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Sammanfattning 
Fisk har länge varit en utav människans viktigaste källor för bra protein och med en världspopulation som ökar 

snabbare än nånsin, och nyligen nådde 7.5 miljarder, har efterfrågan på fisk aldrig vart större. Efterfrågan på 

fisk har i sin tur lett till en överexploatering av världshaven och i många fall även till utrotning av vissa 

fiskarter. En bidragande orsak till detta är produktion av fisk foder vilken produceras av småfiskar och som 

främst används vid utfodring av fisk i fiskodlingar. 

Ett sätt att byta ut fiskproteinet vid produktion av fisk foder är att använda sig av jordbruksprodukter, vilket 

också görs idag främst i form av sojaprotein. Detta medför dock andra problem då dessa odlingar tar upp 

stora mängder landyta vilket kan medföra stora miljöproblem såsom skövling av regnskog för att skapa ny 

odlingsmark. Denna landyta skulle också kunna användas för att bygga infrastruktur på. Jordbruksprodukter 

kan dessutom användas direkt som mänsklig föda och är därför inte det mest optimala substitutet till 

fiskprotein. Jordbruksprodukter är även i stor utsträckning beroende av klimatet för att produktion skall hålla 

en tillräcklig nivå.  

Under detta examensarbete har produktionen av singel cell protein med svampen Paecilomyces variotii från 

surlut studerats. Målet med projektet har varit att undersöka effekten av olika kultiveringsparametrar på 

biomassaproduktionen hos svampen såväl som proteinhalten i den erhållna biomassan. Sambandet mellan 

tillväxten av biomassa och proteininnehåll har också undersökts. Just proteinhalten är den enskilt viktigaste 

faktorn för prissättning av singel cell protein och därmed också avgörande för lönsamheten för denna typ av 

produkt.  

Arbetet har utförts vid Processum i Örnsköldsvik genom upprepade kultiveringsförsök av ovan nämnda svamp 

med surlut från Domsjö Fabriker i Örnsköldsvik som substrat. Denna process bidrar på samma gång till att 

hantera en restström från massaindustrin vilket ger den en stor miljömässig fördel kontra jämförbara 

processer som exempelvis produktion av Quorn som oftast använder ren glukos som substrat.  

Resultaten från de olika försöken visar tydligt att proteininnehållet i biomassan minskar i stadig takt medan 

biomassan tillväxer. Detta medför att det är rimligt att dra slutsatsen att försöka hålla kultiveringstiden till ett 

minimum men samtidigt försöka maximera biomassaproduktionen under den tiden. Det pekar också mot att 

den högsta proteinhalten erhålls när cellerna är så unga som möjligt, mest troligt på grund av 

proteinnedbrytande reaktioner hos cellerna när kultiveringen har passerat sin exponentiella tillväxtfas.  

Den viktigaste slutsatsen som dragits från detta projekt är att det är möjligt att sänka pH värdet på 

kultiveringen från tidigare pH 6 till pH 4.5 utan att tappa biomassa samtidigt som proteinhalten faktiskt ökar 

något. Detta gör processen mycket mer intressant ut från en industriell synpunkt då det lägre pH värdet 

betyder mindre mängd kemikalier för pH justering av mediet vilket gör processen mycket mera ekonomisk. 

Just pH-justering av surlut utgör idag den största operationskostnaden vid Domsjö Fabrikers etanolfabrik.   
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Abstract 
Fish has for a long time been a very important source of protein for human kind and with the world 

population at an all-time high, 7.5 billion and rapidly growing, the demand for fish as a food source is also at 

an all-time high and rapidly increasing. This has in turn led to overexploitation of many of the fish stocks of 

the world ocean’s and in many cases to depletion of fish stocks. The demand for sustainable food sources and 

sustainable usage of the world ocean’s fish stocks is therefore a subject with great deal of interest today. 

Much of the fish caught today are used for production of fish meal for usage as fish food at fish farms, which 

also increases the depletion of fish stocks around the globe.  

One way of dealing with this problem is to replace the fish meal as protein source in fish feed with protein 

from agricultural crops which in many cases are done today by usage of soy bean protein. This however poses 

another problem as the agricultural crops take up vast amount of land, in many cases obtained by diminishing 

the rainforests in the area. Another usage for the soybean would be as a direct human food source. 

Agricultural products are also dependent on environmental conditions to ensure reasonable production. The 

problems related to production of fish meal and soy has sparked the idea of using microorganisms for 

production of Single cell protein for usage as protein source in fish feed. Single cell protein can be produced in 

closed fermentation vessels and can be produced at a controlled rate and under controlled manners, while 

taking up negligible land space.  

During this thesis, the production of single cell protein from spent sulfite liquor using the filamentous fungi 

Paecilomyces variotii was examined. The aim of the project was to examine the effect of cultivation 

parameters (i.e., pH, temperature and nutrients) on the production of biomass as well as the protein content 

of the biomass. The correlation of the biomass growth and protein content have also been examined.  

The project was carried out by performing several experiment cultivations using spent sulfite liquor provided 

by Domsjö Fabriker in Örnsköldsvik. This process enables the utilization of a residual stream from the pulp 

industry which gives this process a huge environmental upside compared to similar processes as for example 

the commercial production of Quorn (a Single cell based food product) which utilizes pure glucose.  

The results showed that the protein content will steadily decrease as the biomass production increases hence 

it is desirable to keep the cultivation time at a minimum while maximizing biomass production during that 

time frame. It also points towards that the highest protein content is present in the young cell mass. 

The key conclusion from this thesis is however that it is possible to lower the pH of the cultivation from pH 6 

down to pH 4.5 while still maintaining the biomass production and increasing the protein content. The highest 

obtained protein content was 62.7% at pH 4.5. The high protein content might be due to a slightly longer lag 

phase in the beginning of the cultivation which yields a higher number of younger cells in the final broth thus 

increasing protein content. Running the process at a lower pH is a huge advantage for industrial 

implementation as this on large scale means significant lower amounts of chemicals needed for pH adjusting 

of the spent sulfite liquor which renders the process much more economical. This is because pH adjustment 

today is one of the most costly process steps in the production of bioethanol from spent sulfite liquor.  
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1.Introduction 

1.1 Background  
Ever since our ancestors first developed the skill to fish and hunt, proteins in the form of animal meats have 

been a substantial part of our daily diet.  Proteins make up about 15% of the total mass of the human body 

and are essential to us in many ways. They are involved in the build-up of tissue as well as in oxygen transfer 

in our blood stream (haemoglobin) and the enzymes that powers almost all the chemical reactions occurring 

in our bodies. Proteins come in many shape and forms and are built up from amino acids. Many of these 

amino acids are synthesized de-novo (from scratch), but some (the essential amino acids) must be supplied 

through our diet [1]. There are 9 essential amino acids, histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, threonine tryptophan and valine [2]. The best food for supplying the body with these essential 

components are through meaty protein rich food sources such as fish, meat and egg.  

As this thesis takes its start in the beginning of 2017 the population in Sweden alone just reached 10 million 

[3] and the population worldwide is close to 7,5 billion people [4]. This increases the demand on reliable and 

sustainable food sources to sustain this fast-growing population, (about 1.1 % growth annually), [4]. The 

European commission has started the Blue economy initiative, aims to develop sustainable growth in marine 

and maritime sectors. Marine biotechnology is a field within this initiative in which includes the production of 

single cell protein for fish feed. The Blue economy of EU includes 5.4 million jobs and a gross net value around 

€500 billion per year. Most of the trading of the Blue economy, both within and outside EU is done by 

shipping and activities and infrastructure has always been centred around natural coast cities [5]. A major 

question has always been how to produce enough food or animal feed for sustaining the growing population. 

For example, it is needed up to 12 calories of agricultural crops to produce 1 calorie of beef. In 

underdeveloped countries, the dilemma is to produce more food with higher yield at a low environmental 

footprint while keeping the prices for product low. Hence, the yield of the food products must be increased 

since we do not have infinite amounts of land and not infinite amounts of rainforest. Alternative food sources 

are needed that has less environmental footprint, higher yield and take up less agricultural land. This is also 

the conclusion and driving force in the EUs Blue economy initiative for sustaining the growing population with 

food sources [6].   

