative protein sources must be identified and 

incorporated in feeds—particularly aquaculture feeds. Single cell protein (SCP) is a 

promising new protein source because of a high protein content and a favourable 

amino acid profile that resembles fishmeal [5]. Single cell protein is sourced from 

different biomasses, mainly bacteria, fungi and microalgae [6]. The protein content is 

known to vary depending on the SCP source and it is typically highest in SCP from 

algae (60-70%) and bacteria (50-80%) while fungal SCP often has a lower protein 

content (30-50%) [7]. At present, various substrates have been utilized to produce 

fungal and bacterial SCP by fermentation [8]. Among them, lignocellulosic residues 

represent sustainable substrates for SCP production owing to their high abundance, 

inexpensive production and high content of cellulose and hemicellulose-bound 

sugars [9]. Previously, the production of SCP from lignocellulosic by-products has 

mainly been described for filamentous fungi and yeasts with Saccharomyces 

cerevisiae being the most well-studied and widely used yeast species [10–12]. 
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Incorporation of lignocellulosic by-products as fermentation substrates for SCP 

production may alleviate the environmental burden posed by these residues and 

pave the way for a more sustainable production of protein for animal feeds or direct 

human consumption. 

In this study, two lignocellulosic biomasses were evaluated as feedstock for SCP 

production by S. cerevisiae using submerged fermentation. The studied biomasses 

were brewer’s spent grain (BSG), the major by-product from beer brewing, and Ligno 

biomass. S. cerevisiae was cultivated in media containing BSG or Ligno biomass 

hydrolysates as the C-source. The amino acid profiles and protein content of BSG 

and Ligno biomass-derived S. cerevisiae biomass were determined to evaluate their 

suitability as substrates for production of high-quality proteins. This study 

demonstrates the conversion of two lignocellulosic residues into yeast biomass of 

relatively high nutritional value using submerged fermentation. To our knowledge, 

this is the first study describing the nutritional quality of S. cerevisiae biomass from 

BSG and Ligno biomass obtained by submerged fermentation. Previously, Casas-

Godoy et al. (2020) demonstrated the production of S. cerevisiae biomass using 

BSG; however, they did not determine the amino acid profile and protein content of 

the harvested yeast biomass [11]. 

2. Materials and methods 

2.1  Materials 

Brewer’s spent grain (BSG) was supplied by Carlsberg, Denmark. It was processed 

as follows: autoclaving at 121°C for 15 min, drying at 60°C and micronization. The 

micronization of BSG was performed at the Danish Technological Institute (Kolding) 

to produce a size fraction of 125-250 μm. Hydrolyzed Ligno biomass was supplied by 

Borregaard (Norway). 

2.2  Production of hydrolysates 

The BSG hydrolysate was prepared from dried, micronized BSG according to the 

procedure described in Karlsen et al. (2022a) [13]. In brief, this procedure consists of 

three steps: enzymatic hydrolysis, neutralization of liquid fractions and sterile 

filtration. The hydrolysis was performed using the following conditions: 10% (w/v) 

BSG suspension in ammonium acetate buffer (50 mM, pH 5.0) and 24 h of 
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incubation at 50°C. The enzymatic conversion was initiated by addition of Depol 

686L (Biocatalyst, UK) to a preheated buffer-BSG suspension in order to achieve a 

final enzyme activity of 106 U/mL. After hydrolysis, the liquid fractions were 

separated from the solid residues by centrifugation (4000 rpm, 21°C and 25 min). 

Neutralization of the liquid fractions led to production of a white precipitate which was 

removed by centrifugation (4000 rpm, 4°C and 25 min). In the last step, the liquid 

fractions were sterilized by filtration through a sterile filter (0.22 μm Sterivex-GV 

Pressure Filter unit, Merck Millipore).  

2.3  Growth experiments 

The yeast Saccharomyces cerevisiae (unknown strain) was employed for production 

of SCP from Ligno biomass and BSG hydrolysates. Previous studies have confirmed 

that S. cerevisiae is capable of utilizing both lignocellulosic hydrolysates as 

substrates for biomass production [13,14]. Therefore, initial screening in shake flasks 

was not performed prior to bioreactor cultivations. 

