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EXECUTIVE SUMMARY 

 

BillerudKorsnäs is a manufacturer of fiber-based cartonboard and liquid packaging board. 

Microbial growth occurs at several steps in cartonboard production due to favourable 

environment and the good access to nutrients from the raw material, and additives such as starch. 

Vegetative bacteria are usually not harmful in the production and die in the hot drying end of the 

cartonboard machine. The most abundant microflora at paper- and cartonboard factories consists 

largely of sporeforming microorganisms from the genera Bacillus and Paenibacillus. The endospores 

are highly resistant and can stay in the final end product, which is undesirable. Levels of 

endospores from these species at BillerudKorsnäs production unit KM5 are usually low, but an 

occational increase can be seen when a new cartonboard product, KW1 is produced. Today, the 

method used for controlling the microbiology is by adding biocides to broke towers. This has 

shown to be both expensive and non-effective at KM5. A new method is needed for controlling 

the microbiology at KM5 that is more effective, costbeneficial and environmental friendly. 

The aim of this project was to test a hypothesis for spore formation at a paper board factory in 

lab-scale experiments. A suggestion of a technical change in the process would be made that 

could minimize spore formation and the use of biocides at KM5. A model organism Bacillus 

licheniformis (E-022052) was used to study effects of environmental conditions on spore 

formation. Experiments were also performed in controlled bioreactor trials, where methods to 

minimize spore formation were tested. 

The experiments showed that nutrient deficiency of a primary carbon source was the major 

reason for spore formation and should be avoided at KM5. Further, the experiments showed that 

oxygen limitation significantly decreases the endospore formation. 

The conclusion reached, was that spore formation could be minimized by a feed addition of 

glucose to Broke tower 1 during the few days production of KW1. A second alternative includes 

using a feed of concentrated pulp that could be used to minimize spore formation without the 

use of biocides and without the need for rebuilding of the mill. 
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SAMMANFATTNING 

 

BillerudKorsnäs är ett företag som levererar fiberbaserad kartong- och förpackningslösningar. 

Mikrobiell tillväxt sker i flera steg i produktionen av kartong där miljön är gynnsam och det finns 

god tillgång på näringsämnen från råmaterialet samt tillsatser som mäld- och spraystärkelse. 

Vegetativa bakterier är sällan skadliga för produktionen och dör vid torkpartiet av en 

kartongmaskin. De vanligaste arterna av mikroorganismer på kartonbruk tillhör grampositiva 

sporbildande bakterier, t.ex. Bacillus och Paenibacillus. Endosporer är mycket resistenta mot höga 

temperaturer, toxiner och torka och kan hamna i den färdiga kartongen, vilket inte är önskvärt. 

På BillerudKorsnäs produktionsenhet KM5 är nivåerna av sporer i både massan och den färdiga 

kartongen låga, men en uppgång i halter kan ses när ett massabyte sker vid produktion av 

produkten KW1. Den vanligaste metoden att kontrollera mikrobiologin på ett kartongbruk är att 

tillsätta biocider i avställda lagringstorn, då massan i dessa inte används. Detta har visats vara 

både dyrt och ineffektivt på KM5. En ny metod behövs för att kontrollera mikrobiologin, som är 

både effektiv, billigare och mer miljövänlig. 

Syftet med examensarbetet var att testa en hypotes för sporbildning vid ett kartongbruk genom 

småskaliga laboratorieförsök. Ett förslag på en processteknisk förändring skulle presenteras där 

sporbildning och biocidanvändning kunde minimeras. 

Modellorganismen B. licheniformis (E-022052) användes för att studera sporbildning i olika 

miljöbetingelser som skulle likna de vid KM5. Experiment gjordes även i kontrollerade 

bioreaktorförsök där metoder för att minimera sporbildning testades. 

Försöken visade att näringsbrist av en primär kolkälla såsom glukos, är den största anledningen 

till att Bacillus bildar endosporer på KM5. Resultaten visade även att begränsad syretillgång 

avsevärt minskade sporbildningen hos Bacillus licheniformis. 

Slutsatsen var att sporbildning på KM5 kan minimeras genom tillförsel av en kolkälla till 

Utskottstorn 1 under de dagar då KW1 produceras. En koncentrerad kartongmassa skulle kunna 

användas som näringstillsats istället för glukos med avsikt att minimera sporbildning och 

biocidanvändningen utan att använda biocider. 
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ABBREVIATIONS AND KEY TERMS 

 

BR 

 

Broke 

tower 

 

CTMP-

tower 

 

 

Clear 

filtrate 

 

Chemical 

A 

 

KW1 

 
Bioreactor, used for experiments at 
KTH 
 
 
A tower where rejected pulp and re-
dissolved cartonboard is stored and 
reused 
 
Chemical Thermo Mechanical Pulp is 
stored and processed in the CTMP-
tower 
 
 
The filtrate and process water that 
flows through KM5 
 
 
A chemical that could be used in the 
production of carton board at a paper 
and pulp mill 
 

A bleached carton board product 

produced at KM5 

 

Biocide 

A 

 

CFU 

 

 

 

DOT 

 

 

 

Furnish 

 
A complex mixture of 

chemicals used to stop 

microbial growth and/or kill 

bacteria 

Colony Forming Units of 
microorganisms on a 
Petrifilm plate or Agar plate. 
 
 
Dissolved oxygen tension. A 
measurement of the 
dissolved oxygen in a 
bioreactor  
 

The grind of paper or carton 

board 

KM5  Kartongmaskin 5 refers to the carton 
board machine number five from 
BillerudKorsnäs at Frövi production 
unit in Sweden 

OD Optical Density. OD-
measurements are 
performed in a 
spectrophotometer mainly 
to measure cell density at 
growth 

    

    

Reject Rejected pulp mainly from the main 
production line at KM5 
 

TAC Total Aerobic Count, suggest 

total number of colony 

forming microorganisms in 

the Petrifilm method 

Wood 

pulp 

Wood that has been ground to a pulp, 
used in making cellulose products 
 

 

TNTC 

 
Too numerous to count. 

Refers to counting colonies 

on agar plates or Petrifilm 

plates. 

Quorum 

sensing 

Is a system of stimulus and response 
correlated to population density of 
bacteria 
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1 INTRODUCTION 

1.1 Problem 
BillerudKorsnäs is a manufacturer of fiber-based packaging material. The products are based on 

renewable resources from primary fiber. At Frövi production unit, KM5, mainly carton board and 

liquid packaging board is produced with a production capacity of 430 ktonnes/year. 

Microbial growth occurs at several steps at the process when the raw-material is refined to carton 

board. The reason for this is that the environment at a pulp- and paper mill is very favorable for 

bacterial growth. It is an open production that is non-sterile. Vegetative cells usually don’t survive the 

dry end of KM5, but highly resistant endospores do which is undesirable. 

Levels of endospores at KM5 are usually low, but an occasional increase can be seen when pulp 

masses are changed to produce a bleached carton board product, KW1. There are no strict limits for 

bacterial and spore content in the pulp or the final carton board. The most common method used for 

controlling microbial growth is by adding biocides to the board machine and broke towers. This has 

shown to be both expensive and non-effective at KM5. A new method is needed for controlling the 

microbiology at KM5 that is effective, cost beneficial and environmental friendly. 

A method to achieve this is by controlling the process itself in such way that spore production is 

minimized without an extensive use of biocides. To achieve this goal an understanding of the 

bacterial responses to environmental changes, such as pH, temperature and nutrient deficiency are 

required. Mapping of critical locations where spore formation can occur will be done. The purpose is 

to test a scaled down strategy at KM5 to minimize spore production without the use of biocides. 

1.2 Hypothesis 
The hypothesis is that a scaled down process change in a bioreactor experiment can generate 

significantly less spores than the tested standard conditions settings in a bioreactor. The standard 

condition is supposed to mimic one of the hypotheses for a spore producing condition at KM5. 

1.3 Aim 
The project aim is to test a hypothesis for bacterial spore production at a paper board factory in 

small scale bioreactor experiments and suggest a technical change in the process that could minimize 

it at BillerudKorsnäs KM5. 

1.4 Solution strategy 
The strategies used to reach the project aim are by studying the current process by sampling from 

one of the broke towers from the process at KM5, during a redirection of pulp-flow. This part also 

includes mapping of the possible process changes that are plausible at KM5 and the most likely 

hypotheses for spore formation. Running the most plausible hypotheses for spore formation in small 

lab scale screenings using a model organism, and select the ones that generate most spores for 

further investigation. Implement a scaled down process change into a bioreactor experiment that 

could minimize spore formation. 
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1.5 Scope of the study 
The research work is carried out in the framework of a master thesis of 20 weeks full time studies. 

The experiments are performed at two laboratories: the bioprocess laboratory at KTH in Stockholm 

and the microbiology laboratory at BillerudKorsnäs KM5 in Frövi. 

1.5.1 Clear filtrate composition 

Clear filtrate is used as medium in the experiments because it resembles the majority of the liquid at 

KM5. The assumption is made that clear filtrate resembles the composition of the process water in 

KM5, though this is not entirely true. Clear filtrate does not contain as much fiber as the pulp and has 

therefore a lower viscosity. Different composition of clear filtrate is expected when a maximal 

amount of 50 L of clear filtrate is taken from KM5 for 1-2 weeks of experiments. The different 

composition of the filtrate is disregarded for this project and the results from different batches are 

considered equal in regard of additives such as glue, fiber, chemicals etc. The project does not 

consider the viscosity of the pulp. The dry content is between 3-4 % in the pulp at the time when the 

pulp passes the Broke tower 1. The assumption is made that the clear filtrate reflects the 

composition of the majority of the process water at KM5, as well as the pulp. 

1.5.2 Microflora 

The microflora has been analyzed at KM5 and shows that the majority of the bacteria come from the 

genera Bacillus. In the clear filtrate, the majority of the bacteria are thermophilic spore formers. In 

the final carton board the greatest contributors of spore forming bacteria are Paenibacillus 

barengoltzii, Bacillus licheniformis and Paenibacillus odorifer (Borschos, 2013). The degree project 

will focus on one of the most abundant bacterial species at KM5 and does not consider the whole 

microflora. 

1.5.3 Limitation in the process 

The project is limited to study conditions in Broke tower 1 (Bt1) and the CTMP-tower (CTMPt), 

because the problem is considered to originate from these. The study does not consider tributary 

flows or advanced circulation in the complex process that is KM5. A simplified process overview 

should give sufficient information to draw conclusions from. 

Limitations in the study are made to consider only what happens in Bt1 and the CTMPt during the 

production of bleached cartonboard products such as KW1. 
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2 THEORY 

2.1 Background KM5 
BillerudKorsnäs is a manufacturer of fiber-based packaging material for customers with very high 

demands on effective, creative and functional packaging solutions. The products are based on 

renewable resources from primary fiber and commitment for the environment is a big part of the 

processes, products and services that the company delivers. At Frövi production unit (KM5) mainly 

carton board and liquid packaging board is produced with a production capacity of 430 ktonnes/year. 

Microbial growth occurs at several steps at the process when the raw-material is refined to carton 

board. The reason for this is that the environment at a pulp- and paper mill is very favorable for 

bacterial growth with temperatures between 40-50°C, pH between 7-9, and good access to nutrients 

from wood and additives, such as starch. The properties of the pulp and finished carton board are 

continuously checked to ensure that the carton board is of highest possible quality. Microbial 

samples are taken continuously at different parts of the production process as well as from the final 

carton board. Microbial load in the process water can vary between 0-109 microorganisms per mL 

(Raaska, 1999).  

High concentrations of microorganism could be unfavorable for the quality of the product by 

affecting taste; smell and cause discolor but also affecting the production process by biofilm 

formation inside storage towers and pipes. Secondly, microorganism in the process can disturb the 

production of food packaging board as well as other carton board based products. The pulp 

constitutes mainly of cellulose and is therefore biodegradable, where certain microbial species can 

impair the technical performance of the pulp. Starch-degrading microorganisms can hydrolyze the 

different starches that are used as stabilizers, sizing agents and resin sizers (Väsäinen, 1989). Thirdly, 

the heating of the carton board in the dry end at KM5 may be too short to kill all the microorganisms 

in the inner layer and could therefore contribute to an end product with a certain microbial load 

(Cerny, 1982; Raaska 1999). Vegetative cells usually die in the dry end, but highly resistant 

endospores survive and stay in the final product. This is undesirable in the manufacture of aseptic 

food-packaging materials such as liquid packaging board. Levels of endospores at KM5 are usually 

low, but an occasional increase can be seen when pulp masses are changed to produce a bleached 

carton board product (Borschos, 2013). There are no strict limits for bacterial and spore content in 

the pulp or the final carton board. Guide-lines and levels are created by the company with regard to 

the quality of the product, customer recommendations and management of an effective production 

process. 

The most common method used today for controlling microbial growth and biofilm formation is by 

adding biocides to the board machine and broke towers (Raaska, 1999). This has shown to be both 

expensive and non-effective at KM5. A new method is needed for controlling the microbiology that is 

more effective, cost beneficial and environmental friendly. BillerudKorsnäs has an internal goal to 

achieve greater control of the microbiology in the process while minimizing the use of biocides and 

the production of endospores. This coincides with the environmental policy of the company. Biocides 

have also shown to increase the formation of biofilm, which is undesirable inside the broke towers in 

carton board manufacturing (Kolari, 2003). To achieve this goal an understanding of the bacterial 

responses to environmental changes, such as pH, temperature, nutrient deficiency is required. This is 

also necessary knowledge to the design and reconstruction of the present plant. 
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2.2 Current process overview 
Here a short summary of the affected parts of the carton board factory at KM5 are presented. The 

entire carton board machine KM5 is a huge complex network of pipes, wires, towers for carton board 

additives and several broke towers up to 10 000 m3. A simplified overview is given in Appendix I and 

a further scaled down overview is seen in Figure 1. To KM5 a wood processing block is connected as 

well as a connected water treatment. Here the simplified overview is presented, that is mentioned in 

chapter 1.5.3 (Scope of the study). 