One popular food and protein source today is fish which is produced from two branches, either wild caught 

fish or fish from fish farms. The major problem with using fish as a food source is that the fish stocks of the 

oceans are limited and if not monitored with care they might end up depleted. It is estimated that about 50% 

of the worlds fish stocks of today are already fully exploited meaning they are being used at the maximum 

capacity to what the stocks can withstand [7]. Much of the fish caught today are not used for human food but 

instead it is used to produce fish meal [8] which is used in fish farms to cultivate the fish. In 2012, the 

aquaculture industry produced more farmed fish than beef (66 million tons) worldwide [9] and this number is 

expected to increase further. An increase in farmed fish is expected due to an increasing population and since 

it is not feasible to catch more wild fish. It is also estimated that around 37% of all wild caught fish today is 

used to produce fish meal to supply the demand for fish farms [10]. This is also evident since the price for 

farmed fish is increasing at a steady pace.   

   There is not only depletion of the worldwide fish stock that poses problems in the future. When using fish 

for production of fish meal the toxins present in wild fish are transferred to the farmed fish. Such toxins might 

be carcinogenic dioxins and mercury, which by todays process accumulates upwards in the food chain. It has 
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been proven that some species of aquaculture grown fish contains much higher values of these toxins 

compared to its wild counterpart [10].  

 One way of saving the fish stocks of the oceans and to continue to provide protein for human consumption is 

to replace either fish all together in human diets or in a first perhaps simpler step replace fish meal as a key 

component in fish feed. This can be done in several ways and one way is to replace the fish meal with protein 

from plants, such as soybean protein [11]. Proteins from soybean is suitable as a substitute since it like fish 

meal has a high protein content. However, soybeans pose another problem since they take up agricultural 

land cultivation and could perhaps be better used as direct human food.   

 Another possible substitute is Single cell proteins (SCP), which is a name for extracted or dried microbial cells 

originating from fungi, algae, yeast and bacteria. These are especially interesting since they have a faster 

growth rate compared to agricultural plants as well as an amino acid profile like that of fishmeal. Production 

of SCP as a protein source has further advantages as one can utilize waste products or residual streams from 

other industries as substrate. One interesting residual stream, is spent sulfite liquor from the pulp industry. 

The spent sulfite liquor has shown great promise in previous studies [12] [13] and has an interesting 

monosaccharide profile which is shown in Table 1. This offers an attractive process of turning a residual 

stream into something valuable and in doing so diminish pollutants [14]. The choice of spent sulfite liquor as 

substrate for a cultivation process comes from the fact that it contains a lot of usable monosaccharides and 

that it has been proven as a cultivation substrate for other microorganism-based processes, (e.g. ethanol 

production) [15].  Compared to vegetable crops, such as soybean microorganisms have a fast growth and they 

do not take up agricultural land as they can be grown in industrial tanks that have negligible impact on land 

use.  

In this master thesis, optimization of the production of single cell protein from spent sulfite liquor using 

Paecilomyces variotii was examined. This is a filamentous fungus which has shown great promise in previous 

work at Processum [12] and in the late 70s [13].  

 

1.2 Objective 
The objective of this master thesis is: 

•  To increase the protein content of Single Cell Protein produced from spent sulfite liquor using P. 

variotii.  

• Study the correlation between biomass production and protein content when varying different 

process parameters (i.e., pH, temperature and nutrients).   

1.3 Aim 
The aim of this master thesis was to optimize the cultivation process of P. variotii using spent sulfite liquor as 

substrate with regard to cultivation parameters. The aim was addressed by evaluating various process 

parameters during the cultivation process and their effect on protein content and biomass production. The 

correlation between biomass production and protein content while varying different process parameters (pH, 

temperature and nutrients) was also studied. 
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2.Literature Review  

2.1 Single Cell Protein  
Single Cell Protein (SCP) is a general name describing protein produced by microorganism such as fungi, algae, 

yeast and bacteria. The definition of SCP is dried microbial cells, which can be used as a protein source for 

food and feed [16]. Depending on which type of microbial cells that are used for SCP production there are 

advantage and disadvantages. When using bacteria, the principle advantage is high protein content (up to 

70%) along with a rapid production rate. Bacteria are however hard to separate from the liquid cultivation 

media because of their small cell size. However, the largest hurdle to overcome for using bacteria for SCP 

production is the public opinion regarding bacteria. When the word bacteria is mentioned most people 

associate this with infections and diseases making it difficult accepting it as a food source [16].   

Because of the public concerns regarding bacteria as a food source along with political incentives to handle 

industrial waste products for minimal environmental footprints have sparked the interest in filamentous fungi 

for food production [17]. However, the idea of using fungi as a source for SCP production is not new. SCP for 

animal feed was produced in Finland during the late 1970s [14]. Furthermore, the most common SCP based 

product known today is probably Quorn, which is sold on a global market . 

Quorn is produced by cultivation of the filamentous fungi Fusarium venenatum. This is usually done in a 

continuous process were the fungi is first allowed to begin its growth in a solution containing water and 

glucose. As the exponential growth starts a continuous feed of substrate and nutrients are added to the broth 

at the same time as the fungal biomass, also known as mycoprotein, is withdrawn from the fermenter. 

Nucleic acids in the mycoprotein are broken down by a heat treatment step at to around 650C. The biomass is 

then mixed with its seasoning and a bit of egg to keep its form. The final process step in Quorn production is 

steam cooking followed by freezing. Freezing the product rapidly after cooking is essential since the ice 

crystals gives Quorn its meat like texture by compressing the fibres [18].  

 As a first step towards increasing the acceptability of using microorganisms as food a great deal of interest 

has been shown towards SCP production for use as animal fodder and especially as an ingredient in fish feed 

[12].    

One important advantages of using microbial SCP as fodder is that it can be produced all year around and that 

it is not dependent on season. In addition, SCP production does not take up valuable land (e.g. rainforest 

lands) existing harvested rainforest space could be utilized to grow crops or build infrastructure on. Of course, 

the best thing would be to leave the rainforests alone completely, which is a possibility by using SCP instead. 

Another advantage is that SCP is commonly low in fat content and has an amino acid profile suitable for both 

human food and animal fodder [19].  

The most important factor of single cell protein is of course the protein content of the finished product. An 

increase in protein content from 50%-60% can more than double the value of the finished product since the 

quality of protein ingredients are largely measured by the protein content. This is naturally also what 

determines the price of protein ingredients for animal feed. With this as background one of the most 

intensely studied parameters in this thesis work is the protein content of the Single cell protein. This is also 

the reason why some of the production plants operational in the 70s were closed since they could not 

compete with the protein content in soybean extract (around 55-60%) [20]. 
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2.1.1 SCP production 
The production of SCP in most cases occur through a submerged aerobic cultivation process were the 

microorganism utilizes one or several carbon sources together with additional nutrients to produce biomass 

which is rich in protein [16]. 

Submerged cultivation is dependent on different cultivation parameters to ensure growth, such as pH, 

Temperature, aeration and nutrients.   

 Today there are three general fermentation operation modes that are commonly used in industry, batch, 

continuous and fed-batch operation mode.  

The simplest mode of operation is the batch operation where all substrate, (carbon source), is added to the 

reactor along with nutrients before inoculating it with the microorganism. This is known as a closed system in 

the sense that no further carbon source or nutrient are added during the fermentation but instead the 

process is left to take place under “optimal” conditions regarding to pH, temperature and aeration until the 

process is finished [21]. Simple shake flasks are a common type of vessel used for batch cultivation at 

laboratory scale. In batch cultivation problems with inhibitory effects are common due to for instance 

overflow metabolism were the cells might produce by-products due to exceeding rates of glycolysis. The 

formed by-products could for instance be an acid product which lowers the pH of the cultivation media which 

then inhibits further growth for the microorganism. However, inhibition due to cells producing unwanted by-

products from the carbon source is also a plausible explanation [22].  