2.3.1 Media composition 

For all cultivations, the following lignocellulosic media were applied: KH2PO4, 0.052 

g/L; MgSO4ꞏH2O, 0.036 g/L; Na2HPO4, 0.0164 g/L; MnSO4ꞏH2O, 0.00384 g/L; 

CH3COONa, 0.0384 g/L; yeast extract, 1.0 g/L; BSG or Ligno biomass hydrolysate 

as the glucose source using concentrations of 2.5 g/L and 5 g/L, respectively. To 

prepare these media, a sterile solution of salts and yeast extract was mixed with 

BSG or Ligno biomass hydrolysates. The BSG hydrolysate was sterilized by filtration 

while the Ligno biomass hydrolysate was autoclaved at 121°C for 15 min. The salt-

yeast extract solution was autoclaved at 121°C for 30 min. For all solutions, pH was 

adjusted to 5.00 0.1 before sterilization. 

2.3.2 Inoculum preparation 

Inoculum was produced in shake flasks by inoculating 100 mL sterile medium with 

500 μL 15% glycerol stock culture of S. cerevisiae. Cells were propagated at 160 

rpm and 30°C in an orbital shaker (MaxQ 8000 orbital shaker, Thermo Fisher 

Scientific, Marietta, USA). The shake flask cultivations were terminated at an optical 

density of 2.0-2.5 (16-20 hours) and the resulting cell suspension was used for 

inoculation of the fermentation broth. 
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2.3.3 Batch fermentations 

Batch fermentations were carried out in a 3.5 L stirred bioreactor (Chemap, 

Switzerland). For BSG and Ligno biomass, two batch fermentations were performed 

using a medium volume of 1.5 L. During the fermentations, the pressure was kept 

constant at 0.3 bar and the growing culture was aerated through the bottom sparger 

connected to the air supply. The temperature was maintained at 30 0.1°C. 

Dissolved oxygen (DO) was monitored using a DO sensor (InPro6800, Mettler 

Toledo) and kept above 40% of air saturation by regulating agitation speed and 

airflow. Medium pH was monitored by a pH sensor (InPro3253, Mettler Toledo) and 

maintained at 5.00 0.1 by addition of acid (2 M H2SO4) and base (1 M NaOH). 

Foaming was controlled by addition of the antifoaming agent Glanapon 2000. Off-

gas percentages of CO2 and O2 were determined with one-minute intervals using a 

mass spectrometer (Prima Pro Process Mass Spectrometer, ThermoFisher 

Scientific) and all off-gas data was acquired from Labview. When off-gas CO2 

dropped, the experiments were terminated. 

2.4  Analytical methods 

Samples were collected aseptically with frequent intervals and used for duplicate 

analysis of biomass, amino acids and sugars. The optical density was determined 

immediately after each sampling. The rest of the sample was centrifuged (2500 rpm, 

4 °C and 15 min) to separate the liquid fraction from the biomass. Biomasses from 

the same growth phase were combined and freeze-dried, and the supernatants were 

filtered to remove cell residues (0.22 μm Sterivex-GV Pressure Filter unit, Merck 

Millipore). 

2.4.1 Optical density 

Biomass was measured as optical density at 600 nm (OD600) using a 

spectrophotometer (Ultrospec 2100 pro, Amsersham Biosciences, Uppasala, 

Sweden).  

2.4.2 Amino acid composition of biomass 

The freeze-dried biomass was analyzed for amino acids as previously reported by 

Karlsen et al. (2022b) [15]. Initially, samples (~10 mg) were hydrolyzed to liberate 

protein-bound amino acids under the following conditions: 6 M HCl with 0.2% phenol 
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(1.8 mL), 24 h and 110°C. After hydrolysis, norvalin was added as an internal 

standard to reach a final concentration of 100 μM and HCl was removed by 

evaporation in a vacuum centrifuge (RVC 2-18 vacuum, CHRIST, Germany). The 

samples were resuspended in dilute HCl (3 mL, 0.01 M) and centrifuged at 3000g for 

10 min to separate solid and liquid fractions. Then, the liquid fractions were diluted 