 
Figure 1) Simplified process overview of the cartonboard machine number 5 (KM5) with the broke tower of volume 5000 
m3 and CTMP-tower of volume 1300 m3. 

2.2.1 Broke tower 1 

Broke tower 1 (Bt1) is used as a buffer tank to ensure continuous production of carton board. Losses 

of carton board due to trimming or stop in production are recycled by re-dissolving the carton board 

back to pulp that is mixed with new pulp in the input to KM5. The pulp levels in Bt1 vary, but a 

minimum level is always supposed to be held. Levels in the broke tower cannot be lowered below 

the minimum level to avoid stop in production. Figure 2 shows how the pulp level in Bt1 varies during 

the production of the bleached cartonboard product KW1. Hour zero represents the time when flow 

out from the tower was closed, and the process resembles a fed-batch situation. 
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Figure 2) Pulp mass level in Bt1 shown in % where 100 % is set to 3800 m3 and the total volume of Bt1 is 5000 m3. 

In Bt1 the temperature normally varies between 43-46°C and pH between 7-8. A stirring device is 

located in the bottom of Bt1 and a pump system can pump approximately 200 L/s from the bottom 

of Bt1 to the top of the tower. Bt1 has a total volume of 5000 m3 and stores 3800 tonne pulp at most. 

A normal flow through the tower is around 150 L/s when the tower is in use. During the production 

of the product KW1 the flow through the tower is closed. Process samples are taken several times a 

day from the bottom of the tower and analyzed for pH, redox, temperature and microbial 

concentrations. 

2.2.2 CTMP-tower 

Pulp can be manufactured using different strategies to break down the wood. 

Chemithermomechanical pulping (CTMP) is one of these strategies that are used at KM5. The CTMP-

pulp can be either bleached or unbleached. At KM5 the pulp for these cartonboard products flow 

through the CTMP-tower (CTMPt). 

The total volume of the CTMP-tower is 1300 m3. Tower levels are normally between 20-70 %. The 

temperature in CTMPt is between 46-48°C and pH is higher than in Bt1 at approximately 9. A trace 

element analysis has been done in CTMPt when pulp level was at 70 %. Results indicated that 270 m3 

exists of an agitated zone in the bottom of the tower, 250 m3 consists of a plug flow through the 

middle of the tower and 390 m3 exists of a zone with minimum mixing. CTMPt had a flow going 

through the tower and a recirculating flow generated by a pump device. An approximate value for 

the flow rates through the tower is when 60 L/s is recirculated from the bottom of the tower to the 

top and 100 L/s is pumped through the tower. During production of KW1 the mean flow is 

approximately 100 L/s through the tower and 150 L/s through the plug flow part of the tower due to 

recirculation. All sampling is done from the bottom of the tower and a mean flow through the tower 

is 64 L/s which correspond to a residence time of 4 h at 70 % pulp level.  

Chemical A is used to bleach the pulp mass in CTMPt when bleached pulp is used in production. The 

resulting reaction when the pulp is bleached generates water and oxygen. Chemical A that does not 

react with unbleached pulp is left in the process liquid as excess. The concentrations of Chemical A in 
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the process water and clear filtrate at KM5 vary between 0-200 mg/L during production of KW1. At 

the end of the bleaching process the concentration of excess Chemical A is the highest, because less 

unbleached pulp is available for its consumption. It takes approximately 2 days before all traces of 

Chemical A are gone from the clear filtrate after the production of KW1. 

2.3 Changeable process parameters 
Here the changeable process parameters are presented. Technical process changes can only be made 

within presented ranges and the possible suggestions of process improvements should be made 

within these limits. The changeable parameters affect Broke tower 1. The presented changes in the 

CTMP-tower are only affecting the production cycle of KW1 and therefore the clear filtrate 

composition.  

2.3.1 pH 

pH can be varied 0.5 units from normal levels in Bt1, which corresponds to the interval pH 6.5-8.5. 

The goal for the production unit is to keep pH as constant as possible. Changes in pH at a carton 

board factory depend largely on what cartonboard product that is produced at the time being and 

the use of additives, resins and chemicals. 

2.3.2 Temperature 

The temperature could be changed +-10°C in Bt1 and CTMPt. This change is considered very 

unpractical and much rebuilding for heating and cooling would be needed. 

2.3.3 Nutrient access for microbials 

The access of nutrient for the abundant bacteria depends on the processing of wood to pulp and 

additives in the manufacturing, such as starch in different forms. The dry weigh is between 3-4 % in 

the pulp and can be both bleached and unbleached. The pulp can consist of hard- and softwood 

depending on the product produced. The nutrient access can be changed by addition of carbon 

source to the broke towers. Nutrients from the raw material cannot be lowered due to 

manufacturing issues. 

2.3.4 Pulp mass level 

The pulp levels in Bt1 and CTMPt can be regulated. Bt1 can be filled from 0-100 % where the 100 % 

level is set to 3800 m3. CTMPt can be filled 0-100 % of the total volume of 1300 m3. In CTMPt a lower 

pulp level can be kept, because a continuous flow is set through the tower during production of KW1. 

2.3.5 Chemical A 

Concentrations of Chemical A in the process water at KM5 are between 0-200 mg·L-1. Higher local 

concentrations are believed to occur due to bad mixing in Bt1 or CTMPt. The only way to regulate 

access of Chemical A is when and how these increases and additions of it are made i.e. regulating the 

timing of production of bleached products, including KW1. There are possibilities to flock excess 

amounts of Chemical A from the broke towers so that high concentrations could be avoided in the 

end of the bleaching process. This could be done with sodium bisulfite. 

2.3.6 Biocide addition 

Biocide A is used with the intention to kill microorganisms in order to minimize growth at KM5. The 

concentrations of Biocide A can be regulated from 0-50 mg/L. A maximum amount of 1200 kg/month 

can be added to KM5. Minimization of the usage of Biocide A is recommended. 
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2.4 Nutrients for microbial growth 
In the process when wood is refined to pulp, cellulose is degraded to simple sugars in some extent. 

Bacteria can use these sugars as a primary carbon source for growth. An example of simple sugars 

released from cellulose are; glucose, galactose, xylose, arabinose and sackarose (Weng, 2008). Most 

bacterial species can take up these simple sugars via transport systems in the bacterial membranes, 

such as the phosphotransferase system (Deutscher, 2006). Most bacteria do not have the ability to 

break down cellulose, but there are a few cellulase (EC 3.2.1.4) producing organisms that can. These 

are mostly fungi, bacteria and protozoans.  

Also, the addition of different starches at certain steps of the production process contributes with 

nutrients to the microflora at the plant. Derivatives of starch are added in the production of carton 

board, to give retention but also to increase stability to the layers in the final carton board (Fellers, 

1998). Starch is added at three places to the carton board at KM5. Furnish starch used as retention is 

added to a concentration of 27 kg/tonne pulp, as well as spray starch (Borschos, M). Starch can be 

broken down to free glucose units by bacteria that produce the extracellular enzyme α-Amylase. The 

most abundant bacterial species found in the cartonboard and pulp from KM5 produce this enzyme 

and can therefore digest starch in the carton board (Väsäinen, 1989). 

2.5 Growth of cells and cultivation concepts 
The focus of this degree project relies on the microbiological concepts of bacterial cell growth. Also, 

cultivation concepts are used that are usually associated with bioprocess technology, for the purpose 

of producing large amounts of enzymes or other products from living cells. The reason for this is that 

the liquid environment, the process design and equipment at the pulp mill at KM5 resembles some 

basic cultivation concepts used in bioprocess technology. However, the process design of a paper- 

and board factory is not meant to promote microbial growth. In this work, the cultivation concepts 

are used with advantage to recompose the environment at the pulp mill and design strategies to 

control the microbiology in a favorable way. 

Bacteria grow by division into two identical daughter cells and the growth patterns can be followed 

by analyzing cell density over time, using different analysis methods. The growth pattern can be 

divided into different phases, called lag phase, log phase and stationary phase, see Figure 3. 

http://mmbr.asm.org/search?author1=Josef+Deutscher&sortspec=date&submit=Submit
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Figure 3) Cell growth curve with the different phases characteristic of bacterial growth in batch cultivation. 

In a batch cultivation all nutrients are added to a liquid medium in the beginning. In the first two 

hours after inoculation with bacteria, the cells grow very slow or not at all. This phase is called the lag 

phase, see Figure 3, and usually depend on adaptation to the new environment.  In the log phase, 

cells divide at a maximum rate for the present conditions. Eventually, some nutrient is depleted and 

cells cease to divide even though they are still metabolically active. The most important nutrient for 

cell growth is a carbon source, such as glucose, which at limiting amounts causes the pattern seen in 

Figure 3 as the stationary phase.  If no more nutrients enter the bioreactor, a slow death phase will 

occur if no other option for survival is left for the cell. (Larsson, 2011) 

Another cultivation concept is the fed-batch cultivation. Usually it starts with a batch and when the 

carbon energy source is depleted, a feed is started with additional energy source. In cultivation this is 

done to control the growth rate of the cells. The specific growth rate, μ, denotes how fast the cells 

grow per hour, and can be controlled by different feed strategies. Left in Figure 4 shows a schematic 

figure of a bioreactor with a substrate feed connected via a pump system. The feed can be 

programmed in almost any way, for instance an exponential feed could control that the cells grow 

exponentially. (Enfors, 2011) 
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Figure 4) A schematic drawing of two bioreactors (BR). The left shows a BR with added substrate feed in a fed-batch 
cultivation. The figure on the right represents a continuous cultivation in a bioreactor, where the flow in is the same as 
the flow out. 

A third cultivation concept can be considered, which is called continuous cultivation. Here a system 

of cells is in balanced growth due to the same flow in and out of the bioreactor (Larsson, 2011). 

These cultivation concepts do apply even at carton board factories, such as the broke tower and 

CTMP-tower unit at KM5. Both of these units can be considered as huge bioreactors of several 

thousand m3 volumes. When the CTMPt is in use, the flow in and out of the tower is usually the 

same, i.e. it resembles a continuous cultivation due to continuous addition of pulp and the abundant 

bacteria in the tower unit. The flow from Broke tower 1 can be shut off, creating a fed-batch system 

where new pulp (nutrient) is fed into the tower, see Figure 2. 

 

2.6 Microorganisms in paper board machines 
Bacilli and Paenibacilli are very commonly observed in food packaging paper and board samples 

(Hughes-Van Gregten, 1987; Väsäinen, 1991). Both species Bacilli and Paenibacilli form heat-resistant 

spores, which explain their survival during the drying phase of paper board machine operation, and 

the spore-count in the final product (Raaska, 1999). 

 

The microflora has been previously analyzed at BillerudKorsnäs KM5 in Frövi. Analyses were made of 

the paper board by 16srDNA sequencing and other common analytical microbiological methods in 

2012. Table 1 shows the abundance of bacterial spores of a certain bacterial species in a carton 

board sample taken from KM5. The results show that a majority of the contributing bacterial species 

are Paenibacillus barengoltzii, Bacillus licheniformis and Paenibacillus odorifer. Out of the top nine 

bacteria, four are from the species Bacillus and four are from the species Paenibacillus. The amount 

of spores in the cartonboard reflects the amount found in the process water that flows in KM5.  
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Table 1) Major contributing bacteria in the paper 
board and total abundance in the sample shown in 
% (Borschos, 2013). 

Bacteria found in cartonboard at KM5 

Species Abundance [%] 

Paenibacillus barengoltzii  57 

Bacillus licheniformis 19 

Paenibacillus odorifer 8 

Bacillus subtilis <8 

Paenibacillus timonensis <8 
 

2.6.1 Bacillus and Paenibacillus species 

In 1991 revisions were made in the genus Bacillus and led to its splitting into distinct genera (Ash et 

al., 1991). One of them is the new genus Paenibacillus (Ash et al., 1993), which in year 2002 

contained 32 species. Paenibacillus is frequently found in association with plants and plant roots and 

is an endospore-forming bacterium just as Bacillus. The genus Paenibacillus is facultative anaerobic 

and uses aerobic respiration if oxygen is present, but is capable of switching to fermentation (Berge, 

2002). Very little scientific work has been published regarding metabolic mechanisms, 

characterization of enzyme production, cultivation facts or other research on Paenibacillus. Only a 

few batch-cultures have been reported with Paenibacillus, one where Xylanase production was 

tested in a 5 L bioreactor (Chun-Han, 2011). 

Scientific data regarding the genus Bacillus are vast. Bacillus is among one of the most well studied 

genus, and Bacillus Subtilis is a gram positive counterpart to the most well studied bacteria of all, 

Escherichia coli. It is easy to find scientific data that supports the metabolic paths and enzymatic 

production of several members of the genus Bacillus. Many of them also excrete potential food-

degrading enzymes, e.i proteases and lipolytic, cellulolytic and starch-degrading enzymes (Väsäinen, 

1989; Raaska 1999). 

Bacillus spores are known to adhere to biofilms as monolayers. B. Licheniformis, B. Subtilis and 

Paenibacillus polymyxa have been reported to adhere to biofilms on stainless steel, more than the 

vegetative cells of the same species (Kolari, 2001). Biofilms are known to shelter the bacteria from 

harmful substances and toxins which could be the reason why the species in Table 1 are the most 

abundant spore forming bacteria in the carton board (Davey, 2000). Surviving bacteria from a biofilm 

inside a broke tower is theoretically able to inoculate new pulp masses when the pulp inside a tower 

is changed during manufacturing of new cartonboard products. This implies that the use of biocides 

will favor biofilm bacteria over unattached organisms (Geesay, 1992). This phenomenon can be 

compared with a continuous cultivation where the flow through the bioreactor is suddenly stopped 

and batch or fed-batch conditions start, when new substrate feed or pulp mass is redirected to the 

tower. Other studies have shown that paper- and board mill ecosystems favors Bacillus to produce 

carbohydrate degrading enzymes with high temperature optima, such as ɑ-Amylase (Väsäinen, 

1989). 
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2.6.2 Paenibacillus barengoltzii 

Paenibacillus barengoltzii is the most abundant Paenibacillus species found in the paper board at 

KM5. Very little is known about this species and no literature was found regarding its use in 

bioreactor experiments. 