Another mode of operation is the continuous fermentation process where nutrients and substrate is 

continuously added to the bioreactor. At the same time withdrawal of fermentation broth is performed at the 

same rate as the addition to keep a constant vessel volume [23] . A continuous plant producing SCP was 

operational in Finland during the late 70s and early 80s [13]. Continuous mode of operation has its 

advantages in a higher growth rate of microorganism, due to limiting substrate levels, and thus a higher 

efficiency then batch cultivations. The higher growth rate is due to the cells only receiving enough substrate 

to ensure growth, hence all the cells metabolism is focused on growth instead of expressing certain products. 

The limiting substrate also ensures that no overflow metabolism occurs for the cultivation. It is also being 

proven useful for cultivation of microorganism producing primary metabolites. Disadvantages of the 

continuous process lies within setup and maintenance of the process equipment along with assuring correct 

growth conditions and higher risk of contamination by unwanted microorganisms. The main disadvantage of a 

continuous process is the contamination risk an if contamination occurs the whole process needs to be 

stopped and great volumes might be lost or discarded as a consequence [24] [25].  

To deal with the potential inhibitory problems of a batch operation fed-batch has become a popular mode of 

operation today [26]. In a fed-batch operation the substrate is slowly fed into the reactor system during the 

length of the process. This is however quite a complex operation and requires the user to take several factors 

into account [27], such as substrate concentration in the feed and feed rate. It must also be known when to 

start the feeding of fresh substrate and when to end it. This is of course dependent on the kinetics of the 

cultivation, and if chosen wisely overflow metabolism can be avoided or limited. 

Many microorganisms used for production of SCP can utilize a wide variety of carbon sources such as sewage 

water, molasses, industrial waste streams and pure glucose. But since many industrial processes today 

already operate using glucose and other high refined carbohydrates which comes at a high price, the 

production of SCP has been targeted towards usage of cheap carbon sources or waste streams from various 

industries [16]. Typically, SCP production is referred to as being derived from either high-energy sources or 
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wastes. Such energy sources might be pure glucose or other high value sources, these however comes with a 

high price. Utilizing industrial waste products as carbon source for SCP production is not only preferable from 

an economic standpoint but also since it in many cases helps to deal with an environmental problem. One 

such residual streams is spent sulfite liquor which consists mainly of monosaccharides from hemicellulose, 

extractives and dissolved lignin. This residual stream is generated during production of specialty cellulose or 

dissolving pulp using the sulfite cooking process [16].  

2.2 Microorganism 
In this work, the cultivation process for production of SCP using the filamentous fungi P. variotii was 

examined. This is a microorganism that previously has shown promising results in simple growth tests for SCP 

production [12].  

The fungi itself originates from the Deuteromyces groups being classified as an Ascomycetes fungus [28]. It is 

a fungus commonly found throughout the world since it can grow on both hardwood and softwood material 

rendering it quite versatile [28]. P.variotii is known to grow in various growth media and is able to utilize a 

wide range of carbon sources, both 5-, and 6-carbon sugars. This makes it especially interesting as 

microorganism for SCP production using spent sulfite liquor. [12]. In Figure 1 a microscopic picture of the 

chosen microorganism is shown. The fungal cells consist of high levels of various proteins and the cells can 

therefore be utilized as SCP for fodder. In other words, the fungi produces a mixture of different proteins as 

first step metabolites [28].  

 

Figure 1: Microscopic picture of the filamentous fungi Paecilomyces variotii.  

2.2.1 Fungal Growth 
Four distinct growth phases, shown in Figure 2 below, are included in the cultivation process of microbial 

biomass. First the fungi are in the lag phase which occur in the beginning of the fermentation were the fungi 

might take some time to adjust its metabolism to the growth medium before biomass production can start. 
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The next phase is the exponential phase, in which the hyphae, which is the tubular branching of the fungi, 

extends at an increasing growth rate and this phase normally occurs when substrate and nutrients are in 

excess. When the nutrients are depleted the growth enters the stationary phase where the hyphae, the 

filaments, stops growing and remain constant. If the process is continued beyond the stationary phase the 

microbial biomass will eventually enter the death phase were the mycelia, all hyphae structures, starts to 

disintegrate and break down, sometimes due to self-digestion [29].  

 

Figure 2: Growth phases of microorganism in batch cultures [25]. 

 

All microorganisms have a basic nutritional requirement to ensure any kind of biomass growth. Such nutrients 

needed for growth are organized into macro and micro nutrients. Micro nutrients are normally trace elements 

and might not always be necessary for growth. Macro nutrients are often needed to ensure metabolic 

reactions and help with cell structure. Most microbial cells consist of mainly water and hence important 

nutrient requirements is referred to as per cent of dry weight and the importance of a certain nutrient is in 

correlation to how much of the cells dry weight a nutrient makes up. The macro nutrients mainly consist of six 

major compounds, carbon, oxygen, nitrogen, hydrogen, phosphorus and sulphur. Other important 

components are potassium, sodium, calcium, magnesium and iron. Each macro nutrients have its own 

physiological effect on the microbial cells. The most abundant compound in the microorganism is carbon and 

hence this is the most important nutrient for the cell making up about 50% of the dry weight [30].  Both 

carbon and oxygen are often supplied through individual sources (substrate and aeration) while other 

nutrients are supplied by a chemical mixture.  Apart from carbon and oxygen the most important macro 

nutrient is nitrogen. Some common trace elements are manganese, zinc, cobalt, molybdenum, nickel and 

copper [31]. 

It has been shown that cultivation parameters like pH, aeration temperature, growth medium composition, 

addition of surfactants and the concentration of inoculum can have drastic effects on the growth kinetics of 

filamentous fungi [32]. In the case of producing SCP with P.variotii, the growth kinetics or the overall growth 

of the fungi is of importance since the fungi not is subject to overexpression of selected proteins but instead it 
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consists of variety of different proteins as well as carbohydrates and lipids which can be used as fodder. In 

other words, the focus should mainly be to produce as much biomass with as high protein content as possible 

[17] [12].  

2.3 Raw material 
The raw material substrate used during this thesis work was spent sulfite liquor (SPENT SULFITE LIQUOR), a 

residual stream from the pulp plant Domsjö Fabriker AB, which is a biorefinery, in Örnsköldsvik producing 

specialty cellulose, lignosulphonate and ethanol.  

The spent sulfite liquor has been chosen as a substrate to be evaluated for this process since it has shown 

great promise in earlier studies [12] [33]. A composition analysis of the spent sulfite liquors content was 

performed at Processum during September of 2011 and the results are shown in Table 1. 

Table 1: Content of the spent sulfite liquor (g/l) Measured by Processum on September 2nd, 2011. 

Glucose Mannose Galactose  Xylose Arabinose Acetic 
acid 

Formic 
acid 

Levulinic 
acid 

HMF Furfural 

11.7 30.4 5.6 12.5 0.50 5.5 1.4 0.55 0.50 0.10 
 

Cooking chemicals in the sulfite process often consists of sulphur dioxide and sulfite and are used along with 

high pressure and temperature to liberate the cellulose fibres in the wood chips from lignin, hemicellulose 

and extractives. After completion of the cooking the spent cooking liquor is referred to as spent sulfite liquor 

which contains mainly lignin and hemicellulose but depending on the completion of the cooking process some 

cellulose might also be present. The recovery of the spent sulfite liquor is similar to that in the Kraft cooking 

process with the absence of a lime cycle [34]. Spent sulfite liquor can be utilized as carbon source for 

fermentation processes since it is rich in mainly hemicellulose sugars such as xylose, galactose, arabinose 

mannose and glucose. At the Domsjö biorefinery the common practise is to utilize the sugars from spent 

sulfite liquor to produce ethanol through fermentation.  

The spent sulfite liquor supplied by Domsjö Fabriker in Örnsköldsvik holds a pH value around 2.5-3.5 after the 

cooking process. This means that large amounts of buffer are needed to adjust the spent sulfite liquor to the 

wanted pH for cultivation. This is today one of the largest operational costs at Domsjö Fabriker for their 

ethanol production. Another advantage of cultivation at low pH is that the risk of contamination by for 

example yeast greatly decreases. This is because many other microorganisms does not thrive at such a lower 

pH and hence they cannot grow. Hence the possibility to cultivate at as low pH as possible is much wanted 

and because of this pH is one of the most important process variables examined during this thesis.  