10-fold and used for amino acid analysis. Amino acids were quantified according to 

the method described by Cohen (1994) in which amino acids react with 6-

aminoquinolyl-N-hydroxy-succinimidyl carbamate (AQC) to form UV-active amino 

acid-AQC derivatives. This reaction was performed using a derivatization kit 

(AccQ•Tag Ultra Derivatization Kit, Waters, Milford, Massachusetts). The amino acid 

derivatives were then separated by reversed-phase liquid chromatography and 

quantified by UV detection at 260 nm (Waters ACQUITY UltraPerformance liquid LC 

(UPLC)). Water (B) and acetonitrile (A) were used as eluents. For optimum 

separation of amino acids, a gradient 0-60% eluent B over 10 min and a flowrate of 

0.7 mL/s were applied. Finally, the protein content of fungal biomass was estimated 

as the sum of all quantified amino acids. 

2.4.3 Sugar concentrations of supernatants 

Supernatants were analyzed for sugars and organic acids (glucose, 

xylose/mannose, arabinose, acetate and lactate) as previously reported by Karlsen 

et al. (2022a) [13]. Briefly, these compounds were quantified by HPLC analysis 

(Shimadzu Nexera XR) using reversed-phase separation mode (Biorad Aminex 

HPX-87H column) and refractive index detection (RID-20A). The following conditions 

were employed for chromatographic separation: a flowrate of 0.6 mL/min, a 

temperature of 30°C and a 4 mM aqueous sulfuric acid eluent. Prior to analysis, 

filtrated samples were diluted two-fold in a 0.2% aqueous sodium azide solution. 

Sample analysis was performed semi-quantitatively by comparing samples with 10 

g/L standard solutions of each compound. 

2.5  Data analysis 

All samples were analyzed in duplicates and results presented as mean SD of two 

technical replicates. All figures were prepared in the software SigmaPlot version 

14.0. 
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3. Results and discussion 

3.1  Concentrations of amino acids, sugars and organic acids in Ligno biomass and 

BSG-based media 

S. cerevisiae was cultured in two lignocellulosic media based on BSG and Ligno 

biomass hydrolysates. It is well-known that S. cerevisiae accumulates amino acids 

from the medium; hence, high concentrations of amino acids in the medium may be 

reflected in the biomass of S. cerevisiae [17]. To better explain any potential 

differences in the amino acid profiles of SCP from BSG and Ligno biomass, the 

amino acid compositions of both media were determined and compared in Figure 1. 
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Figure 1. Amino acid concentrations of media with brewer’s spent grain (BSG) and Ligno biomass 

hydrolysates. Data for the BSG-based medium is acquired from Karlsen et al. (2022a) [13]. 

A comparison of the two media revealed a markedly higher concentration of all 

amino acids in the BSG-based medium. This result could be related to compositional 

differences between Ligno biomass and BSG or the hydrolysis method. The 

relatively high amino acid concentrations found in the BSG-based medium may be 

due to solubilization of free amino acids during hydrolysis. Alternatively, it is possible 

that a minor part of the protein in BSG has been hydrolyzed to amino acids because 

of a low proteolytic activity reported for Depol 686L [18]. The occurrence of amino 

acids in the Ligno biomass-based medium may stem from the yeast extract as no 

free amino acids were measured in the Ligno biomass hydrolysate (data not shown). 
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Based on these results, BSG-derived SCP is expected to have a higher content of all 

amino acids as compared to SCP from Ligno biomass. 

Chemical analysis of sugars and organic acids confirmed that the BSG-based 

medium contained a broad spectrum of potential substrates for fermentation 

including glucose (~3.1 g/L), xylose (~3.5 g/L), arabinose (~2.0 g/L), lactate (~1.4 

g/L) and acetate (~9.0 g/L), with acetate being the most abundant compound. While 

glucose primarily originates from cellulose hydrolysis and yeast extract, xylose, 

arabinose and acetate are generated by hydrolysis of arabinoxylan, the most 

predominant hemicellulose in BSG [19]. Furthermore, the high acetate concentration 

can partly be ascribed to the buffer (ammonium acetate) used for BSG hydrolysis 

which may contribute significantly to the final concentration of acetate in the BSG-

based medium. Lactate might result from solubilization of lactic acid, which is 

produced by indigenous lactic acid bacteria (LAB) present in raw BSG [20]. In 

contrast, Ligno biomass-based medium contained glucose as the main sugar as well 

as low levels of a compound which was identified as xylose based on its retention 

time. As xylose did not occur in the Ligno hydrolysate (data not shown), the 

measured concentrations must stem from another compound. This compound is 

probably mannose from the yeast extract released from manoproteins of yeast cell 

walls during the production of yeast extract [21]. 