2.6.3 Bacillus licheniformis 

Bacillus licheniformis is a thermophilic, facultative anaerobic bacterium that lives and grows in the 

presence or absence of oxygen (Frankena, 1985). The organism is very interesting for scientific 

studies due to its properties of protein production at high temperatures that ensures stable enzymes 

for industrial and biomedical purposes. In 1969 and 1977 Schaeffer and Priest concluded that the 

production of extracellular protease together with the initiation of sporulation was most probably 

best controlled by catabolite repression (Schaeffer 1969; Priest 1977). Just as other Bacillus species, 

B. licheniformis is capable of forming endospores under stressful environmental conditions. In nature 

these are often factors like water activity, relative humidity, nutrient depravation, fluctuating 

temperature and pressure that initiate spore formation (Nguyen, 2011).  

Most species of B. licheniformis produces the extracellular enzyme α-Amylase. By doing so, α-

Amylase can degrade starch present in the medium to free glucose units what can easily be taken up 

as the primary carbon source. In a study made with species from a paper and carton board factory, 6 

out of 7 of these produced higher amounts of α-Amylase (Väsäinen, 1989). B. licheniformis has been 

shown to also hydrolyze carboxymethyl cellulose and could therefore provide itself with additional 

nutrient sources at a paper- and pulp mill (Väsäinen, 1988).  

 

B. licheniformis has been well-studied in laboratory environment and cultivated in both batch- and 

continuous-culture studies (Frankena, 1985; Damiano, 2003; Cho, 2009). The maximum specific 

growth rate, µmax, was measured from aerobic batch cultures and found to be between 0.6-0.9 h-1. 

For anaerobic batch cultures the µmax was found to be between 0.04 and 0.4h-1 (Bulthius, 1988). 

2.6.4 Paenibacillus odorifer 

Mostly found in plant roots and soil and it is a gram-positive bacterium with catalase activity, but 

does not show oxidase activity. It is facultative anaerobic with a maximum and minimum growth 

temperature of 5 and 35 °C. Motile vegetative cells are rod-shaped and occur singly or in short 

chains. The cells produce oval spores (Berge, 2002). 

2.6.5 Bacillus subtilis 

Found in small amount in the carton board at KM5 in Frövi and in the process water. This is the most 

well-studied organism of the Bacillus genus. It has a well-established mechanism of spore formation 

and germination. Vast information and articles could be found on this species regarding cultivation, 

gene expression, sporulation and germination. B. Subtilis and its relation to the industrial bacterium 

Bacillus licheniformis has been studied by complete genome sequencing and they have shown to 

have very similar sporulation mechanisms (Ray, 2004). 

2.6.6 Choice of model organism 

Previous work has been done with the aim to find causations for endospore formation at a board – 

and paper mill, similar to this project work. The earlier studies used, in opposite to this work, a 

population of bacteria from the mill. These studies inoculated bacteria from a pulp and paper mill 

and results showed no correlation or poor correlation with environmental factors involving 



12 
 

temperature, pH etc. on spore formation (Nordkvist, 2005). The results did not establish any cause 

and effect in any of the experiments when using a population of bacteria. Chemicals for the beating 

material were added and spore formation was measured according to SCAN-CM 60:02 SCAN-P 81:02, 

which is a Petrifilm method for determination of bacterial and spore count in colony forming units 

per mL (CFU/mL ). No correlation could be established in this study (Grönlund, 2005). This shows how 

difficult it is to pinpoint the cause of an environmental trigger to spore formation when studying a 

changing population of bacteria, within the limitations of a 20 weeks degree project. 

A study of the population dynamics was ruled out from this study, though it would have been very 

time-consuming and expensive. To be able to confirm and dismiss effects in an essay, one model 

organism was chosen to be studied instead that would represent the bacteria at KM5. 

The qualifications of the model organism are: 

1. The model organism should have similar metabolism as one of the most abundant species in 

the carton board from BillerudKorsnäs KM5 in Frövi 

a. It should produce the same hydrolytic enzymes (such as amylase) that degrade one 

or more nutrients in the carton board. Some examples of common enzymes of some 

of the abundant organisms: glucosidases, hydrolases, catalase and amylose. 

b. It should have similar substrate metabolism as one of the organism in the carton 

board analysis and be able to nutrient uptake of certain simple sugars 

2. The model organism should be able to be cultivated at laboratory settings 

a. It should be GRAS (Generally Regarded As Safe) and non-pathogenic 

b. Scientific articles and publications regarding common specifics of the organisms and 

metabolism should be available 

c. The organism should have been cultivated in lab earlier and published data are 

available 

3. The sporulation mechanism (endospore formation) and germination should be found in the 

literature 

a. The model organism should answer to stress factors in the same way as one the 

most abundant in the paper board at Frövi 

4. The organisms should be available for order from a supplier 

The organisms found to be best suited for laboratory experiments were chosen to Bacillus 

licheniformis and Bacillus subtilis. Both fulfilled the qualifications of a model organism, but B. subtilis 

only drawback was that it is not one of the most abundant organisms in the samples at KM5. Bacillus 

licheniformis was chosen as a model organism that could represent the microorganisms that cause 

spore loads in the carton board at KM5. 

2.7 Endospore formation and germination 
The endospore formation occurs in a few Gram-positive genera, such as Bacillus and Clostridium. B. 

Subtilis is widely studied for this phenomenon. The name endospore comes from the fact that the 

spore is formed intracellularly and differs from the parent vegetative cell in many ways. The 

formation of an endospore takes each cell approximately 8 h and is directed by a tightly controlled 

generic program where over 100 genes are involved (Philips, 2002). The resulting cell is metabolically 

dormant and very resistant, but can revive almost immediately when nutrients return to the 

environment (Driks, 2002). 



13 
 

Bacteria that form endospores generally do so in the stationary phase of growth in response to 

environmental signals as well as metabolic and cell cycle signals. When nutrients such as carbon or 

nitrogen become limiting, highly resistant endospores form inside the mother cells. Occasionally, but 

with much less frequency, the bacteria form endospores when nutrients are available, due to other 

environmental signals. The final endospore can survive harsh conditions, such as high pressure and 

temperature, radiation, toxic chemicals and nutrient limitation. Only one endospore can form from 

one vegetative cell, so the sporulation mechanism is without exception a survival and protection 

mechanism. When environmental conditions become favorable again, the endospore can start 

germination and return to its vegetative state. This takes about 7 hours in laboratory conditions. 

(Black, 2013) 

 

 

Figure 5) The vegetative cycle and sporulation cycle in bacteria such as Bacillus (Black, 2013). 

The formation of an endospore starts when DNA is replicated and forms a long, compact axial 

nucleotide, shown in Figure 5. The two chromosomes separate and divide the cell into unequally 

sized compartments, the forespore and the mother cell. At this stage the commitment to sporulation 

occurs. Prior to this step the cell could still revert to active growth or stay in stationary phase state 

(Philips, 2002). Most of the cell’s RNA and some cytoplasmic proteins surround the DNA to make the 

core of the endospore. This core contains dipicolinic acid and calcium ions which contribute to the 

heat resistance of the endospore by stabilizing the protein structures. Accumulation of the Ca-

dipicolinic acid in the precore is required for the progression of the sporulation process, so removing 

calcium ions from the sporulation medium disturbs the spore formation markedly (Nguyen, 2011). An 

endospore septum grows around the core, enclosing it in double cell membranes. Both membranes 

produce a highly stabilizing peptidoglycan and release it to the space between, forming a cortex. The 

cortex protects the core against changes in osmotic pressure that could result from drying. A spore 

coat is laid around the cortex by the mother cell, which consists of keratine-like proteins. The coat is 

impermeable for most chemicals. The mother cell will lyse in a certain environment and leave the 

resistant endospore behind. (Black, 2013) 



14 
 

In B. licheniformis and B. subtilis the major contributor for sporulation is the first regulatory 

sporulation gene spo0A. Because sporulation is a undesirable feature in industrial production of 

enzymes, the gene is usually deleted and the mutant used for production. This is however not 

possible to implement at a non-aceptic carton board factory. (Tännler, 2008) 

It is important to realize that sporulation is considered a last resort option only when all other 

attempts to grow, compete and survive are done. The timing of the decision to enter sporulation is a 

one way choice for the cell, once committed there is no turning back. If the cell fails to produce a 

complete spore, the ability to replicate its genetic material is lost forever. Sporulation is an energy-

intensive process, and the cell must have based the decision to sporulate on sensing that low, but 

sufficient nutrients are present for producing the endospore. (Philips, 2002) 

Germination is divided into three stages. It starts with activation, where the coat of the endospore 

can be damaged by heat and low pH. Without this damage the germination can take long time or not 

occur at all. The second stage, germination proper, requires that water and a germination agent such 

as the amino acid alanine or inorganic ions, penetrate the coat. During this process much of the 

peptidoglycan on the bacterial cell wall is broken down, and fragments released to the medium. The 

living cell takes in large amounts of water and loses its resistance to heat. At the third stage, the 

outgrowth occurs in a medium with sufficient nutrients. Proteins and RNA are synthesized and within 

an hour, DNA synthesis begins. The cell is now fully vegetative and can undergo binary fission. Figure 

5 shows the two cycles that sporulating bacteria can display, the vegetative cycle and the sporulation 

cycle. The vegetative cycle can repeat itself every 20 min or more, whereas the sporulation cycle is 

initiated periodically due to environmental changes. 

 

2.8 Stress responses and sporulation triggers in Bacillus 
Many other factors besides nutrient deficiency are known to affect endospore formation, including 

growth temperature, pH, aeration, presence of certain minerals, carbon, nitrogen and phosphorous 

sources and their concentrations. 

At least two kinds of environmental factors have been implicated in the induction of sporulation in 

Bacillus. One trigger for sporulation is nutritional deprivation, for example when an actively growing 

culture is transferred from a rich to a poor medium. When nutrient is depleted, the cells enter 

stationary phase. In order to survive, the cell redirects the metabolism and physiology to cope with 

the poor conditions. But Bacillus cells entering stationary phase have a number of options, before 

committing to sporulation. The gene expression of the cell undergoes changes to cope with the new 

environment. An example of this is B. subtilis first priority to express extracellular proteases, 

degrative enzymes, transport functions and maximize utilization of nutrients. A nutrient deficient cell 

in this stage can pump out antibiotics and antimicrobials in an effort to outcompete other nearby 

microbial species (Philips, 2002). Starving B. Subtilis cells can for instance use a variety of alternative 

survival strategies including diauxic growth by the consumption of secondary metabolites, use 

motility strategies to seek for new nutrient resources (Reder, 2011). 

Another influence is population density. As the mass of a population increases, there is an 

extracellular accumulation of a secreted peptide called competence and sporulation factor (CSF). CSF 

acts as an auto inducer for quorum sensing (Miller and Bassler, 2001). Quorum-sensing monitors the 
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local population density of the own species. When this metabolite reaches a concentration that 

corresponds to a certain cell density, high intracellular levels of CSF lead to an increase of the 

phosphorylated form of a response regulator (SpoOA). P-SpoOA in other hand leads to depression of 

various stationary phase genes, some of which are needed for sporulation (Sonenshein, 2000). 

Studies of B. subtilis biofilms have shown that cells do not act as strictly unicellular organisms, but 

that sporulation is also tightly linked with the special development of the microbial community. 

Motile cells may form aligned chains of attached cells that produce aerial structures. These can be 

seen as primitive fruiting bodies, as they are preferred sites of the sporulation (Branda, 2001). This is 

a strategy for maximum survival of individuals in the local population. 

Most bacteria have developed mechanisms to protect themselves from toxic effects of oxygen. A 

common coping mechanism to protect the cell from oxidative stress is the production of the enzyme 

catalase that degrades hydrogen peroxide to molecular oxygen and water. B. licheniformis and B. 

subtilis are typical catalase-producing bacteria (Suiho, 2004). B. subtilis shows adaptive resistance 

against hydrogen peroxide. B. subtilis is known to produce three catalase enzymes, whereas one of 

them, called KatA is strongly induced by hydrogen peroxide. The gene expression coding for the 

second catalase enzyme (katE) increased in response to glucose-starved cells but not oxidative stress. 

When B. subtilis is exposed to low concentrations of hydrogen peroxide, it has shown to induce 

protection against otherwise lethal H2O2 concentrations. (Engelmann, 1996)   

The production of catalase enzyme (KatE) belongs to the group of general stress proteins which are 

induced by various stressors except oxidative stress in B. subtilis. This implies that KatE could work as 

an indicator that cells are stressed and could be near sporulation. Glucose-starved cells of B. subtilis 

have been found to be 10.000-fold more resistant against lethal doses of hydrogen peroxide than 

exponentially growing cells. (Engelmann, 1996) 
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2.9 Causations for endospore formation at KM5 
Here mappings of the possible causations for endospore formation at KM5 are presented. After 

studying the process at KM5, six possible hypotheses for spore formation and minimization of spore 

formation were found. 