Upon arrival in the ethanol plant at Domsjö Fabriker the spent sulfite liquor holds a temperature of roughly 

700C which means that significantly cooling needs to take place before it can be used as substrate for their 

current ethanol fermentation process. Therefore, cultivation at as high temperature as possible is also an 

advantage from an economical point of view.  

2.4 Growth kinetics 
From the measured biomass production, the specific kinetics of a certain microorganism in a certain 

cultivation media can be described. For cultivation in batch phase the exponential growth can be described by 

equation 1 below where 𝜇 is the specific growth rate (h-1), x is the biomass concentration (g/l) and t is the 

time (h).  

 
𝑑𝑥

𝑑𝑡
= 𝜇𝑥           (1) 
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An integration of this expression yields equation 2 below. 

𝑥𝑡 = 𝑥0𝑒𝜇𝑡          (2) 

Which easily can be rewritten using the natural logarithm to form equation 3. 

ln(𝑥𝑡) = ln (𝑥0𝑒𝜇𝑡)         (3) 

Since this is only valid for the exponential part of the cultivation a plot of the logarithmic equation 3 will yield 

a straight line with a slope equal to the specific growth rate 𝜇.  

In a batch phase, the exponential growth phase occurs during a point where the nutrients in the broth are in 

excess, in other words the nutrients are not a limiting factor for growth. This means that the microorganism 

during the exponential phase is growing at its maximum specific growth rate so 

 𝜇 = 𝜇𝑚𝑎𝑥          (4) 

A microorganism’s affinity for the used substrate (Ks) can be found by using Monod’s equation which can be 

seen in equation 5 [25] [35].  

𝜇 = 𝜇𝑚𝑎𝑥
𝑠

(𝐾𝑠+𝑠)
          (5) 

In cultivations, it is often preferred to determine the yield of the biomass per substrate fed to the process. 

Such an expression is shown in equation 6 below. 

𝑌𝑥

𝑠
=

𝜇

𝑞𝑠
           (6) 

Where qs is the specific substrate uptake rate.  

Is it is assumed that the yield is constant during the entire cultivation the expression shown in equation 7 can 

be used.  

𝑥−𝑥𝑜

𝑠−𝑠0
           (7) 

Where x0 is the biomass concentration at start and s0 is the substrate concentration at start and s is the 

substrate concentration at the end of cultivation. 
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3. Materials and methods 
This section covers the description for the methodology used during the various experiments performed 

during this project. The experiments performed during this project was outlined from a general cultivation 

method with variation of different process parameters.  

3.1 General method  
In this project one type of microorganism, P. variotii, was used. To cultivate the used strain of P.variotii a 

freeze culture of the filamentous fungus was grown on spent sulfite liquor agar plates, containing 50 % spent 

sulfite liquor at either pH 6 (which was the general method at Processum at the start of this thesis) or pH 4.5. 

The fungi was cultivated at a temperature of 30oC until sufficient growth had occurred, roughly 72 h. After 

72h the fungi were kept on agar plates in room temperature until further usage. 

3.1.1 Nutrient preparation 
 For all experiments, a basic nutrient solution was used as shown inTable 2. The recipe originated from a 

standard recipe used at Processum. The nutrient solution was prepared as a 20 times concentrated solution in 

a 1l flask and contained all essential nutrients for the microorganism [30].  

Table 2: Composition of nutrient solution used for cultivation (recipe obtained from Processum).  

Chemical  Concentration (g/l) 

Magnesium sulphate *7H2O 10 

Calcium Chloride dihydrate 2 

Ammonium sulphate 100 

Potassium dihydrogen Phosphate 100 

  

After preparation, the nutrient solution was sterilized at 121oC for 20 minutes under 1bar pressure using an 

auto-clave shown in Figure 3 below. 
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Figure 3: Autoclave used for sterilization of all media and equipment.  

  

3.1.2 Protein and Biomass analysis 
Fermentation broth samples were withdrawn from the shake flasks or bioreactors during the cultivation 

process. Upon removal, the samples were vacuum filtrated, see Figure 4) using Mira-cloth filters to obtain 

filter cakes consisting of fungal biomass. The filter cakes were then dried in an oven at 70oC until completely 

dry. The filter cakes were then placed in an exicator and kept there for at least 1h. The filter cakes were then 

weighed for calculation of the biomass production. The filtrate from the vacuum filtration was collected and 

used for sugar analysis by HPLC.  
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Figure 4: Vacuum filtration unit used for separation of the biomass from the fermentation broth.  

Vacuum filtration was chosen since it was only needed to separate the liquid phase from the biomass. The 

biomass is the target product containing protein in this case and it was a previously tested method at 

Processum. It has been proven a useful technique by earlier research [36].  

The dried filter cakes, which is shown in Figure 5 below, used for biomass measurement was also used to 

measure the protein content at various time points in the cultivation process. 
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Figure 5: Dried filter cakes consisting of fungal biomass and ground filter cakes used for protein analysis.  

  

After the biomass measurement, the filter cakes were grinded into a fine powder using a pestle mortar. A 

sample from each filter was weighed and put in a carbon- nitrogen analyser shown in Figure 6. This analysis is 

based on burning small amounts of the sample using pure oxygen and then measuring the nitrogen content in 

the formed burner gas using a thermal conductivity cell.  From the nitrogen content in the sample the protein 

content was estimated using the Jones factor. The most common used number of the Jones-factor is 6.25, 

which was also used during this project [37]. 
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Figure 6: Carbon-Nitrogen analyzing unit used for protein analyze of the fungal biomass. 

3.2 HPLC sugar analysis 
During the cultivation samples for sugar quantification were withdrawn from the filtrate from the previous 

described vacuum filtration.  The samples (2ml) for sugar analysis were stored in a freezer. This was all done 

according to existing method at Processum. 

An HPLC system equipped with an Aminex HPX- 87P (7.8x300mm) sugar column (Bio-Rad and a Rid detector) 

were used to quantify the sugar concentration in the cultivation broth over time. This was operated at 800C 

and a flow rate of 0.6 ml /min with retention time of 35 min with the sugar chromatograms appearing after 

12-17 minutes. The mobile phase in this process was milli-q water. Samples for HPLC analysis were prepared 

by diluting them 2 times with autoclaved water. Samples were then filtered using a 1 ml syringe and a 0.2µm 

filter into HPLC vials. The vials were then placed in the HPLC which then analysed the samples and yielded 

chromatograms used to calculate the sugar content. The calibration curve (Figure 7) was provided by 

Processum along with the equations for correlation of peak height to sugar concentration from the HPLC, 

which is shown in Table 3 below.  
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Figure 7: HPLC standard calibration curve.  
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Table 3: Equations for calibration of sugar concentration from the HPLC measurements.  

Sugar Equation R2 

Glucose 
𝐶 =

𝜑 − 230,6

2770,8
 

0,99945 

Xylose 
𝐶 =

𝜑 − 369,2

2934,7
 

0,99841 

Galactose 
𝐶 =

𝜑 − 234,7

2588,2
 

0,99909 

Arabinose 
𝐶 =

𝜑 − 283,6

2901,6
 

0,99915 

Mannose 
𝐶 =

𝜑 − 147,3

2607,9
 

0,99967 

In Table 3 above 𝝋 is the measured peak height in the HPLC software. 

3.3 Shake flask cultivation experiments 
The general inoculum preparation method is described below and is a general method used for cultivation at 

the Processum laboratory.  

To prepare inoculum for the shake flask cultivations the fungal cells were removed from the agar plate by 

pouring 10-12 ml of a sterile NaCl solution (9g/l) onto the plate and then scrapping of the spores and hyphae. 

The obtained liquid mixture was then collected and used as inoculum.  

The cultures for the shake-flask experiments were designed to contain 100ml medium in total with 

composition according to Table 4. An inoculum was usually added based on 10 % of the total cultivation 

volume, but in a small-scale operation as these tests it was believed that 10 % would be a too large inoculum. 

The spent sulfite liquor used was in all cases pH adjusted using an 8M NaOH prior to inoculation of the pre-

cultures.  

Table 4: Culture recipe for incubation in 250 ml baffled shake flasks.  