3.2  Single cell protein production by batch fermentation 

This section describes the overall performance of S. cerevisiae for the two 

lignocellulosic media focusing on growth and amino acid composition of the biomass. 

To elucidate how the intracellular pool of amino acids evolves over time, the content 

of individual amino acids in biomass from different growth phases was compared. 

3.2.1 Brewer’s spent grain 

Figure 2 presents the results obtained from batch fermentation with S. cerevisiae 

using BSG hydrolysate as the C-source. 
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Figure 2. Biomass production (OD600) and substrate consumption (A), off-gas CO2 (B) and amino acid 

composition of single cell protein (SCP) (C) obtained from batch fermentation with Saccharomyces 

cerevisiae using brewer’s spent grain (BSG) hydrolysate as C-source. Figure A is acquired from 

Karlsen et al. (2022a) [13] 

The growth curve revealed a high growth performance with a maximum OD600 

around 7 (Figure 2A). A decrease in off-gas CO2 after 28 h indicated that the 

stationary phase had been reached, although OD600 was still increasing at this point 

(Figure 2B). The curvature of the growth curve is indicative of diauxic growth when 

cultivating S. cerevisiae in BSG-based medium. This observation was further 

supported by the appearance of the off-gas CO2 profile which consists of two clearly 

defined curves, each corresponding to the consumption of one substrate (Figure 2B). 

Furthermore, the substrate consumption pattern provides strong evidence that S. 

cerevisiae is growing diauxically in BSG-based medium as glucose is consumed fast 

during the initial period of cultivation followed by slower consumption of acetate 

(Figure 2A). These results confirm that glucose is the most preferred substrate and 

suggest that acetate is the second most preferred substrate. 

The majority of intracellular amino acids were found in high concentrations except for 

methionine (Met) (~0.60% DM), cystine (Csn) (~0.10% DM) and histidine (His) 

(~0.90% DM) (Figure 2C). With concentrations of 4.80-5.50% DM, glutamic acid 

(Glu) was the most abundant amino acid followed by aspartic acid (Asp) (3.80-4.10% 

DM) and lysine (3.20-3.30% DM). For most amino acids, minor fluctuations were 
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observed between different growth phases; however, no general trend could be 

inferred. Leucine (Leu) was expected to be the most abundant amino acid in the 

biomass because it had the highest medium concentration (Figure 1). However, the 

high medium concentration of Leu was not reflected in the biomass. This finding is 

supported by Watson (1976) who found that some amino acids, including Leu, are 

not accumulated in biomass despite high concentrations in the medium [17]. 

3.2.2 Ligno biomass 

The results obtained from cultivation of S. cerevisiae in Ligno biomass-based 

medium are summarized in Figure 3. 
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Figure 3. Biomass production (OD600) and substrate (glucose) consumption (A), off-gas CO2 (B) and 

amino acid composition of single cell protein (SCP) (C) obtained from batch fermentation with 

Saccharomyces cerevisiae using Ligno biomass hydrolysate as C-source.  

Compared to the BSG based-medium, the growth performance of S. cerevisiae was 

markedly lower in the Ligno biomass-based medium. This difference was evident 
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from the lower maximum OD600 (~2.5) observed for Ligno biomass as compared to 

BSG (~7.0) (Figure 2A and Figure 3A). Furthermore, a decrease in off-gas CO2 

indicated that S. cerevisiae entered the stationary phase after ~16 h when grown on 

Ligno biomass whereas the growth started to cease after ~28 h in the BSG-based 

medium (Figure 2B and Figure 3B). The relatively low growth of S. cerevisiae in 

Ligno biomass-based medium is probably due to the presence of furfural and 5-

hydroxymethylfurural in the Ligno biomass hydrolysate which were determined at 

24.7 ppm and 23.3 ppm, respectively (Eurofins, Norway). These compounds 

originate from the decomposition of lignocellulosic sugars during hydrolysis and are 

known to have a strong inhibitory effect on growth and productivity of S. cerevisiae, 

even at low concentrations [22]. Further examination of the growth curve and off-gas 