1. Nutrient deficiency is a major reason for spore formation 

When the product KW1 is manufactured, Broke tower 1 is shut down and flow through the tower is 

stopped. This is believed to generate batch-like conditions inside the tower and bacteria can become 

nutrient deficient. The main hypothesis is that the primary carbon source becomes limiting or is 

depleted, which causes stress in the present bacteria and leads to sporulation. The hypothesis is that 

nutrient deficiency during shut down of Bt1 is a reason for spore formation at KM5. 

2. Chemical A at given concentrations initiates spore formation 

Chemical A flows through the process water at KM5 at various concentrations between 0-200 mg/L 

depending on what type of pulp is used in production. Excess Chemical A from bleached pulp is lethal 

for bacteria at concentrations above 100 mg/L. Lower concentrations are believed to stress the 

bacteria to form endospores. A rise can be seen in spore concentrations in the process water and 

microbial load in the finished cartonboard two days after the production of KW1. (Borschos, 2013) 

3. Bad mixing in Bt1 and CTMPt can affect spore formation 

Stationary zones are zones that arise in the broke towers due to bad mixing of the pulp. These zones 

are believed to have low oxygen access. The effect of decreased aeration on the spore formation 

process has previously been studied in B. subtilis, and results showed that decreasing aeration had a 

weak influence on the spore formation (Nguyen, o.a., 2011). The oxygen access is believed to have 

impact on and favor bacterial species at KM5 that are anaerobic  (Kirakosyan, o.a., 2004). The 

bacterial growth rate is lower in environments in Bt1 and CTMPt with low oxygen access. The 

hypothesis is that a change of oxygen access from high to low leads to an increase in spore formation 

inside the Broke tower 1. 

4. Instability in pH and strong pH fluctuations can lead to spore formation 

The hypothesis is that fluctuations in pH can stress the bacteria to form endospores. PH variability 

depends on additives and chemicals added to the pulp during production. Local microenvironments 

in the broke tower is believed to occur due to bad mixing, where pH can be much lower than well 

mixed parts. It is possible that the pH is not homogenous in the whole system. According to previous 

studies done on B. subtilis, a decrease in pH has previously shown to increase spore formation 

compared to standard conditions. Standard conditions were at 37 °C, pH 8, 450 rpm stirring and 

agitation at 4 L min-1 and minimal media with 15 g·L-1 (Nguyen, 2011).     
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3 MATERIALS AND METHODS 

3.1 Bacterial strain and cultivation conditions 
A wild type bacterial strain of Bacillus licheniformis E-022052 was provided by a national service 

collection of microorganisms (VVT Culture Collection, Finland). The strain was isolated from a paper 

mill in Finland (Suihko, 2004). 

All media were sterilized by heating to 121°C for 20 min, by autoclaving at 1 bar overpressure. The 

post sterilization additions were sterilized separately by sterile filtration through a 0.2 µm sterile 

filter. 

Preculture 1) Freeze-dried spores of Bacillus licheniformis E-022052 were thawed in 1.5 L shake flasks  

in a clean-LAF (VFR 1206 BS) with 100 mL Nutrient Broth (NB) and incubated at 28 °C and 180 rpm in 

an incubator with a shake table from Infors AG CH-4103 BOTTMINGEN AI-70. All media and 

equipment were sterilized by autoclaving before use. 

Preculture 2) 2 mL inoculum was taken from a frozen glycerol cell-bank vial and equilibrated for 

15-30 minutes at room temperature before inoculation of a 1 L preculture shake flask with 100 

mL NB. The pre-cultures were cultivated at 28 °C in an incubator from Infors at 180 rpm in 

various time-spans to reach exponential growth phase, wherefrom a sample of cells were re-

inoculated in a new equilibrated shake flask and grown to the desired cell concentration or 

inoculated in a bioreactor. All media and equipment were sterilized by autoclaving before use. 

Bioreactors: The bioreactors (BR) used were 8 (Belach10a) and 12 L (Chemoferm AB Sweden) BR 

from Belach with starting volumes of 5.0, 6.0 and 7.0 L respectively. Inoculum volume varied so that 

the starting OD600 was 0.02 in BR3-Experiments and 0.05-0.1 in BR1-experiments. The media used 

was clear filtrate from KM5 with added minimal media components. For concentrations and details, 

see Appendix A. The media was sterilized by autoclaving two times and checked for sterility with a 

minimum of three independent samples analyzed with Petrifilm. Trace elements and magnesium 

sulphate were added with 1 mL·L-1 cultivation media with a sterile syringe through an ethanol treated 

membrane in the BR. The temperature was held at 45°C. The stirrer-speed and aeration was held 

constant or changed during the cultivation to maintain a wanted dissolved oxygen tension (DOT). 

Starting pH was regulated with a few mL of sterile 5 M of NaOH through an ethanol treated 

membrane in the BR until it reached a stable pH of 7.00. Sterile deionized water was pumped into 

the BR to chosen volume after losses from sterilization in place. Antifoam was used in low amounts if 

foaming occurred in the BR. See Appendix A for all media contents. 

Feed profile 1: Started with a batch phase where glucose stock solution for cultivation was added by 

sterile filtration with a sterile syringe through an ethanol treated membrane in the BR. See Appendix 

A for glucose stock solution composition. Starting glucose concentration was 0.3 g/L.  

Feed profile 2: Started with a batch phase where glucose stock solution for cultivation was added by 

sterile filtration with a sterile syringe through an ethanol treated membrane in the BR, see Appendix 

A for glucose stock solution composition. Starting glucose concentration was 0.3 g/L. In experiment 

BR2.0 a glucose feed started when the glucose in the BR was depleted. The feed profile followed an 

exponential feed curve of corresponding μ=0.05 h-1, see Table 10 in Appendix D. 
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Feed profile 3: In experiment BR3.1-BR3.2 the glucose feed started directly after inoculation with an 

exponential feed corresponding to growth rate μ=0.05 h-1 using a feed with 3 g/L glucose and a 10 

mg/L initial glucose concentration in the BR. 

3.2 Sampling procedures 
Shake flask: Samples were taken with a sterile 5 mL pipette in a LAF bench (clean-LAF VFR 1206 BS) 

and transferred to sterile eppendorf tubes for further handling. 

Bioreactor: The sample valve was treated with steam for minimum of 5 seconds, after which the first 

5-10 mL sample liquid was disregarded. The sample was taken from the sample valve to sterile 15 mL 

Falcon tubes with a lid, after which the sample valve was treated with steam once more to clean the 

connecting pipe from liquid. 

Bt1 and CTMPt at BillerudKorsnäs, Frövi: Samples were taken from a connecting pipe underneath 

the 5000 m3 broke tower by letting the pulp run for 10-12 seconds before sampling. The sample was 

taken by holding a sterile 50 mL Falcon tube underneath the stream and closing with a lid. Gloves 

and protective clothing was used. Sampling was done according to BillerudKorsnäs internal process 

sampling directions (Steffner, 2012). 

Free D-Glucose samples: 1 mL sample was transferred directly within seconds from sampling to a 

sterile pre-cooled falcon tube with 0.66 M Perchloric Acid solution and handled according to Larsson, 

1996. 

3.3 OD measurements 
Earlier experiments have shown that growth of B. licheniformis can be measured with optical density 

(OD) at 600 nm (Bulthius, 1991). OD-measurements were performed using a spectrophotometer 

Novaspec II from Pharmacia Biotech and 1.5 mL PMMA cuvettes from VWR Cat no 634-0678 at a 

wavelength of 600 nm. The reference sample was done with 0.9 % NaCl solution as well as all 

dilutions. The samples were diluted so that OD600 was between 0.08 and 0.12 but closest to 0.1. 

All measurements were performed in at least duplicates from a minimum of two separate 

dilutions. 

3.4 D-Glucose measurements 
D-Glucose measurements were done using a coupled reaction using the enzymes Hexokinase, 

Glukos-6PDH and cofactors ATP and NADP. All handling, buffer and calibrations solutions preparation 

and measurements were performed according to Larsson, 1996 and Nilsson, 2013. The 

spectrophotometer used was an iEMS reader MF Cat no. 1506240A, Labsystems. A 96-well ELISA 

plate BD Falcon Polystyrene with Cat. No: 353915 and its replacement after discontinue: 351172 was 

used for the samples. Means of at least two absorbance measurements were performed before and 

after the addition of enzyme. Every sample was analyzed four times for better statistical accuracy. D-

Glucose standard curve and Positive control standard curve from Appendix D was used to calculate 

glucose concentrations in the final sample from the absorbance measurement. 

3.5 Simulations 
Simulations of the cultivations in BR, shake flask screenings and other planning of experimental 

design of the experiments were done using Matlab and Modelica. The Matlab toolbox called 

SimuPlot was used and provided by Enfors, 2011. This was done to achieve a graphical illustration of 
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the expected results of cultivation. Simulations were based on the mass balance of biomass, 

dissolved oxygen and substrate in this case glucose, as well as species specific constants for the 

bacteria grown. The simulations do not take in account temperature and effects of added chemicals 

or other nutrients besides glucose. Used Matlab code for simulations can be found in Appendix B. 

The changed in cell mass, substrate and dissolved oxygen was simulated based on the following 

massbalances: 

 
𝑑𝑋

𝑑𝑡
= −

𝐹

𝑉
𝑋 + 𝜇𝑋 Mass balance of cells 

 
𝑑𝑆

𝑑𝑡
=

𝐹

𝑉
(𝑆𝑖 − 𝑆) − 𝑞𝑠𝑋 Mass balance of substrate (i.e. Glucose) 

 
𝑑𝐷𝑂𝑇

𝑑𝑡
= 𝐾𝐿𝑎(𝐷𝑂𝑇∗ − 𝐷𝑂𝑇) − 𝑞𝑂𝑋𝐻 Mass balance of dissolved oxygen, DOT 

 

Starting values that were used for initial simulations were taken from literature and can be seen in 

Table 2. Later values were calculated from cultivations and used for the later simulations as a closer 

approximation of the real values for the used Bacillus licheniformis strain. 

Table 2) Constants chosen for BR simulations, derived from literature and experiments shown in Appendix F 
and G. (Tännler, 2008; Larsson, 2011) 

Constant Abbreviation Value Dimension 

Maximum specific growth rate µmax 0.76 h-1 

Specific glucose consumption rate qs,max 1.3 g/g, h 

Maintenance coefficient qm 0.025 g/g, h 

Saturation constant Ks 0.113 g/L 

 

3.6 α-Amylase and starch measurements 

The concentration of the enzyme α-Amylase was determined with a α-Amylase Assay Kit (ab102523) 

from Abcam, according to instructions. Calorimetric analysis was performed for high amount of 

starch with iodine solution. This was done for the first experiment at KM5, ‘initial sampling at KM5’. 

3.7 TAC and spore measurements 
Total aerobic count (TAC) and spore count was measured according to SCAN-CM 60:02 SCAN-P 81:02, 

which is a Petrifilm method for determination of bacterial and sporecount in colony forming units per 

mL (CFU/mL). Sample treatment, dilutions, buffer preparation, spore sample treatment, counting 

and cultivation in incubator according to Steffner, 2012. Temperature in water batch was set 

automatically and checked with thermometer during the sample cooking time. 

The resulting numbers of Colony forming Units (CFU) of the microorganism on the Petrifilm plate 

were multiplied with the dilution factor to generate the final concentration. Dilutions were made 

according to tables and explanations in Appendix C. Analysis of TAC and spore measurements from 

the ’Initial sampling from KM5’ were performed within 30-60 min from the sampling moment. All 

measurements were made in at least triplicates and doublets of each dilution. The incubator used 

was a Salvis Thermocenter at 37°C. 
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3.8 pH, DOT and Chemical A measurements 
For shake flask experiments pH was measured with a METTLER Toledo Seven Easy pH-meter. The pH-

meter was calibrated using calibration solutions of pH 4, 7 and 10 giving a calibration curve of 

minimum 98% linearity. All pH regulations in solutions were performed with this pH-meter. 

pH measurements in the bioreactors were done using a calibrated pH probe. Calibration was done 

using pH-calibration solutions of pH 4 and 7. 

DOT measurements were done using a calibrated DOT probe. Calibration was done by setting the 

zero % DOT, by placing the DOT-electrode in a beaker filled with nitrogen gas and 100 % DOT was set 

at gas flow of 10 L/min and stirring of 800 rpm. 

Oxygen supply to all the shake flask experiments are considered non-limiting when cultivation 

medium does not reach over 10 % of the volume of the shake flask, and the shake flask is kept at a 

minimum of 180 rpm on an orbital shaker. 

Chemical A was measured with a calorimetric test strip for this purpose by the supplier Merck in 

Germany, exp date: 2014-07-31. 

3.9 Experimental design 
Here the experimental design of the different parts of the degree project is presented. 

3.9.1 Initial sampling at KM5 

The aim of the initial sampling from the Broke tower 1 during production of KW1 is to prove or 

disprove the hypothesis number 1 of nutrient deficiency, see Chapter 2.9. Further, the purpose of the 

initial sampling at KM5 was to confirm if free glucose was present in the process water in Bt1 and in 

what concentrations. Other sugar derivatives such as galactose, mannose, xylose and arabinose were 

not considered in the study. A non-quantitative, calorimetric starch test using iodine was used as an 

indicator of the presence of starch. Results from the initial sampling would show if the present 

bacteria have sufficient nutrient access or if nutrient deficiency does occur at Bt1 during the 

production of KW1. Total aerobic count (TAC) and spore concentrations were measured to study if 

any correlations between nutrient access and growth did occur. 

3.9.2 Shake flask screening 

Experimental design and cultivation conditions in the shake flask screenings can be found in Table 3 

as well as in Appendix F. The purpose with the shake flask screening was to prove or disprove 

hypothesis number 1-4 in Chapter 2.9 ‘Causations for endospore formation at KM5’ and find some 

indication of a very high or low spore producing environment, which would lead to a strategy for 

spore prevention. The microenvironments that were studied were chosen do be extreme to be able 

to separate the results from another. The hypotheses presented in Chapter 2.9 were tested. 
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Table 3) Experimental design of shake flask screenings. 