Compound  Amount (ml)  

Spent sulfite liquor 50 

Nutrient solution (Table 2) 5 

Inoculum 2 

Water  35 
 

The shake flasks were then incubated in a rotary shaker at 300C and 140 rpm. All media preparation was 

performed in a sterile air flow hood shown in Figure 8. 
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Figure 8: Sterile hood used as sterile working area.  

During the shake-flask cultivations each prepared shake flask constituted to one sample for biomass and 

protein analysis. The reason for this was to ensure homogeneous sampling of the cultivation broth. 

3.3.1 Initial growth test 
As a first test a benchmarking experiment was performed using the above described standard method. The 

cultures were incubated for a total of 10 days with 3 samples being withdrawn at day 3, 4, 5, 6, 7 and 10 for 

analysis of biomass production as well as analysis of crude protein content. This gave a set-up containing a 

total of 18 flasks that were incubated at 30oC, pH 6.0 and with shaking (140 rpm). This was the standard 

method used for growing the fungi.  

3.3.2 Cultivation experiment in multibioreactor system 
An experiment with similar purpose as to the shake flasks was performed using a multibioreactor system 

(HANNA, Belach Bioteknik) for evaluations of growth kinetics.  The multireactor system consisted of four 

parallel bioreactors with a working volume of 3l. The multibioreactor system was also used for scaling up the 

shake flask experiments.  
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3.3.3 Effect of pH 
In this experiment, the effect of pH on biomass production and protein content were examined. The main 

advantage of lowering the pH value in the cultivation broth is to minimize the need for pH adjustment of the 

spent sulfite liquor prior to inoculation. This is mainly an economic factor since the cost of buffer is substantial 

but it is also good from a process point of view since a lower pH will aggravated yeast growth and hence lower 

the risk of contamination. It has also been shown that pH can have effect on the morphology of the 

cultivation process for some filamentous fungi [32]. 

 This was performed by using the same medium as in the previous experiment but with different pH. The pH 

values tested were 4.5, 5 and 6 where pH 6 was used as a control towards the other test points. A total of 18 

shake flasks were used and three samples were withdrawn on day 4 and day 7.  

3.4 Bioreactors scale-up experiment 
Pre-culture of 10% of the total operating volume was prepared in shake flasks according to the general 

method described above. Since it is not practical to operate the bioreactors at full volume (4 l), mainly due to 

foaming, it was decided that the operating volume for the tests should be 3 l, hence the pre-cultures was set 

to 300ml with a composition shown inTable 5.  

Table 5: Pre-culture recipe for HANNA reactor system.  

Component Amount (ml) 

Spent sulfite liquor 150 

Nutrient solution (Table 2) 20 

Inoculum  20 

Water  115 

 

 The pre-culture was incubated for 72 h at 300C and 140 rpm in a rotary shaker. 

A basic set-up of the bioreactors is shown in Figure 9. The experiment started with first acclimatising the 

Spent sulfite liquor to room temperature before it was adjusted to the wanted pH value, which from previous 

tests was set to 4.5, using 8M NaOH. Then the spent sulfite liquor was transferred to the bioreactor vessels 

along with 80 % of the water, the remaining water was saved for cleaning out the funnel and shake flask used 

for inoculation. To ensure that no contaminations were present in the medium the entire bioreactor along 

with all connections was sterilized using an autoclave at 1210C and 1.1 bar for 20 minutes.  

Table 6: Start up recipe for the batch cultivation using HANNA bioreactor system.  

Compound Amount (ml) 

Spent sulfite liquor 1500  

Nutrient solution (Table 2) 150 

Inoculum 300 

Water 1050 

 

Following sterilization previously prepared pre-cultures were poured into the bioreactor along with 

appropriate nutrients and remaining cleaning water through a sterilized funnel through the top of the reactor. 

The complete base recipe for the cultivation in the bioreactors is shown Table 6.  
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Figure 9: “HANNA” bioreactor system. 

The bioreactors gave the opportunity to monitor and set several fermentation parameters as well as the 

opportunity to control the fermentation process from the data obtained online during the fermentation. 

Information gained from the bioreactor system was, dissolved oxygen (DO), pH, temperature, stirring and 

aeration. The individual process parameters could also be used to control other aspects of the fermentation, 

for example measurements of DO could be used to control the level of stirring in the reactor to ensure a 

suitable level of dissolved oxygen in the bioreactor.   

Prior to all bioreactor setups, both the pH-probe and the DO-probe were calibrated. For the pH-probe a 

standard 2-point calibration using control solutions of pH 4 and pH 7 was used. For the DO-probe a simple one 

point calibration at 100% dissolved oxygen in the medium was performed using air. This method was chosen 

since the system was not completed with tubing and connections for nitrogen gas, which would have been 

used to obtain a zero-value for dissolved oxygen in the medium if using 2-point calibration.  

A complete bioreactor with all connections attached and inoculated media is shown in Figure 10. The 

bioreactor system regulated pH by continuous measurements of pH and regulations were done by online 

peristaltic pumps using 4M sulfuric acid and 25% ammonia solution.  
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Figure 10: Complete bioreactor with fermentation broth and all connections attached.  

3.4.1 Effect of pH using multibioreactor system 
Pre-cultures of 300 ml in 1 L baffled shake flasks were prepared according to description above and then 

incubated in a rotary shaker at 30oC and 140 rpm for 4 days prior to start-up of the bioreactors. After 

inoculation of the bioreactors the start-up values were set according to Table 7 

.  
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Table 7: start -up conditions for pH effect experiment. 

Reactor 
vessel 

Air-flow 
(l/min) 

pH Temperature 
(oC) 

Stirring 
(RPM) 

Level 
control (%) 

Reactor 1 3.0 4.45-4.55 30 500 50 

Reactor 2 3.0 4.45-4.55 30 500 50 

Reactor 3 3.0 5.95-6.05 30 500 50 

Reactor 4 3.0 5.95-6.05 30 500 50 
  

Here level control determines at what point the system adds anti-foaming agent to the mixtures to ensure 

that the reactor does not overflow. In this case antifoam is added when the foam covers 50 % of a set 

measuring probe in the reactor.  

Samples for biomass measurements were withdrawn from the bioreactors at 20h, 40h and 55h while HPLC 

samples for sugar analysis were withdrawn at 0h, 17h, 40h and at the end of fermentation at 55h. Biomass 

samples were taken using the designated sample tube on the bioreactor along with a 50-ml syringe. The 

sample size for the biomass analysis was 300 ml while HPLC samples as before was 2 ml and was stored in 

Eppendorf tubes in a -200C freezer. In addition to the regular samples the remaining biomass in the reactors 

at shutdown was filtrated in a similar fashion for several reasons. By doing so a total biomass production for 

the cultivation could be calculated by adding all the samples together, another being to check how 

representative the method of sample withdrawal was.  

3.4.2 Effect of cultivation temperature 
In this experiment, the temperature dependence on the growth and the influence on protein content of the 

fungal biomass were examined. From an industry standpoint, an increased temperature would mean that less 

cooling of the spent sulfite liquor is needed before cultivation which would render the cultivation process 

more economical. In addition, less cooling water would be needed during the cultivation process. 

For this experiment, the same size and preparation method was used for preparing the pre-cultures used as 

inoculum for the bioreactors. Two reactors were run with control parameters while the temperature was 

increased from the normal 300C to 350C in the other two reactors. Process parameters for this experiment are 

shown in Table 8.  

Table 8: Start up conditions for temperature effect experiment.  

Reactor 
vessel 

Air-flow 
(l/min) 

pH Temperature 
(oC) 

Stirring 
(RPM) 

Level 
control (%) 

Reactor 1 3.0 4.45-4.55 30 500 50 

Reactor 2 3.0 4.45-4.55 30 500 50 

Reactor 3 3.0 4.45-4.55 35 500 50 

Reactor 4 3.0 4.45-4.55 35 500 50 

After 24h and 43 h the stirring was increased to 600 rpm and 750 rpm to ensure that enough dissolved oxygen 

was present in the medium. This was done as the formed biomass resulted in increased medium viscosity, 

rendering oxygen transport difficult. Samples for biomass analysis and HPLC analysis were collected at 0, 22, 

42 and 65 h. The remaining biomass upon shutdown was in this case also filtrated and analysed with regards 

to biomass production. 
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3.4.3 Size of inoculum  
An experiment set to examine the dependence of the inoculum size was also performed. This was done since 

it had been observed in previous tests that the “younger” the cells in the cultivation were the more protein 

they contained. The theory here was thus that more or less inoculum could decrease the lag phase and give a 

higher protein content at a higher biomass concentration.  