CO2 profile suggested that the growth of S. cerevisiae is sustained by a single 

substrate rather than sequential utilization of two substrates as was seen for the 

BSG-based medium. Investigation of the substrate consumption pattern 

corroborated the results from the growth and off-gas CO2 profiles as a declining 

trend in the glucose concentration confirmed that glucose was utilized as the sole 

substrate during cultivation of S. cerevisiae in Ligno biomass-based medium (Figure 

3A). 

The amino acid composition of S. cerevisiae grown on Ligno biomass was 

comparable to that obtained from cultivation on BSG (Figure 3C). As for BSG, Glu 

(~4.50% DM), Asp (~3.30% DM) and Lys (~3.30% DM) were the most abundant 

amino acids while Met (~0.60% DM), Csn (~0.10% DM) and His (~0.80% DM) were 

found in lowest intracellular concentrations. For most amino acids, concentrations 

were higher during the exponential phase (6-20 h) as compared to the stationary 

phase (23-27 h) with the greatest difference observed for Glu, Lys and Arg. A 

possible explanation for this result may be that amino acids from the intracellular 

pool of S. cerevisiae are consumed during the stationary phase due to depletion of 

amino acids in the medium. This theory was supported by the fact that the medium 

contained negligible concentrations of all amino acids by the end of the fermentation 

experiment (data not shown). 
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3.3  Evaluation of the nutritional quality of S. cerevisiae biomass produced from 

brewer’s spent grain and Ligno biomass   

Having discussed the characteristics of S. cerevisiae biomass obtained from Ligno 

biomass and BSG, this section will consider the suitability of these products as 

alternative protein sources focusing on fish feeds. In this context, two major aspects 

are taken into account: the nutritional quality of the yeast biomasses and the 

fulfillment of key criteria for SCP sources. 

To be considered suitable for fish feed, a protein source must have a high protein 

content (50-70% DM), an amino acid profile that matches the requirement of the 

cultured fish species and an appropriate ratio of essential to non-essential amino 

acids (EAA/NEAA), preferably around one (50/50) [23,24]. Fishmeal satisfies all the 

above-mentioned criteria and is therefore an ideal protein source for fish [25]. As a 

result, the evaluation of Ligno biomass and BSG-derived biomasses of S. cerevisiae 

will be based on a comparison with fishmeal. Table 1 compares the nutritional 

parameters of S. cerevisiae biomass from BSG and Ligno biomass with those 

reported for fishmeal. It can be seen that both yeast biomasses were inferior to 

fishmeal because of a comparably low protein content (28-38% DM). On the other 

hand, both biomasses had relatively high levels of all amino acids except for Met and 

His, and, like fishmeal, they had an EAA/NEEA ratio close to one. A comparison 

between the two yeast biomasses reveals that BSG-derived S. cerevisiae biomass 

had higher nutritional value than S. cerevisiae biomass from Ligno biomass due to 

higher content of protein (37.9% vs 27.9%) and amino acids as well as a more 

favorable EAA/NEEA ratio (0.98 vs 0.94). Results for the BSG-derived S. cerevisiae 

biomass are in agreement with those of Lapeña et al. (2020) who reported a protein 

content ranging from 39.4 to 44.1% for different yeast species grown on spruce 

wood [12]. 
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Table 1. Amino acid compositions and protein contents of S. cerevisiae biomass produced by batch 

fermentation with Ligno biomass and brewer’s spent grain (BSG) compared to fishmeal. The 

analyzed yeast biomasses were harvested during the stationary phase for BSG and Ligno biomass.  