Experi
ment 
# 

Hypothesis tested Medium Comment 

Initial 
glucose 
conc. 
[g/L] 

Tempera
ture 
 [°C] 

Rpm pH 

1 
1. Nutrient 
deficiency 

Clear filtrate with MM, 
MgSO4, trace elements 

Added MM 
components 

4 
45 180 7 

2 
1. Nutrient 
deficiency 

Clear filtrate 
Autoclaved clear 
filtrate without 
additions 

4 
45 180 7 

3 
1. Nutrient 
deficiency 

Minimal media 
(MM),MgSO4, trace 
elements 

Deionized water 
with MM 
components 

4 
45 180 7 

4 4. Instability in pH 
Clear filtrate with MM, 
MgSO4, trace elements 

pH changed from 9 
to 4, by addition of 
6M HCl at h=7 

4 
45 180 9, 9-

4, 4 

5 
3. Bad mixing and 
low oxygen access 

Clear filtrate with MM, 
MgSO4, trace elements 

Oxygen limitation 
after 8 h 

15 
45 180 to 0 

after 8 h 
7 

6 
2. Chemical A 
increases spore 
formation 

Clear filtrate with MM, 
MgSO4, trace elements 

Chemical A added 
from 0-200 mg/L 
with start at h=7-
55. Strategy named 
Chemical A1 

4 

45 180 7 

7 
2. Chemical A 
increases spore 
formation 

Clear filtrate with MM, 
MgSO4, trace elements 

Chemical A added 
once at 5 mg/L at 
h=7. Strategy 
named Chemical 
A2. 

4 

45 180 7 

8 
None (prevention 
strategy) 

Clear filtrate with MM, 
MgSO4, trace elements 

Cultivation at 30°C 
4 

30 180 7 

 

The growth of B. licheniformis is investigated with the use of light scattering and optical density (OD) 

at 600 nm. According to literature, this method has not been used before, though no similar 

experiments were found where OD is used in fibrous cultivation media. A second purpose with the 

shake flask screening is to conclude the functionality of OD as an analysis method for cell 

concentration in clear filtrate. OD is chosen because it is fast and accurate. 

In experiments No. 1-4 and 6-8 an initial substrate concentration of glucose was determined to 4 g/L 

by simulation, see Figure 6. This concentration was chosen so that the substrate would be depleted 

after approximately 8 h and the present cells would become nutrient deprived. In Figure 6, the 

simulated consumption of glucose, S (g/L), can be seen as the red line and the expected cell growth, 

X (g/L), can be seen as the blue line. 
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Experiment No. 1-3) In these experiments the medium is compared. Exp. No. 1 contains clear filtrate 

from KM5 with added minimal media (MM) components. Exp. No. 2 contained clear filtrate without 

any additions and Exp. No. 3 contained MM and deionized water instead of clear filtrate. This 

experimental design should confirm that the clear filtrate could be used as medium in the upcoming 

experiments. Experiment No. 1 is also used as a reference when comparing results from the other 

shake flasks.  

Experiment No. 4) The hypothesis regarding instable pH would be tested in a dramatic decrease 

from pH 9 to pH that would simulate an addition of a Chemical A and other additives to the CTMP-

tower. The resulting effect of bad mixing in CTMPt could give rise to microenvironments with very 

high concentration gradients. 

Experiment No. 5) In experiment number 5 effects of oxygen limitation are studied. A shake flaks 

with 100 mL autoclaved clear filtrate with minimal media components and 15 g·L-1added glucose was 

inoculated with exponentially growing B. licheniformis cells. The shake flask was placed on an orbital 

shaker at 180 rpm with sufficient oxygen access. During 8 h the cell density should increase and 

slowly decrease the oxygen transfer to the cells. After 8 h the media and cells are transferred to a 

small beaker with limited stirring and very limited oxygen access. The amount of spores and total 

aerobic count is measured during at least 3 days from inoculation. This should give an indication if 

the amount of produced spores is lower or higher than in an experiment with good oxygen access.  

Experiment No. 6-7) The hypothesis concerning Chemical A and its spore stressing capacity was 

tested in Experiment No. 6-7. In Shake flask 6 a single low dose of Chemical A was induced during 

exponential growth of B. licheniformis. In shake flask 7 the concentration of Chemical A was slowly 

Expected bacterial growth from batch cultivation in shake flask 

Figure 6) Initial glucose concentration is 4 g/L with simulated qsmax-value 1 g/g,h. Earlier growth rates 
have been measured to approximately 0.4 h-1 at 45°C with B. licheniformis (Jurjen, 1985). The cell mass 
accumulation is shown in blue (X) and glucose concentration in red (S). The specific growth rate is shown 
in green as my h-1 and dissolved oxygen tension in black. 
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increased from 0-200 mg/L and effects of these could be compared with the reference experiment 

No. 1. 

Experiment No. 8) The effect of lower growth temperature on spore production was tested in exp. 

No. 8. The cultivation temperature was chosen to be much lower than the process at KM5 (30°C 

instead of 45°C), to be able to conclude if the amount of produced spores are more or less than in 

the reference experiment No. 1. 

All additions of MgSO4, trace elements and glucose were made through a 0.2 µm sterile filter. All 

media were autoclaved and equilibrated to experimental temperature before inoculation from 

preculture, such as Preculture 2 seen in Chapter 3.1 Materials and methods - Bacterial strain and 

cultivation conditions. 

The maintenance coefficient, qm, is the part of the specific energy substrate consumption rate that 

does not give more biomass. It is the energy needed to keep the cells alive and will have the biggest 

impact and be most relevant when the growth rate is low. The maintenance coefficient, qm, was 

initially taken from literature (Tännler, 2008; Larsson, 2011) and revised after the first experiments. 

3.9.3 Bioreactor experiments 

The hypothesis regarding nutrient deficiency and spore formation was tested in a controlled BR 

environment. 

Name of experiment Hypothesis tested Experimental design Comment 

BR1.0 and BR1.1 1. Nutrient deficiency Batch cultivation in BR 
with depletion of 
nutrients and 
subsequent sampling 
of spore count 
afterwards 

Two BR experiments 
were planned to 
ensure statistical 
significance 

BR1.2 3. Oxygen limitation Batch cultivation 
according to BR1.0 and 
BR1.1, with a strong 
limitation to oxygen 
access 

Stirring is lowered 
from 300 to 100 rpm 
and gas flow is shut off 
from 3 L/min to 0 

BR2.0 1. Nutrient deficiency + From batch to 
exponential feed 
corresponding to μ= 
0.05 h-1 

Here a technical 
change to minimize 
spore formation is 
tested by addition of 
external carbon source 

BR3.1 1. Nutrient deficiency + Exponential feed 
corresponding to μ= 
0.05 h-1  

Here a technical 
change to minimize 
spore formation is 
tested by addition of 
external carbon source 

BR3.2 2. Chemical A Exponential feed 
corresponding to μ= 
0.05 h-1 

Here the potential of 
the technical change is 
tested with a known 
stressor of 5 mg/L of 
Chemical A addition 
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With this experimental design, the technical change is compared to the standard condition setting 

that is BR1.0 and BR1.1. The strength of the technical change is tested once by adding a known 

stressor, Chemical A to the experiment. The hope is that information from this design will conclude 

that nutrient deficiency can be avoided and thus minimizing the formation of spores at KM5. An 

increase in viable bacteria and the total aerobic count (TAC) is expected.  

A growth rate of μ = 0.05 h-1 has been previously calculated from samples in Bt1 at KM5 (Borschos, 

2013). This growth rate will be used in a fed-batch experiment where feeding of growth-limiting 

substrate of glucose is used. This will place the cells in a domain of slow growth during which an 

increasing percentage of the consumed energy substrate will be devoted to maintaining cellular 

homeostatis (Tännler, 2008). These conditions are simulated with higher maintenance coefficient 

values, qm. Figure 7 shows the simulated feed and growth corresponding to growth rate 0.05 h-1. The 

critical cell density that is inoculated into the BR was calculated to OD600 0.12 or bacterial 

concentration of 0.06 g/L. 

 

3.10 Calculations 
The relation between the concentration of carbon source and rate of growth is described by the 

Monod equation. The same relation is applicable for the specific consumption rate of substrate, qs. 

 

 

In a batch cultivation, the substrate concentration is very high in relation to the saturation constant, 

Ks which leads to the expression µ= µmax and qs= qs,max. This expression is used to advantage by 

determining the µmax and qs,max from a batch cultivation, where both rates are constant. The values of 

µmax and qs,max  were determined in batch cultivations of experiments shown in Appendix F and G to 

be used in further simulations throughout the project. These values are an approximation of the real 

values for Bacillus licheniformis. 
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Figure 7) Simulation of exponential feed in Experiment BR3.1-3.2 with lower initial inockulation OD. 
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Calculations for specific growth rate and standard deviation were based on the formulas presented in 

Table 4. The growth rate μ was determined as the coefficient of the log-linear regression of 

OD600nm versus time. Between four and eight measurements were used for the calculation of 

growth rate with corresponding R2 presented. 

Table 4) Formulas for specific growth rate and standard deviation. 

Constant Abbreviation Dimension Formula or value 

Specific growth rate μ h-1 

𝜇 =
ln(

𝑂𝐷𝑡2
𝑂𝐷𝑡1

)

𝑡2 − 𝑡1
 

Standard deviation SD - 

𝑠𝑑 = √∑(𝑥𝑖 − �̅�)2

𝑛 − 1
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4 RESULTS 
Here the results from the study are presented. 

4.1 Initial sampling at KM5 
The current process at KM5 was studied by sampling from Bt1 and CTMPt during the production of 

KW1. The hypothesis that batch-like conditions start in Bt1 when KW1 is produced was dismissed to 

a certain extent. The pulp level during two days was analyzed and presented in Figure 8. It can be 

seen that the tower still is used as a buffer tank, to receive pulp and process water from other parts 

of KM5.  This could be compared to a fed-batch system where nutrients are fed to an enclosed 

system with microorganisms.  

 
Figure 8) Pulp mass level in Bt1 during manufacture of KW1. Flow out from the tower is closed and some flows are 
redirected into the tower, increasing the total volume. At hour 0 the flow out from the tower was stopped. 

The hypothesis was that bacteria in the tower become nutrient deficient, during the two day long 

production. Samples of total aerobic count (TAC) including all colony forming microorganisms were 

taken and presented in Figure 9. The concentration is stable and a slight decrease can be seen after 

24 hours from the stopped outflow. This could be due to dilution when the pulp level increases from 

30-50 % between hours 9-24. The strategy was also to measure the free glucose content to establish 

if the nutrients are limiting the bacteria to grow in the tower. The process water in Bt1 contains free 

glucose in low concentrations between 1-2.6 mg·L-1 and corresponding total aerobic count (TAC) 

which are shown in Figure 9. Samples were taken during two consecutive days when KW1 was 

manufactured. These concentrations are growth-limiting for the abundant bacteria and prove the 

hypothesis that bacteria are nutrient deprived. 
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Figure 9) Glucose and TAC concentrations in the process water and pulp taken from Bt1. 

Except free glucose, the process water contains pulp and re-dissolved cartonboard, with is known to 

contain additives of starch. Samples from Bt1 establish the presence of starch (α-amylose and 

amylopectin with α-1-4-glycoside linkages) from the iodine test. Sample 1 was tested with iodine 

solution which colored the sample black and dark purple. Within an hour the sample has turned pale 

pink, see Figure 10. This suggests that the present starch in the sample was degraded and the iodine 

could no longer bind in the helix of the starch polymer, resulting the black and dark purple coloring. 

 
Figure 10) The colorimetric difference 
between two iodine stained samples 
from Bt1.  

Process samples from CTMPt do not show the presence of starch when the product KW1 is 

manufactured at KM5. This coincides well with the production, where starch has been degraded at 

earlier bleaching steps of the pulp. 

In Figure 11 the comparison of total amount of spores versus TAC are presented. TAC samples from 

CTMPt show 104 times lower concentrations than samples from Bt1, taken at the same time during 

production of KW1. The correlation TAC and spore count can be seen and it is evident that the 

concentration fluctuations depend on dilution because the curves follow each other. 
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Figure 11) Concentrations of spores and TAC in the process water and pulp taken from Bt1. The blue line represents TAC 
and the pale orange represents the spore count in CFU/mL. 

Data presented in Figures 8-11 from the initial sampling at KM5 are not sufficient to confirm the 

hypothesis that nutrient deficiency during shut down of the tower is a reason for spore formation.  

 

4.2 Shake flask screening 
Experimental design, raw data and cultivation conditions in the shake flask screenings can be found 

in Appendix F. The aim with the shake flask screening was to prove or disprove hypothesis number 1-

4 in Chapter 2.9 and find some indication of a very high or low spore producing environment, which 

could lead to a strategy for spore prevention. 

The growth and spore formation of B. licheniformis was compared in different media and conditions. 

Light scattering measurements at OD600 nm of B.licheniformis in process water (clear filtrate) from 

KM5 was found to be an accurate method to analyze growth at low cell concentrations. This could be 

seen in Figure 12. The wood fibers do not interfere at concentrations present in clear filtrate. 

Measurements of cell concentration of B. licheniformis using OD600 nm showed to be an effective 

analysis method for further experiments within this study. 
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) Comparison of growth of B. licheniformis in shake flasks with different media and conditions. The growth in. 
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Figure 12) Comparison of growth of B. licheniformis in shake flasks with different media and conditions. The growth in experiment no 2, Clear filtrate 
is shown in red and belongs to the secondary axis due to very slow growth.  