In this test four 450 ml precultures were prepared, all containing 10 % fungi spores/hyphae mixtures from 

agar plates, according to previous described method. These were incubated for 4 days on a rotary shaker 

before they were mixed in a beaker and divided into four different inoculums and added to the bioreactors 

according to the recipe described in Table 9. Here bioreactor 2 contained a standard 300 ml pre-culture 

inoculum and was the reference reactor for the experiment.    

Table 9: Start-up conditions for inoculum size experiment.  

Reactor Inoculum 
size (ml) 

Nutrients(ml) Spent sulfite 
liquor (ml)  

Water (ml) Total 
Volume (ml) 

Bioreactor 1 150 150 1500 1200 3000 

Bioreactor 2 300 150 1500 1050 3000 

Bioreactor 3 450 150 1500 900 3000 

Bioreactor 4 600 150 1500 750 3000 

 

Samples for biomass production analysis were withdrawn at 19h, 43h and 67h while HPLC samples were 

collected at 0h, 19h, 25h, 43h, 48h and 67 h.  

The remaining biomass at shutdown was filtered and weighed for biomass control knowledge and analysed 

for protein content. Since 1800 ml of pre-culture was prepared the remaining pre-culture upon inoculation 

was filtered and analysed for protein content as a start value for the fermentation.  

3.4.4 Nutrient boosting 
A boosting experiment with the aim to maintain high protein content at a high biomass concentration was 

performed. The boosting was done to see if the growth time of the fungi could be shortened by extra nutrient 

since indication of previous tests shows that the highest protein content was obtained when the cells are 

young. This was to large extent done purely for research purpose since additions of these type of nutrient 

most likely would be too expensive to be feasible at industrial scale.  

The cultivation was boosted using 2 different nutrient additions. On reactor was fed with an extra addition of 

the normally used nutrient solution while the other reactor was fed with a casamino acids/ yeast extract 

solution described below. These nutrients were chosen since they are high value nitrogen sources often used 

in various cultivations [38].  The pre-culture was prepared as a 1000 ml pre-culture in a 2500 ml shake flask 

without baffles. 

Reactor 1 was the reference reactor in this case while reactor 2 received an addition of the regular nutrient 

solution (described above) at the same ratio as in the beginning, namely 1:1. Reactor 3 however was boosted 

using a solution containing 2g/l yeast extract (Sigma Aldrich) and 2 g/l Casamino acid (Sigma Aldrich). 

The final volume of cultivation after boosting was set to 2850ml since a biomass sample (300ml) had been 

withdrawn from the reactor after 24 h. The nutrient addition, which was calculated by equation 1 below. 

𝑉𝑛 =
𝑉𝑡

𝐶𝑛
      (1) 
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Where Vn is volume nutrition to be added into reactor 2 Vt is the final operating volume of the reactor and Cn 

is the concentration of the nutrient solution. The addition volume was then found to be: 

𝑉𝑛 =
2850

20
= 142,5 𝑚𝑙 

For Casamino acid and yeast extract addition 2g/l of each compound was added so the amount of each 

compound in 150 ml H2O was calculated according to equation 2.   

𝑋 = 𝑐 ∗ 𝑉𝑡      (2) 

Where X is the dry weight of each compound used, c is the target concentration in the reactor and Vt is the 

total operating of the reactor. Calculating this using the known values yields.  

𝑋 = 2 ∗ 2.850 ≈ 5.7 𝑔 

From this the solution was made by adding 5.7g of casamino acids and yeast extract respectively into 150 ml 

autoclaved distilled water.     

3.5 Fed-batch experiment 
Three different fed batch operations were performed by installing peristaltic pumps to the current bioreactor 

system. The feed volume was set to 2000 ml resulting in a final culture volume of 3000ml. Substrate was fed 

over a 24h time span. One control batch system was run during this experiment according to the general 

method applied previously in the bioreactor system. The setup of the bioreactors with the peristaltic pumps 

are shown in Figure 11.  

 

Figure 11: HANNA bioreactor system with the installed peristaltic pumps and substrate feed vessels.  

The substrate composition as shown in Table 10 was sterilized prior to feed start.  
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Table 10: Feed substrate composition used during fed-batch cultivation.  

Compound Nutrient Spent sulfite liquor Water Total 

Amount (ml) 100 1000 900 2000 

  

Prior to start-up of the fermentation system the three bioreactors intended for fed-batch was filled with a 

start medium according to Table 11. 

Table 11: start-up volume and composition in the bioreactors used for fed-batch cultivation.  

Compound Nutrient Pre-culture media Spent sulfite liquor Water 

Amount (ml) 50 300 500 250 

 

The operation started with a 24h batch phase before the feeding strategies were applied, for the 

microorganism to adapt to the new environment.   

In this experiment three different strategies where chosen. During previous experiments producing SCP at 

larger scale, a step-wise fed strategy had been used, [33], This was one of the strategies selected (see Table 

12). The other two strategies were exponential feed and a linear fed rate.  

Table 12: Feeding strategy previously used for larger scale operations.  

Time (h) Feed (g/h) 

0.00 20 

6.00 20 

6.01 45 

18.00 45 

18.01 70 

24.00 70 

24.01 0 
 

For converting the strategy described in Table 12 the feed rate at certain pump speeds was measured in the 

newly installed peristaltic pumps. From that it was found that the pumps follow a linear pump rate. From 

Table 12 it was calculated how much of the total feed was fed into the reactor during the different feeding 

steps and this was then replicated for the feed, (2 l), used during this experiment and the results are found in 

Table 13.  

Table 13: Step-wise feeding strategy for fed-batch operation.  

Time (h) Feed (g/h) 

0.00 3.0 

6.00 3.0 

6.01 5.5 

18.00 5.5 

18.01 8.2 

24.00 8.2 

24.01 0 

 

The linear feeding program was calculated from the measured feed rates of the pump and yielded the 

program showed in Table 14.  
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Table 14: Linear feeding strategy for fed-batch operations.  

Time (h) Feed (g/h) 

0.00 1 

24.00 10.5 

 

The exponential feeding strategy was found by trial and error to ensure a wanted feed profile, (addition 

volume and length).  

Four precultures were prepared with three of them being prepared in 250 ml baffled shake flasks for 

inoculation of the fed batch systems while one was prepared in a 1 L baffled shake flask for inoculation of the 

batch control reactor. The composition of the different cultures is shown in Table 15.  

Table 15: Exponential feeding strategy used for fed-batch operation. 

 Inoculation 
spores (ml) 

Nutrient (ml) Spent sulfite 
liquor (ml) 

Water (ml) Total (ml) 

Fed-batch 
preculture 

4 5 50 41 100 

Batch 
preculture 

20 15 150 115 300 

 

During the cultivation process samples for HPLC sugar analysis as well as biomass and protein content 

determination were collected when roughly half of the feed had been fed to the reactors and at the end of 

the cultivation process.   
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4 Results & Discussion 

4.1 Initial growth test 
This experiment showed biomass concentration of 4.9-6.7 g/l and protein content of 34.5-48.6 % (Table 16).  

As can be seen in Figure 12, the biomass production was quite rapid in the beginning of the cultivation 

process and it can be assumed that the microorganism is in the exponential growth phase. As the cultivation 

process proceeds, taking the standard deviation into account, one can conclude that the microorganisms 

entered a stationary phase between day four and day seven. Towards the end of the experiment the biomass 

declined steadily. These results also indicated that the theory of higher protein levels at rapid growth rates 

seems to be valid (see Table 16). It can also be stated that since the measurements didn’t start until 3 full days 

had passed the process lag phase had already occurred before measurement started. The highest protein 

content (48.6%) was noted after 3 days and the lowest protein content (34.5%) was noted after 10 days of 

cultivation.  

The average biomass production, protein content and incubation times are shown in table 1 below.    

Table 16: Incubation time and average biomass production as well as protein content. 