 BSGa Ligno biomassa Fishmealb 

Protein content (% DM)# 37.9  1.08 27.9  0.18 49.5-70.7 

EAA (% DM)*    

Phenylalanine (Phe) 1.89  0.02 1.38  0.00 2.50-3.10 

Tryptophan (Trp) ND ND 0.65-0.90 

Histidine (His) 0.92  0.01 0.66  0.01 2.34-4.19 

Valine (Val) 2.21 0.04 1.58  0.01 2.56-3.80 

Isoleucine (Ile) 2.06  0.03 1.43  0.01 1.74-3.10 

Leucine  (Leu) 2.96  0.05 2.29  0.00 4.42-5.60 

Methionine (Met) 0.62  0.00 0.50  0.01 1.50-2.00 

Threonine (Thr) 2.17  0.05 1.77  0.01 2.62-3.30 

Lysine (Lys) 3.21  0.12 2.53  0.02 3.60-5.90 

Arginine (Arg) 2.72  0.06 1.43  0.01 3.49-4.99 

 

NEAA (% DM)‡    

Alanine (Ala) 2.27  0.08 1.67  0.01 1.97-4.90 

Aspartic acid (Asp) 4.10  0.21 3.21  0.01 4.55-7.00 

Glutamic acid (Glu) 5.34  0.23 3.77  0.06 6.92-9.90 

Glycine (Gly) 1.92  0.04 1.44  0.01 3.83-6.78 

Serine (Ser) 2.17  0.06 1.75  0.01 2.16-3.14 

Tyrosine (Tyr) 1.62  0.05 1.24  0.01 1.88-3.30 

Proline (Pro) 1.63  0.03 1.22  0.01 1.93-3.10 

Cystine (Csn) 0.09  0.00 0.09  0.00 ‐  

EAA/NEAA 0.98 0.94 0.96-1.34 
aData is reported as mean SD of two technical replicates. Samples from cultivation on Ligno biomass 

and BSG were collected and merged after 23-27 and >28 hours, respectively. bReferences:  [26–28]. 
#Protein contents are calculated as the sum of individual amino acids; therefore, any non-protein 

nitrogen is excluded. *Essential amino acids (EAA) for fish. ‡Non-essential amino acids (NEAA) for 

fish. 

3.4 Future perspectives 

For an adequate SCP source, the following key criteria must be satisfied: 1) high 

nutritional quality, 2) low toxin concentrations and 3) economically viable production 

[5]. Economic production of SCP involves the use of fast growing microorganisms 

capable of converting cheap by-products into microbial biomass. 
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Due to their relatively low protein content, S. cerevisiae biomasses from BSG and 

Ligno biomass might be suitable for partial replacement of fishmeal at low inclusion 

levels (30-50%). To allow for higher inclusion (60-90%) of these products, however, 

the protein content must be increased which can be achieved through downstream 

processing. The most common approach to increase the protein content of yeast 

biomass is to disrupt the cell walls and subsequently extract the protein. Disruption 

of cell walls makes the protein more accessible for extraction and is typically 

performed using chemical, enzymatic or mechanical treatments [29].  

The production of S. cerevisiae biomass from BSG seemed economically feasible 

due to high biomass accumulation. In contrast, Ligno biomass appeared to be a less 

favorable substrate for S. cerevisiae due to lower biomass production. As previously 

stated, the growth of S. cerevisiae is probably impaired by the presence of furfural 

and 5-hydroxymethylfurfural in the Ligno biomass hydrolysate. Thus, faster growth of 

S. cerevisiae in Ligno biomass-based medium might be facilitated by employing 

hydrolysis conditions that minimize production of these compounds or by 

detoxification of the Ligno biomass hydrolysate. Finally, continuous fermentation 

should be investigated for both lignocellulosic biomasses since this cultivation mode 

is known to be the most suitable for microbial biomass production as compared to 

batch and fed-batch fermentation modes [8]. 

4. Conclusions 

The use of brewer’s spent grain (BSG) and Ligno biomass as lignocellulosic 

substrates for production of single cell protein (SCP) in the form of yeast biomass 

was reported using Saccharomyces cerevisiae. S. cerevisiae was able to grow on 

both substrates but displayed the highest growth on BSG. Yeast biomass from BSG 

had a higher protein content (~38% DM) as compared to that derived from Ligno 

biomass (28% DM). Amino acid concentrations were generally high in the yeast 

biomass from either substrate except for methionine and histidine. For both 

substrates, glutamic acid was the most abundant amino acid in the yeast biomass. 
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