Figure 13) Total Aerobic Count (TAC) and spore concentrations from shake flask screening experiments during 80 h from inockulation. All spore 
concentrations start at 0 at inockulum. 
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Figure 12 shows that the growth curve continues for exp. No. 5 where the oxygen limitation was 

introduced after 8 h of cultivation from inoculation. This is due to the higher glucose concentration in 

this experiment compared to the others. A lower growth rate was detected in experiment No. 8 at 30 

°C as expected from literature. 

At 27 hours from inoculation an increase of spore formation is seen compared to the measurements 

taken during growth phase, according to experiments in shake flask 1, 2 and 3 and Figure 13. Table 5 

shows the calculated maximal growth rates in each shake flask experiment with corresponding R2-

value. Table 6 shows the minimum and maximum share of spores in the different experiments. The 

maximum measured growth rate between 0.6-0.7 h-1 corresponds well with data from literature 

(Bulthius, 1988). 

Table 5) Calculated maximum growth rates in 8 different cultivation conditions of B. licheniformis. Calculated using 
logarithmic plots according to formula in Table 4 in Chapter 3. 

Experi
ment # 

Content Comment 
Maximum specific 
growth rate, µmax [h-1] 

R2 

1 
Clear filtrate 
with MM 

Added MM components 0.63 0.9952 

2 Clear filtrate 
Autoclaved clear filtrate 
without additions 

0.05 0.9929 

3 
Minimal media 
(MM) 

Deionized water with MM 
components 

0.72 0.9963 

4 
Clear filtrate 
with MM 

pH changed from 9 to 4 0.38 1 

5 
Clear filtrate 
with MM 

Oxygen limitation efter 8 
h 

0.61 0.9917 

6 
Clear filtrate 
with MM 

Chemical A added from 0-
200 mg/L 

0.67 0.9937 

7 
Clear filtrate 
with MM 

Chemical A added once at 
5 mg/L 

0.66 0.9992 

8 
Clear filtrate 
with MM 

Cultivation at 30°C 0.45 0.9979 

 

Hypothesis number 1 is hereby proved. Nutrient deficiency is a major causation for spore formation, 

which is evident from all shake flask experiments number 1-8, seen in Figure 13. Raw data is found in 

Appendix F. All experiments were subject for nutrient deprivation after around 7 hours and all 

experiment resulted in high amount of spore formation after 30 hours from inoculation. The initial 

spore concentration was zero in the beginning of all experiments.  

The results regarding Chemical A were not sufficient to prove or disprove the hypothesis number 2 

that Chemical A at given concentrations initiates spore formation. This is due to the experimental 

design. In other hand, the Shake flask experiments that showed the highest share of produced spores 

were Shake flask experiment 6-7 with additions of Chemical A, see Table 6. This would imply that 

Chemical A is a stressor for the bacteria when they are nutrient deprived and could lead to higher 

degree of spore formation. 

Hypothesis number 3 regarding bad mixing in Broke tower 1 can affect spore formation is proved in 

exp. No. 5, see Table 6. Experiment number 5 where oxygen limitation was tested, showed positive 
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results regarding low share of spore formation in comparison to the reference experiment in 

experiment number 1.  This could be applicable as a method or strategy to decrease spore formation 

at KM5. Oxygen limitation is chosen to be further investigated in a bioreactor experiment. 

Hypothesis number 4 regarding instability in pH and strong pH fluctuations can lead to spore 

formation was disproved in exp. No. 4. The extreme pH shift in this experiment was strong enough to 

kill the present bacteria. TAC and spore measurements are shown in Table 6 and Appendix F in Table 

22. 

Table 6) Share of spores of TAC shown in percentage in experiments 1 to 8. The maximum 
share of spores is compared to the reference experiment in each environment for 
indication of high or low spore producing environment. 

Experiment # Comment Minimum share of 
spores/TAC [ %] 

Maximum share of 
spores/TAC [ %] 

1 Reference 
experiment 

0.002 0.027 

2 Clear filtrate 0.032 0.104 
3 MM 0.011 0.067 
4 pH shift 0.000 - 
5 Oxygen limitation 0.000 0.002 
6 Chemical A1 strategy 0.000 0.400 
7 Chemical A2 strategy 0.000 0.206 
8 Cultivation at 30 °C 0.000 0.350 

 

Figure 14 shows a shake flask of exp. No. 5 at the end of the experimental time. A 1 liter shake flask 

with baffles was used in the first hours of the experiment and then transferred to the small oxygen 

limited shake flask shown in the figure. 

 
Figure 14) Photo of the 100 mL beaker when the DOT experiment was finished after 119 h from inoculum. A pale pink 
suspension of bacteria has formed on top of the liquid medium, which is characteristic for obligate aerobes and 
facultative anaerobes such as B. licheniformis (Black, 2013).  

 

Nutrient deprivation, oxygen limitation and addition of Chemical A are chosen to be investigated 

further in controlled bioreactor experiments. Nutrient deficiency is the high spore producing 

environment that is chosen to be countered with a prevention strategy in the bioreactor 

experiments.  
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4.3 Bioreactor experiments 
Information received in Shake flask screenings were used in the bioreactor experiments. Here an 

implementable process change would be scaled down which would generate significantly less spores 

than the tested standard condition setting in a bioreactor. The standard condition is supposed to 

mimic one of the hypotheses for a spore producing condition at KM5, and was chosen to be BR1.1 

regarding nutrient deficiency, see Figure 15. The strategy was to feed a solution with glucose to the 

system that could minimize the formation of spores. This was done in BR3.1. The strength of the 

process change was tested in BR3.2 where addition of 5 mg/L of Chemical A was added as a stressor 

to the system. 

Figure 15 and 16 shows the results from reference experiment BR1.1. Raw data can be found in 

Appendix G. The first reference experiment BR1.0 was unsuccessful due to the inoculated bacteria 

were not in an exponential, prosperous state. Raw data from experiment BR1.0 can be found in 

Appendix G: Figure 26, Table 31 and 32. Due to lack of time this experiment was not repeated a third 

time. The purpose was to generate data from at least two reference experiments for better statistical 

accuracy. In BR1.1 a batch phase was introduced with the addition of 0.3 g/L glucose. The increase of 

spore formation was followed during 80 hours and a clear increase of spores can be seen in Figure 

16. 

 

 

 

Figure 15) Reference experiment BR1.1 with expected simulated outcome shown with full lines and experimental data shown with single 
points. A lower initial glucose concentration and a lag phase in cell growth made the glucose limitation occur at hour 3.1 of the experiment. 
The glucose was depleated at expected time which the increase in DOT shown in black marks. The spore share is shown in orange and is 
close to zero during the first 8 hours of growth, indicating viable B. licheniformis in the experiment. 
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Figure 16) Reference experiment BR1.1 shown during 80 hours of experimental time. An increase in spore concentration 
can be seen after the initial batch phase to the first measurements taken after 20 hours, shown in orange. A close-up of 
the batch phase can be seen in Figure 15. 

 

Results from the oxygen limited experiment BR1.2 are shown in Appendix G, though it was not the 

main focus of this work. The highest measured spore concentration was 2.4·104 CFU/mL compared to 

7.9·106  CFU/mL in the reference experiment BR1.1. Spore concentrations were generally very low, 

indicating that a limitation in oxygen access to Bacillus would generate very low amounts of 

endospores, see Table 38. 

The first attempt to make a feed strategy for minimization of spore formation was experiment BR2.0. 

This experiment was failed however, due to a higher maintenance value than expected. As a result, 

this experiment generated nutrient deficiency and very high spore loads (8.5·106  CFU/mL), see Table 

42, 40 and Figure 31 in Appendix G. The maintenance value was corrected and simulations for a 

second strategy were made i.e. experiment BR3.1. 

The results from the reference experiment BR1.1 are compared to the experiment BR3.1 and 3.2. 

Results from experiment BR3.1 are shown in Figure 17. The blue data is the cell mass measured at 

OD600 and the orange data is the spore concentration. The data is spread over 63 hours and an 

assumption has to be made how the data and bacteria behave during the gaps. The most probable is 

that the cell mass increases more rapidly in the beginning due to a very small batch phase, after 

which the cell mass starts to follow the calculated feed of corresponding μ= 0.05 h-1. 

An exponential glucose feed of corresponding growth rate μ= 0.05 h-1 was fed during 38 hours after 

which it is shut off and a decrease in cell mass can be seen from the blue data when nutrient was 

deprivated. The same pattern is shown in the experiments from the Shake flask screenings.  
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The dissolved oxygen (DOT) follows the cell mass accordingly, shown in black data. The spore 

concentration has a large spread but seems to follow the increasing bacterial growth during the feed 

of glucose. As suggested in the literature a significant increase in the spore formation was seen 24 

hours after the feed was shut off, see Figure 17 at the 63 hour mark. This shows how a peak in spore 

formation can be postponed, using a feed of glucose. The feed profile in this experiment should be 

sufficient to be implemented during two days that it takes to produce KW1. 

 
Figure 17) Experiment BR3.1 exponential feed of 0.05 h-1. Data from table 30 and 31 in appendix G. The feed was stopped 
at h=38.4. The right axis includes both the OD-scale and the share of spores from 0 to 1,0 which corresponds to 100 %. At 
63 hours the share of spores has increased to 100 % from 0 % at hour zero. 

 

In Figure 18, the results from BR3.2 experiment are presented. The yellow line indicates the time 28 

h when an addition of 5 mg·L-1 of Chemical A was made. At time 60 h the feed reached its maximum 

value of 152 mL·h-1 and was shut off. Observe that dilution due to the low substrate feed affects the 

concentration results. The green curve corresponds to the simulated, expected increase in OD. The 

blue values show the accumulation of cell mass measured in OD600 nm and increases with correlation 

to the simulated green curve, although a greater increase can be seen for the real measured 

outcome. The results in Figure 18 suggest that the stress of adding 5 mg·L-1 of Chemical A during a 

feed of primary carbon source, does not give rise to a significant increase in spore formation at hour 

36 (appr. 8 h from the stressor). An increase of spores can be seen at approximately hour 90 when 

the glucose feed had been stopped for almost 30 hours. This supports literature findings that 

nutrient deficiency is a major reason for spore formation. The formation of spores is hereby 

controlled in experiment BR3.1 and BR3.2 by the addition of an external glucose feed. Data in Figure 

18 shows that by this feed strategy, the greatest increase in spore formation is postponed to hour 90 

instead of hour 63 (shown in Figure 17), by prolonging the feed by 20 hours. This can be compared 

with the reference experiment where the high increase in spore concentration came at 30 hours 

from inoculation. 
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Figure 18) Results from experiment BR3.2 with exponential feed and an addition of 5 mg/L Chemical A at h=28.2 of 
cultivation, shown with a yellow line. Raw data can be found in Appendix G. 

Figure 19 shows that the reference experiment BR1.1 has the highest share of spores, compared to 

experiment BR3.1 and BR3.2. This implied that the feed strategy implemented in BR3-experiments 

has the ability to lower spore formation. 

 
Figure 19) The plot shows the weighted share of spores in experiments BR1.1, BR3.1 and BR3.2. 
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This strategy is to be compared to the pulp- and paper mill at BillerudKorsnäs KM5. The results 

shown, indicate that an external feed to the Broke tower 1 during production of KW1 could minimize 

spore formation significantly. Figure 20 shows a schematic drawing of how an external nutrient feed 

to the broke tower could be used during the production of KW1. Another option is to feed a 

concentrated (higher dry content) pulp to the broke tower to feed the present bacteria and keep 

them from becoming nutrient depleted. This option is the simplest solution, though it would only 

require a redirection of pulp in the process and not rely on reconstruction of KM5 to build a new 

glucose chest, as shown in Figure 20. 

 
Figure 20) A suggestion of a technical process change to KM5 during production of KW1 to minimize spore production. 
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5 DISCUSSION 
Due to cellulose fibers in the process water, dry weight measurements were not chosen as an 

analysis method though the correlation dry weight in g/L, optical density and colony forming 

units/mL would have been interesting to establish for future work. This would have demanded a 

minimal media in clear water, and would not have given optical density measurements correlative to 

the measurements done in process water from KM5. 

Experiment BR2.0 was the first attempt to be a strategy for spore prevention, but did not give the 

expected results. This was due to the approximation of the maintenance coefficient, qm in the 

simulations were set to low in relation to the low growth rate from the exponential feed, which can 

be seen in Appendix H: Simulations. The value given from literature did not correspond well to this 

experiment. When a second value was used, a better approximation was achieved. This can be seen 

in the resulting BR3.2 and BR3.2 experiments. 

The low amounts of spores produced in experiment ‘BR1.2 Oxygen limitation’ as well as Shake flask 

exp. No. 5 were surprising at first. The expected outcome was that a limitation could stress the cells 

to form endospores in the same way as nutrient deprivation with a carbon source would do. This is 

true for the obligate aerobes, but since B. licheniformis is a facultative anaerobe it could grow 

without oxygen, which results show. In the case of B. licheniformis, an increased flow or mixing in the 

Broke tower 1 at KM5 could be counter productive for spore minimization. For the other bacterial 

species however, oxygen could still be a stressor in so called “dead zones” in the tower. 

The α-Amylase was determined with a α-Amylase Assay Kit, but gave inconsistent results. This could 

be due to error in the spectrophotometer or handling of the samples. This error was not solved 

during the time of the study, during which the samples were unfortunately ruined, probably due to 

protein degradation. 

As described in chapter 2.8, glucose starved cells are highly resistant to hydrogen peroxide 

(Engelmann, 1996). If this applies to B. licheniformis and bacteria at KM5, the feed strategy during 

production of KW1 is beneficial in multiple ways. The growing cells during production would be more 

sensitive to hydrogen peroxide, i.e. could be killed off without the use of biocides. 