Incubation time (day) Biomass production (g/l) Protein content (%) 

3 4.9 48.6 

4 6.4 45.2 

5 6.3 41.8 

6 6.7 41.1 

7 6.5 39.6 

10 4.9 34.5 

A graph over the biomass production over time is presented in Figure 12.  
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Figure 12: Average biomass production over time. The values are given as mean value of the 3 biomass samples 
and the error bars indicate standard deviation.  

4.1.1 Cultivation experiment using the HANNA bioreactor system 
In the cultivation experiment with the bioreactor system the biomass levels varied between 1.9 g/l- 9 g/l 

(Figure 13). 

Samples were withdrawn for biomass production measurements at 0h, 22h, 26h, 31h, 45h, 50h, 54h and 70h.  

Figure 13 shows that the exponential growth phase seems to occur between 31h and 50h.By plotting the 

natural logarithm of biomass concentration during this time span (Figure 14) a linear graph showing the 

exponential growth phase was made.  

From Figure 14 the slope of the line corresponds to the specific growth rate. The specific growth rate was 

found to be 0.6093h-1 which is also the maximum specific growth rate (µ) since this represents only the 

exponential phase.  
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Figure 13: Biomass production for growth test in HANNA bioreactor system.  

 

Figure 14: Showing the exponential growth phase of the microorganism.  

4.2 Effect of pH on cultivation   
For the pH dependence cultivation, the biomass difference never exceeded 1g/l during the cultivation and if 

compared to previous cultivation the fermenter with pH 4.5 reached above 8.0 g/l which is in line with 

previous cultivations at pH 6. 

Several pH dependence tests were performed, two times using shake flasks for cultivation and one time using 

the scale up bioreactor system for cultivation. Reason being contamination of the shake flasks for the first 

trial performed using shake flasks. The bioreactor system offered a more controlled environment for the 

experiment with close regulation of the pH during cultivation. The bioreactor system also offered a cultivation 

method more like industry since for example aeration was controlled.  
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Samples for biomass and protein were withdrawn after 96h and 168h for each tested pH. From Figure 15 no 

significant difference in the biomass production between the different pH used during cultivation can be seen. 

Protein content was measured at all the test points and the results are displayed in Figure 16. 

Protein content was consistently higher in the cultivations with lower pH throughout the entire process. For 

pH 4.5 the highest noted protein content (52.5%) occurred after 4 days and the lowest protein content 

(47.1%) was noted after 7 days. For the cultivation at pH 6 the highest protein content (47.3%) was noted at 4 

days of cultivation. The lowest protein content (42.7%) was noted after 7 days of cultivation. The difference in 

protein content between the various cultivations does not differ as much at the end of the cultivation as the 

biomass which is quite similar towards the end for the various conditions. 

The higher protein content towards the end of the cultivation for the cultivation at lower pH might be 

explained by the fact that the cultivation at pH 6 reaches its final stage of cultivation sooner than the 

cultivation at lower pH. This might in turn mean that the cell death or lysis during cultivation at higher pH are 

more prominent. Another possible explanation is that the substrate is depleted earlier for the cultivation at 

higher pH and to survive the cells breaks down itself and in the process, which lowers the protein content.  

Protein decrease along with biomass production is evident by Figure 17 where the protein content is shown in 

correlation to the biomass production. It also shows that the protein content is higher for lower pH with the 

sacrifice of having slightly lower biomass. High protein content could have a huge upside for the SCP process 

as the protein content is the most important factor for the price of the final product. A cultivation process at a 

lower pH also makes the process more economic from an industrial stand point as the adjustment of pH of 

the spent sulfite liquor today is one of the most expensive operations in production of ethanol from spent 

sulfite liquor. 

 

Figure 15: Biomass production over time for effect of pH experiment. 
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Figure 16: Protein content over time in effect of pH cultivation. 

 

Figure 17: Protein content against biomass production.  
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of xylose and arabinose might have some connection with the shorter lag phase in the fermentations with 

higher pH. For all cultivations, the first sugar completely utilized seems to be mannose as this is depleted in all 

processes within 4 days which can be seen in Figure 18. 

 

Table 17: HPLC sugar analysis values for pH cultivation in shake flasks.  

Time and 
pH 

0 h 96h pH 4.5 168h pH 
4.5 

96h pH 5 168h pH 5 96h pH 6 168h pH 6 

Glucose 
(g/l) 

17.1 
 

2.9 
 

2.9 
 

4.0 
 

2.9 
 

5.8 
 

3.4 
 

Xylose (g/l) 15.5 
 

7.5 
 

2.8 
 

8.2 
 

2.8 
 

4.6 
 

2.9 
 

Galactose 
(g/l) 

15.3 
 

4.7 
 

3.4 
 

5.2 
 

3.8 
 

5.4 
 

4.1 
 

Arabinose 
(g/l) 

15.4 
 

8.5 
 

3.2 
 

8.6 
 

3.7 
 

4.4 
 

3.6 
 

Mannose 
(g/l) 

13.0 0.0 
 

0.0 
 

0.0 0.0 0.0 0.0 

 

 

Figure 18: HPLC RID signals for sugar analysis for sample withdrawn at startup of cultivation.  

 The largest peak in the HPLC spectra are an acid peak interfering with the analysis. The different sugar peaks 

then occur in the following order, glucose, xylose, galactose, arabinose and mannose which is shown in Figure 

18 and then the same rule applies for both Figure 19 and Figure 20 

HPLC analyses on the spent sulfite liquor and the filtrate from the cultivation resulted in some difficulties due 

to most likely acetic acid, which was present in the spent sulfite liquor. The acid interfered with the HPLC 

spectra, being detected as a peak significantly higher than the sugars. This rendered the spectra’s deceptive 

and made analysis of the sugar peaks difficult. This phenomenon can be seen in Figure 18, Figure 19 and 

Figure 20.  
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Figure 19: HPLC RID signals for sugar analysis at 96h cultivation.  

 

 

Figure 20: HPLC RID signals for sugar analysis at 168h of cultivation.  

4.2.1 Effect of pH (bioreactor experiment) 
The highest measured biomass concentration of the cultivation at pH 6 (9.7g/l) occurred after 59 h at the 

same time the cultivation at pH 4.5 yielded a biomass of 7.8g/l (Figure 21).  

From Figure 22 the theory from shake flask experiment is somewhat confirmed, namely that the biomass 

production is slightly slower for the microorganism at a lower pH value but instead the protein content is 

consistently higher.  For pH 4.5 the highest protein content (62.7%) was detected after 20h of cultivation. This 

was considerably higher than for pH 6 cultivation which reached its peak value (54.9%) after 20h. Cultivation 

at pH 4.5 reached its lowest protein content (47.9%) after 59h. For pH 6 the lowest protein content (46.5%) 

was noted after 59h of cultivation.  
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From this experiment, it was also observed that the cultivation broth at a lower pH appeared to be more 

viscous which might have increased the aeration of the media. This is consistent with theory regarding 

cultivation rheology at different pH [32].   

 

 

Figure 21: Biomass production over time for pH effect using bioreactor scale up.  

 

Figure 22: Protein content over time for effect of pH using bioreactor cultivation.  

4.3 Effect of cultivation temperature 
Samples for biomass and protein content were withdrawn at 22h, 47h and 65h and the biomass results are 

displayed in Figure 23. It can be seen below that the increasing cultivation temperature seems to prolong the 

biomass production slightly. The protein content at various times throughout the cultivation is displayed in 

Figure 24.  
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As can be noted in Figure 24 the increased temperature, even though biomass increased, seems to have a 

negative effect on the average protein content.  The decrease in protein might be due to increased protease 

activity because of the higher temperature. Both cultivations reached its peak value after 22h but for the 

cultivation at 300C the highest protein content was 53.7% while it was mere 50.6% in the 350C cultivation. At 

300C, the lowest protein content (47.5%) was noted after 65h while the highest protein content (46.1%) for 

cultivation at 350C was noted after 65h. 

 

Figure 23: Biomass production for the cultivation over time for temperature effect experiment.  

 

Figure 24: Protein content for effect of temperature cultivation over time.  