Glucose was chosen as the preferable energy- and carbon source to the feed, because it is a defined 

source that was easy to use in calculations. In theory, other substrate feeds could be used such as 

cheaper molasses. The downside of molasses is that the composition is not well defined and could 

interfere with carton board quality and cause technical difficulties at the factory, due to mineral 

content. Other unwanted side effects of using a glucose feed to minimize spore formation are not 

considered. The cost of such solution would be low, and the use of biocides would decrease. The 

downside is that technical effects of the resulting product are not known.  

Statistical accuracy in the glucose measurements were good, as can be seen in the raw data and 

standard curve for the analysis of the samples. The variation in glucose data that is seen in Figure 15 

could depend on the dilution with potassium carbonate that should have been 75 μL at all times. The 

spectrophotometer used for glucose analysis did stop working during the project. Error screening 

was done, but no explanations for the inconsistent results were found at the lab. After several 

rebooting, the instrument gave usable results. The variation seen in Figure 15 could have an error 

span due to remaining trouble from this period. The standard deviations in the error bars presented 
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in Appendix G on all glucose measurements were very good, according to the data. Variations could 

also have occurred due to pipette handling. All pipettes were tested according to calibration 

standards from manufacturer before the laboratory work began. The results were within approved 

limits but not optimally accurate. This fact could have contributed in a large scale to the results in the 

degree project due to the extensive use of pipetting throughout the work. The pipetting was used for 

glucose measurements and analysis as well as all dilutions for OD measurements, Petrifilm 

measurements and solutions and buffers. 

Dilutions in the Petrifilm method are very sensitive to error, when performing dilution series 

according to the ones in Appendix C. As can be seen when comparing standard deviation in the 

Petrifilm method, values varies a lot. All Petrifilm measurements are presented with standard 

deviation. Disregarded of the pipette control, some dilutions gave non-consistent results. This could 

be due to dilution errors or depend on the affinity of the bacterial cells or endospores to the walls of 

the sample tubes or pipette tip. The analysis method Petrifilm was chosen for the reason that data 

would correlate with the standard operational procedures at the paper board factory. The method 

does not measure absolute spore concentrations, rather the amount of resistant microorganisms 

that can germinate or revive when put in favorable conditions. The data should be regarded 

accordingly. This was a very important detail of the analysis method though the analysis had to be 

able to measure the germination strength. Given the constraints given in the project, this was 

considered the best option for analysis. 

If the focus of the work was to measure absolute spore concentration, flow cytometry would have 

been a more effective analysis method. The flow cytometry could have been used to count viable 

cells as well as spores due to staining methods that impacts the cell wall. This technique has been 

evaluated for paper- and board mills before this project work began.   

Another insecurity in the project work is the raw data that the work is based on, given from 

BillerudKorsnäs. An example of this is the DNA and species test that was done to find out what 

bacterial species are highly contributing to the spore content at KM5. This was a singular test 

sampled at one certain moment in the production schedule. The abundant species in that test are 

the basis for the decision to use Bacillus licheniformis instead of another bacterium. A more probable 

actuality is that the population of bacteria at KM5 changes during the different production cycles at 

the board mill. However, the fact that speaks in benefit for the single sampling is that the test was 

made on the final board aswell, giving the results of the contributing sporeformers in the final 

product, which is the most importaint element to consider. 

  



39 
 

6 CONCLUSION 
Nutrient deficiency for the microflora in Broke tower 1 at BillerudKornäs carton board unit KM5 

should be avoided. Thus avoiding spore formation that is induced by low nutrient access according to 

literature and presented results in this project work. 

The feed profile in experiment BR3.2 should be sufficient to be implemented during the few days 

that it takes to produce the cartonboard product KW1 at KM5, though it spans over 60 hours which is 

longer than the production time of KW1. 

The scaled down process change in experiments BR3.1 and BR3.2 can generate significantly less 

spores than the tested standard conditions settings in a bioreactor. The standard condition was the 

hypotheses regarding nutrient deficiency at KM5, experiment BR1.1. Experiments show that the 

scaled down process changes does generate less spores than the tested standard condition setting in 

a bioreactor. This suggests that a feed of glucose to the broke tower when regular flow through the 

tower is shut down, would minimize spore formation without the use of biocides. A concentrated 

pulp could be used as a nutrient feed instead of glucose. 

Biofilm formation should be avoided so that spore forming bacteria loses the opportunity to 

inoculate itself in the process liquid in the towers. Good flushing and cleaning of the walls of the 

broke towers could minimize the load of spore forming bacterial species in the process liquid and in 

the subsequent carton board.   
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8 FUTURE PROSPECTS 
Further experiments on the present conditions in Broke tower 1 and CTMPt need to be done. A 

complete review of the environment in Bt1 and CTMPt is needed to be able to understand what 

happens before, during and after production of KW1. Sampling from different parts of the broke 

towers would give information of how much the microenvironment differ in the tower, with regard 

to nutrient access, pH, spore and vegetative cell count as well as the extent of biofilm formation 

inside the towers. 

 

Further experiments on oxygen limitation of the microflora at KM5 need to be performed. Most 

importaint investigations are how the bacteria respond to oxygen limitation during access of carbon 

source, due to the low amounts of spores produced in the experiment BR1.2. This can be followed by 

investigating if quenching of excess Chemical A could show promising results by minimizing the spore 

formation during production of KW1. 

 

Further, it would be interesting to study the production of catalase enzyme (KatE) from B. 

licheniformis in experiments where believed stressors are present, because KatE belongs to the 

group of general stress proteins which are induced by various stressors exept oxidative stress. KatE 

could work as an indicator that the cells are stressed and could be near sporulation. This could be 

taken in advantage to be able to decide if preventive measures need to be taken when abundant 

bacteria at KM5 show signs of stress. 
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9 APPENDICES 
 

9.1 APPENIDX A: Solutions and buffers 

 

Minimal media components 

(NH4)2SO4:  5 gL-1 VWR Prolabo 

KH2PO4 1.6 gL-1 VWR Prolabo 

Na2HPO4 ·2H20: 6.6 gL-1 VWR Prolabo 

(NH4)2-H-Citrate: 0.5 gL-1 MERCK Pro Analysi 

Magnesium sulpate 

1M MgSO4 from supplier VWR (Prolabo) 

Trace elements stock solution 

All from supplier MERCK. 

CaCl2·2H2O: 0.5 gL-1 

FeCl3·6H2O: 16.7 gL-1 

ZnSO4·7H2O: 0.18 gL-1 

CuSO4·5H2O: 0.16 gL-1 

MnSO4·1H2O: 0.11 gL-1 

CoCl2·6H2O: 0.18 gL-1 

Na-EDTA: 20.1 gL-1 

Ringers buffer 

2 Ringers tablets dissolved in 1000 mL deionized water.  

Saline 0.9 % w/v 

9 gL-1 NaCl dissolved in 1000 mL deionized water (Merck). 

Chemical A 

30 % w/v by supplier Merck. δ= 1.11 kg L-1 

Nutrient broth 

8 g of nutrient broth from (Merck) was dissolved in 1000 mL deionized water. 

Glucose stock solution (cultivation) 

For cultivation only. Concentration of glucose 500 gL-1. 

Glucose monohydrate, 275.0 g dissolved in 500 mL deionized water. 
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Glucose stock solution (analysis) 

For glucose standard curve used for glucose analysis. 

D(+)-Glucose anhydrous from VWR Prolabo was used. 

Glucose buffer for analysis 

Solutions according to Nilsson 2013. 

Triethanolaminhydrochloride (Pro Analysis) Merck Lot #108357 

NADP and ATP from Rocke Lot #10128058001 and Lot #13081723 

NaOH (pro analysis) VWR nr 106495-1000 

3.6 M K2CO3 solution was made by dissolving 50.00 g K2CO3 from Scharlau Lot #PO01711000 Batch 

11776402 Arrived 2011-03-19 in 100 mL deioniced water stored in glass beakers. 

0.66 Perchloric solution was made by dissolving 5.7 mL of 70-72% w/v Perchloric Acid from Merck Lot 

#B0794419 149 Arrived 2012-02-27 in deioniced water up to 100.0 mL in a measuring glass. 

 

Glycerol stock solution and working cell bank (WCB) 

A 40% v/v glycerol solution was made for the working cell bank (WCB). 40mL of glycerol was mixed 

with 60mL deionized water and autoclaved. An exponentially growing cell sample was then mixed 

50:50 with the glycerol stock solution to generate a final 20 % glycerol solution of cell sample that 

could be frozen at -20°C. 
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9.2 APPENIDX B: Matlab code for simulations 
Here the code used in Matlab simulations are presented. (Enfors, 2011) and own alterations. 

Batch code in Matlab: 

qS=qSmax*S/(S+Ks)*DOT/(DOT+Ko); % specific substrate uptake rate. Obl. aerobic.                                        

qSan=(qS-qm)*Yem*Cx/Cs;                % rate to anabolism                                                             

qO=Yos*(qS-qSan);                           % specific respiration rate                                                

my=(qS-qm)*Yem;                             % specific growth rate                                                     

dSdt=F/V*Si-F/V*S-qS*X;                  % mass balance of S                                                           

dXdt=-F/V*X+my*X;                          % mass balance of biomass                                            

dDOTdt=KLa*(DOTstar-DOT)-qO*X*H;     % mass balance of diss. oxygen                                                    

dVdt=F;                                            % rate of volume change                                             

dydt=[dXdt;dSdt;dDOTdt;dVdt];          % vector for diff equations          

Exponential feed code in Matlab: 

For the feed, the expression below was used:                                           

F=0.00688*exp(0.05*t);                             %exponential feed  

Where the lowest feed is 6.88 mL h-1 and the growth rate μ is set to 0.05 h-1.                                                    
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9.3 APPENIDX C: Dilution series 
 

Dilutions made from samples at BillerudKorsnäs: Initial sampling at KM5 and Shake flask screening at 

KTH: 

Dilution 1. (10.5X) 1 mL sample added to test tube with 9,5 mL Ringer’s solution. 

Dilution 2. (998X) 100 μL sample from Dilution 1 added to test tube with 9,5 mL Ringer’s solution. 

Dilution 3. (94763X) 100 μL sample from Dilution 2 added to test tube with 9,5 mL Ringer’s solution. 

Dilutions made from samples: Bioreactor experiments at KTH: 

Dilution 1. (10X) 500 μL sample added to test tube with 4.50 mL Ringer’s solution. 

Dilution 2. (1010X) 100 μL sample added to test tube with 10.00 mL Ringer’s solution. 

Dilution 3. (102010X) 100 μL sample added to test tube with 10.00 mL Ringer’s solution. 

From each dilution a sample could be taken of 1000 μL and added to a Petrifilm and treated 

according to Steffner, 2012. After three days of incubation at 37 °C, the counted colonies were 

multiplied with the dilution factor. This would generate the results in CFU/mL. 
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9.4 APPENIDX D: Calibrations and standardcurves 
Here calibration curves and standardcurves are presented. D-Glucose standardcurve 1 was used only 

for analysis of glucose samples from the Initial sampling at KM5. Glucose standardcurve 2 was used 

for analysis of glucose samples from bioreactor experiments and compaired to the positive control 

samples in d-glucose positive control test. 

 

Figure 21) Glucose standardcurve for determination of D-Glucose concentrations in process samples from KM5. Data 
taken from Table 7) Standard calibration dilutions for D-Glucose measurements below. 

Table 7) Standard calibration dilutions for D-Glucose measurements from initial sampling at KM5. 

Standard calibration of D-Glucose measurements 1 

# 
D-glucose 

[mg/L] 
Stock solution 

[µL] 
Water  
[mL] 

Total volume 
[mL] 

Dilution factor 
F 

Delta A 

Std1 60 600 4.40 5.00 1 0,822 

Std2 40 400 4.60 5.00 1 0,563 

Std3 20 200 4.80 5.00 1 0,287 

Std4 10 100 4.90 5.00 1 0,145 

Std5 5 50 4.95 5.00 1 0,074 

Std6 1 500 4.50 5.00 1 0,018 

Note: 
Taken from Std4: 
10mg/L 

   Slope: 0.0137 DeltaA/(mg/L) 

Intercept: 0.0081 DeltaA 

 

y = 0,0137x + 0,0081
R² = 0,9997
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Table 8) Standard calibration dilutions for glucose standardcurve 2, used for analysis of all glucose samples from BR-
experiments, BR1.0-BR3.2.  

Standard calibration for D-Glucose measurements 2 

# 
D-glucose 

[mg/L] Stock sol. [µL] Water [mL] Total [mL] Dilution factor F Delta A 

Std1 400 4000 1.00 5.00 7 6,642 

Std2 300 3000 2.00 5.00 5 5,070 

Std3 100 1000 4.0 5.00 2 1,772 

Std4 60 600 4.40 5.00 1 0,985 

Std5 40 400 4.60 5.00 1 0,722 

Std6 20 200 4.80 5.00 1 0,476 

Std7 10 100 4.90 5.00 1 0,342 

Std8 5 50 4.95 5.00 1 0,273 

Std9 1 500 4.50 5.00 1 0,241 

Note: Take from Std7: 10mg/L 
    

       Slope: 0.0163 DeltaA/(mg/L) 
    Intercept: 0.1438 DeltaA 
     

y = 0,0163x + 0,1438
R² = 0,9992
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Figure 22) The positive control samples had the concentrations as the glucose standardcurve 2, and samples were treated 
in the same way as samples taken from the experiments, using Perchloric acid and potassium carbonate according to 
Larsson 1996 and Nilsson 2013. 

Pump calibration for exponential feed of glucose solution used in experiment BR2.0, BR3.1 and 

BR3.2: 

Table 9) Pump settings for the calibration of feed solution to BR experiments. 