4.4 Inoculum size  
The highest biomass concentration (9.6g/l) was noted after 67h cultivation in the reactor with 150ml 

inoculum. For cultivation with 300ml pre-culture the highest biomass concentration (7.9g/l) was noted after 

67h quite similar to the highest biomass concentration (8.5g/l) for cultivation with 600ml pre-culture. 
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Considerably lower biomass concentration (5.2g/l) was noted at 67h for cultivation with 450 ml preculture 

(see Figure 25).  

Biomass productions for the different inoculum sizes are to some extent similar although it could be said that 

a smaller pre-culture volume reaches a slightly higher biomass concentration. This might be because the 

viscosity of the broth in this reactor is slightly lower in the beginning than the rest enabling good aeration of 

the cultivation which is consisted with some literature [32]. 

From Figure 26 it is again evident that the higher biomass concentration comes at a trade off in protein 

content most likely since this process reaches the microbial death phase earlier then the three others. The 

death phase might occur because of substrate depletion in the medium or since viscosity of the broth gave 

problems with aeration. No significant difference is evident for the three other inoculum sizes regarding 

protein content. It is seen however that the cultivation with a 450-ml inoculum has slightly higher protein 

(59.0%) content which might be due to a longer lag phase in the beginning of the cultivation. The highest 

protein content (51.9%) at the end of cultivation was found for the cultivation with 300 ml inoculum. The 

lowest protein content (33.3%) was found in the cultivation with 150 ml inoculum at 67h. This is significantly 

lower than for the other cultivations. Nothing unusual was observed with this cultivation during the last 24 h 

so the lower protein content is quite unexpected. It might have been some analytic error done during 

preparation of the protein sample.  

 

Figure 25: Biomass production between different pre-culture sizes in bioreactor system. 
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Figure 26: Protein content in biomass from cultivation with different pre-culture sizes. 

4.5 Nutrient Boost 
 The highest biomass concentration (10.6g/l) was found after 70h in the control reactor (Figure 27).  

From this it appears that the extra nutrient addition did not impose any positive effect on the microbial 

biomass production. On the contrary, it gave it a decrease biomass concentration after 70h. For the nutrient 

solution boost the biomass concentration after 70h was 8.2g/l while the cultivation with addition of casamino 

acid contained merely 6.5g/l biomass after 70h. Regarding the protein content for the withdrawn samples, it 

is shown that the difference in protein content is negligible between the different nutrition additions, see 

Figure 28. This in turn point towards that the lower protein content at a higher biomass concentration is not 

because of depletion of nutrients in the process. Instead the decreasing protein content is most likely 

stemming from microorganism lysis.  
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Figure 27: Biomass production during nutrient boost experiment. 

 

Figure 28: Protein production during boosting experiment. 

4.6 Fed-Batch 
The fed-batch experiment showed the highest biomass concentration in the control reactor (8.2 g/l). 

However, from Figure 29 it is clearly shown that something went wrong with the cultivation. The biomass 

production is not nearly comparable with the control system and the fault may lie in several factors. One 

explanation for the pour results might be too short batch phase meaning the cells were given to short time 

period to adjust to their new environment before the feeding started. This in turn might have led to a shock 

effect on the cells when the feed of fresh spent sulfite liquor was started from which they never recovered. 

Spent sulfite liquor contains some inhibitory compounds and if the feed starts before the cells have started to 

multiply the concentration of these inhibitory compound might be too high and kill or inhibit cell growth. 
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Another possible explanation is that the small amount of starting media in the reactor led to problems with 

the stirring and aeration of the broth. This might have occurred if the stirrer was not emerged enough in the 

medium due to the small starting volume. The poor agitation of the broth might have caused the cells to 

suffer from oxygen starvation and because of that never reached their exponential growth phase.  

 

 

Figure 29: Biomass growth during fed-batch experiment. 
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4.7 Additional discussion 
Presented above is the results from the experiments performed during this thesis with no apparent care 

taken to problems occurring during cultivation and or restraints and limitations with the used analytic 

method. In this section, some of the problems and restraints will be discussed to further evaluate the work. 

The biggest threat during all cultivation using microorganisms is contamination of unwanted microorganisms. 

This occurred in some initial shake-flask experiments which has then ben discarded since the results from 

such cultivations are useless. Intensive care has been taken during all cultivations to avoid contamination but 

severe risk was present when transferring the pre-culture from shake flasks to the HANNA bioreactor system. 

There was no previous tested method for doing this so the transfer was performed by using a sterilized funnel 

which of course was a big contamination risk. Nevertheless, no confirmed contamination was noted during 

the bioreactor cultivations. Pour growth results were however observed during the fed-batch cultivations but 

the reason for this was not further investigated. 

Another problem during cultivations was to obtain homogenous samples from the bioreactor system since 

the sampler on the reactors had a fixed diameter. As the cultivation broth increased its biomass content the 

fluid became so viscous that representative samples were near impossible to obtain and hence the biomass 

content measured are probably to consider as on the low side. They were most likely higher than the 

measurements showed but since they are all performed in the same way they can be correlated to each 

other. To avoid this problem, it would be preferable to withdraw at least duplicates at each test point but this 

was not feasible due to the small reactor size.  

HPLC analysis was performed on all cultivations but difficulties with compounds present in the spent sulfite 

liquor such as acetic acid. This caused a disturbance on the analysing spectra’s which rendered most of the 

analysis unusable in this thesis.   
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5. Conclusions 
It has been proven that the pH value for SCP production using spent sulfite liquor and P.variotii can be 

lowered substantially from previous works. A decrease in pH from 6 down to pH 4.5 resulted negligible loss in 

biomass production over time while resulting in a slightly higher protein content. Previous attempts to 

produce SCP at pH 6 have resulted in a protein content of 51 % g/g dry biomass [12]. In the current thesis 

work cultivations at pH 4.5 resulted in protein levels of 52-53% g/g dry biomass at an overall biomass content 

of 7g/l. This is well in line with previous experiments using spent sulfite liquor as substrate producing SCP [12] 

and even slightly higher protein content.  The lower pH however has several other process advantages. One 

advantage is that contamination of unwanted microorganisms, such as yeast does not normally thrive at such 

a low pH. This minimizes the risk for contamination and in doing so improves the reliability of the process. 

Another big advantage is the purely economic gain from less use of chemicals for pH adjusting of the spent 

sulfite liquor prior to inoculation. The economic difference in a large-scale operation for SCP production in 

adjusting between pH 4.5 or pH 6 would be significant on a yearly basis in crude operation costs. 

A consistent pattern during all different cultivation experiments is the correlation between biomass 

production and protein content. It can be concluded that the protein content is at its highest point during the 

earliest stages of cultivation for all process conditions tested. The protein content then decreases steadily 

during the cultivation as the biomass content in the broth increases. The highest protein content achieved in 

this work was 62.7%.  

It can also be concluded that there is no evident advantage in cultivating the filamentous fungi P. variotii at a 

higher temperature than 30oC. Cultivations performed at a higher temperature than 30oC instead indicated a 

loss in protein content although the biomass production was slightly improved for some of the cultivation.  

  



OPTIMIZATION OF PRODUCTION OF SINGLE CELL PROTEIN FROM SPENT SULFITE 

LIQUOR USING PAECILOMYCES VARIOTII 

40 
 

6.Future work 
The results from this thesis work show promising results for the production of single cell protein on an 

industrial scale, however extensive work is still needed before it can be implemented at large scale. It is 

evident that this process holds a great deal of potential as a part of the solution for saving our world oceans 

and contribute to a better tomorrow.  

Since the fed-batch cultivations during this project was cut short due to time issues future work lies in 

evaluation of the effect of the cultivation method during fed-batch and perhaps continuous mode. Some 

research has shown promising results with fed-batch operation on filamentous fungi fermentation by severely 

decreasing viscosity of the fermentation broth [39]. This leading to more reliable and easier oxygen transfer in 

the fermentation broth during cultivation and hence ensuring that dissolved oxygen is kept at a reasonable 

level.    

It might also be interesting to try and either eliminate the disturbing compounds from the spent sulfite liquor 

or try to analyse the sugar content of the cultivation using a different HPLC sugar column to try and determine 

the complete kinetics of the filamentous fungi. Such kinetics might prove useful for determine the fed-batch 

strategy which best suits the fungi [35].  
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