Pump setting: 25% rpm Pump A 

Feed Solution: 3 g/L glucose 
Feed density:  
1993,7 g/2L 

Computer 
setting: 

Flow (g/h) Flow (mL/h) 

100 152,4 151,9 

70 103,6 103,3 

40 59,4 59,2 

10 14,8 14,7 

5 6,9 6,9 
 

 
Figure 23)  Feed calibration curve. 
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Figure 24) Feed test of the exponential feed used in experiment BR3.1. Growth rate should be 0.047≈0.05 h-1. 

 

 
Figure 25) Pump control test of the computer control program responsible for the 
programmingo f feed solution in experiment BR3.2. Growth rate is appr. 0.05h-1 as it should. 
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9.5 APPENIDX E: Raw data from initial sampling at KM5 
Experimental data from cultivation experiments. Only raw data from the ‘Initial sampling at KM5’ is 

shown here. 

Table 10) Initial sampling at KM5. 

Initial sampling at KM5 

      
CFU/mL 

Sample # Sample Delta A Dilution factor, F Real Abs Glukose [mg/L] TAC·106 spores 

1 U1,0 0,01975 2,2330 0,0441 2,63 7 126 

2 U1,2 0,01025 2,2728 0,0233 1,11 1 116 

3 U1,5 0,01400 2,2468 0,0315 1,70 7 95 

4 U1,6 0,01600 2,1755 0,0348 1,95 13 105 

5 U1,7 0,01250 2,2237 0,0278 1,44 6 116 

6 U2,0 0,01650 2,2519 0,0372 2,12 4 53 

7 U2,1 0,01450 2,1226 0,0308 1,66 4 63 

8 U2,2 0,01450 2,1145 0,0307 1,65 4 63 

9 U2,3 0,00967 2,1043 0,0203 0,89 3 N/A 

10 C1,0 0,01625 2,2038 0,0358 2,02 724,5 21 

11 C2,0 0,03375 2,1439 0,0724 4,69 682,5 0 

12 C2,1 0,01075 2,0335 0,0219 1,00 136,5 21 

13 C2,2 0,00900 2,1542 0,0194 0,82 21 N/A 

Concentration of 
TAC·100 in CFU/mL 

        

Table 11) Absorbance measurements and their corresponding sample from Bt1 at KM5 for ‘Initial sampling at KM5’. Red 
numbers suggest some dilution error or pipetting error occurred and the measurement has not been used for the 
calculation of final concentration of glucose. 

Absorbance measurements A1-A0 and corresponding glucose samples 

 

1 2 3 4 5 6 7 8 9 10 11 12 

A 0,0010 0,0030 0,0040 0,0010 0,0020 0,0000 0,0020 0,0020 0,0030 0,0030 0,0060 0,0030 

B 0,8220 0,8300 0,8130 0,8410 0,0200 0,0180 0,0210 0,0200 0,0160 0,0160 0,0100 0,0160 

C 0,5690 0,5610 0,5630 0,5690 0,0090 0,0100 0,0110 0,0110 0,0100 0,0090 0,0100 0,0110 

D 0,2850 0,2890 0,2890 0,2880 0,0140 0,0150 0,0160 0,0110 0,0160 0,0150 0,0150 0,0190 

E 0,1440 0,1440 0,1460 0,1470 0,0160 0,0140 0,0170 0,0170 0,0360 0,0290 0,0290 0,0410 

F 0,0730 0,0740 0,0750 0,0730 0,0140 0,0100 0,0130 0,0130 0,0090 0,0110 0,0110 0,0120 

G 0,0190 0,0190 0,0180 0,0170 0,0150 0,0160 0,0170 0,0180 0,0080 0,0100 0,0050 0,0090 

H 0,8230 0,5590 0,2830 0,0040 0,0100 0,0140 0,0150 0,0190 0,1440 0,0740 0,0170 0,0040 

 

1 2 3 4 5 6 7 8 9 10 11 12 

A B B B B B B B B B B B B 

B 60.0 60.0 60.0 60.0 U1,0 U1,0 U1,0 U1,0 U2,2 U2,2 U2,2 U2,2 

C 40.0 40.0 40.0 40.0 U1,2 U1,2 U1,2 U1,2 U2,3 U2,3 U2,3 U2,3 

D 20.0 20.0 20.0 20.0 U1,5 U1,5 U1,5 U1,5 C1,0 C1,0 C1,0 C1,0 

E 10.0 10.0 10.0 10.0 U1,6 U1,6 U1,6 U1,6 C2,0 C2,0 C2,0 C2,0 

F 5.0 5.0 5.0 5.0 U1,7 U1,7 U1,7 U1,7 C2,1 C2,1 C2,1 C2,1 

G 1.0 1.0 1.0 1.0 U2,0 U2,0 U2,0 U2,0 C2,2 C2,2 C2,2 C2,2 

H B B B B U2,1 U2,1 U2,1 U2,1 B B B B 
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9.6 APPENIDX F: Raw data from shake flasks screenings 
Experimental data from experiments. Only raw data from the ‘Shake flasks screening’ are shown 

here. Experimental cultivations from shake flask 1-8 were performed in 1L shake flasks with (10 %) 

100 mL medium. Table 12 shows the experimental design. 

Table 12) Experimental design and cultivation conditions in the shake flask screening. 

Experi
ment 
# 

Medium Comment 
Initial 
glucose conc. 
[g/L] 

Temperature 
 [°C] 

Rpm pH Inockulation OD 
600 nm 

1 

Clear filtrate 
with MM, 
MgSO4, trace 
elements 

Added MM 
components 

4 

45 180 7 0,133 

2 Clear filtrate 
Autoclaved clear 
filtrate without 
additions 

4 
45 180 7 0,080 

3 

Minimal 
media 
(MM),MgSO4, 
trace 
elements 

Deioniced water with 
MM components 

4 

45 180 7 0,048 

4 

Clear filtrate 
with MM, 
MgSO4, trace 
elements 

pH changed from 9 to 
4, by addition of 6M 
HCl at h=7 

4 

45 180 9, 9-
4, 4 

0,228 

5 

Clear filtrate 
with MM, 
MgSO4, trace 
elements 

Oxygen limitation after 
8 h 

15 

45 180 to 0 
after 8 h 

7 0,110 

6 

Clear filtrate 
with MM, 
MgSO4, trace 
elements 

Chemical A added from 
0-200 mg/L with start 
at h=7-55 

4 

45 180 7 0,141 

7 

Clear filtrate 
with MM, 
MgSO4, trace 
elements 

Chemical A added once 
at 5 mg/L at h=7 

4 

45 180 7 0,194 

8 

Clear filtrate 
with MM, 
MgSO4, trace 
elements 

Cultivation at 30°C 

4 

30 180 7 0,145 
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Table 13) OD measurements from cultivation. Shake flask 1 contained 100 mL clear filtrate with minimal media 
components (MM). 

Shake flask 1. Clear filtrate with MM components 

Cultivation Time Vol Saline Vol cell sample OD read 1 OD read 2 
OD 

read Dilution factor final OD 

h µL µL           

0,0 0 1000 0,133 0,133 0,133 1 0,133 

1,0 0 1000 0,135 0,135 0,135 1 0,135 

2,0 500 500 0,086 0,086 0,086 2 0,172 

3,0 500 500 0,162 0,165 0,164 2 0,33 

4,0 1000/500 500/500 0,115 0,116 0,116 6 0,69 

5,0 900 100 0,116 0,116 0,116 10 1,16 

6,0 2400 100 0,098 0,097 0,098 25 2,44 

7,0 2900 100 0,091 0,091 0,091 30 2,73 

8,0 2900 100 0,074 0,075 0,075 30 2,24 
 

Table 14) Shake flask 1, TAC and spore measurements. 

Shake flask 1. Clear filtrate with MM components 

Time from inocculation Final cell concentration CFU/mL 

h 
TAC 

Spore 
concentration 

0,0 34000000 0 

3,0 63000000 10 

8,0 80000000 290 

26,8 460000000 30000 

29,3 110000000 30000 

48,8 1590000000 33000 

52,8 1180000000 TNTC 

72,0 870000000 200000 

76,0 770000000 42000 

119,0 29100000 32000 
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Table 15) Shake flask 2. Clear filtrate without additions, OD measurements from cultivation. 

Shake flask 2. Clear filtrate without additions 

Cultivation Time Vol cell sample OD read 1 OD read 2 OD read 
Dilution 
factor 

final OD 

h µL           

0,0 1000 0,080 0,080 0,080 1 0,080 

1,0 1000 0,083 0,083 0,083 1 0,083 

2,0 1000 0,078 0,078 0,078 1 0,078 

3,0 1000 0,087 0,087 0,087 1 0,087 

4,0 1000 0,089 0,085 0,087 1 0,087 

5,0 1000 0,091 0,091 0,091 1 0,091 

6,0 1000 0,104 0,108 0,106 1 0,106 

7,0 1000 0,099 0,103 0,101 1 0,101 

8,0 1000 0,104 0,104 0,104 1 0,104 
 

 

Table 16) TAC and spore measurements from shake flask 2. 

Shake flask 2. Clear filtrate without additions 

Time from inocculation Final cell concentration [CFU/mL] 

h 
TAC 

Spore 
concentration 

0,0 29000000 0 

3,0 64000000 10 

8,0 90000000 880 

26,8 20000000 6400 

29,3 30000000 4000 

48,8 280000000 36000 

52,8 300000000 TNTC 

72,0 119000000 124000 

76,0 120000000 13800 

119,0 6700000 9000 
 

Table 17) OD measurements from shake flask 3 with minimal media. 

Shake flask 3. Minimal media 

Cultivation Time Vol Saline Vol cell sample OD read 1 OD read 2 OD read 
Dilution 
factor 

final 
OD 

h µL µL           

0,0 0 1000 0,048 0,048 0,048 1 0,048 

1,0 0 1000 0,053 0,053 0,053 1 0,053 

2,0 0 1000 0,084 0,084 0,084 1 0,084 

3,0 500 500 0,115 0,119 0,117 2 0,230 

4,0 800 200 0,089 0,085 0,087 5 0,445 

5,0 900 100 0,088 0,089 0,089 10 0,880 
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Table 18) TAC and spore measurements from shake flask 3. 

Shake flask 3. Minimal media 

Time from inocculation Final cell concentration CFU/mL 

h TAC Spore concentration 

0,0 27000000 40 

3,0 23000000 40 

8,0 52000000 1420 

26,8 730000000 30000 

29,3 120000000 80000 

48,8 2000000000 36000 

52,8 1420000000 TNTC 

72,0 1100000000 124000 

76,0 1100000000 8300 

119,0 33600000 15000 
 

Table 19) TAC and spore measurements from shake flask 3. 

Shake flask 3. Minimal media 

Time from inocculation Final cell concentration CFU/mL 

h TAC Spore count 

0,0 27000000 40 

3,0 23000000 40 

8,0 52000000 1420 

26,8 730000000 30000 

29,3 120000000 80000 

48,8 2000000000 36000 

52,8 1420000000 TNTC 

72,0 1100000000 124000 

76,0 1100000000 8300 

119,0 33600000 15000 
 

Table 20) OD measurements from Shake flask 4, with clear filtrate and MM components. 

Shake flask 4. pH 9 - 4 

Cultivation 
Time 

Vol Saline Vol cell sample OD read 1 OD read 2 OD read 
Dilution 
factor 

Final OD 

h µL µL           

0,0 400 400 0,114 0,114 0,114 2 0,228 

1,0 500 500 0,117 0,116 0,117 2 0,234 

6,0 2400 100 0,082 0,087 0,085 25 2,050 

7,0 2900 100 0,087 0,086 0,087 30 2,610 

8,0 2900 100 0,074 0,075 0,075 30 2,220 
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2,0 500 500 0,135 0,135 0,135 2 0,27 

3,0 1000 500 0,138 0,130 0,134 3 0,414 

4,0 800 200 0,121 0,121 0,121 5 0,605 

5,0 900 100 0,089 0,089 0,089 10 0,89 

6,0 2400/1900 100/100 0,072 0,072 0,072 25 1,80 

7,0 2400 100 0,113 0,112 0,113 25 2,83 

8,0 2900 100 0,104 0,104 0,104 30 3,12 
 
Table 21) TAC and spore measurements from shake flask 4. The two measurements at 
48,8 and 52,8 h are probably failed measurements. 

Shake flask 4. pH 9- 4 

Time from inocculation Final cell concentration CFU/mL 

h 
TAC 

Spore 
concentration 

0,0 21000000 10 

3,0 400000000 20 

8,0 230000 0 

26,8 0 0 

29,3 0 0 

48,8 0 3000 

52,8 60000000 0 

72,0 0 0 

76,0 0 0 

119,0 0 0 
 

Table 22) OD measuements from shake flask 5 with oxygen limitation. 

Shake flask 5. Oxygen limitation 

Cultivation 
Time 

Vol Saline 
Vol cell 
sample 

OD read 
1 

OD 
 read 2 2 

OD read 
Dilution 

factor 
Final OD 

h µL µL 
     

0,0 0 1000 0,110 0,110 0,110 1 0,110 

1,0 0 1000 0,132 0,132 0,132 1 0,132 

2,0 0 1000 0,156 0,156 0,156 1 0,156 

3,0 1000 500 0,112 0,106 0,109 3 0,327 

4,0 800 200 0,115 0,115 0,115 5 0,575 

5,0 900 100 0,096 0,097 0,097 10 0,965 

6,0 1900 100 0,105 0,104 0,105 20 2,090 

7,0 2900 100 0,11 0,106 0,108 30 3,240 

8,0 3400 100 0,123 0,115 0,119 35 4,165 
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Table 23) TAC and spore measurements from shake flask 5. 

Shake flask 5. Oxygen limitation 
Time from 

inocculation Final cell concentration CFU/mL 

h TAC Spore concentration 

0,0 3460000000 20 

3,0 84000000 20 

8,0 40000000 950 

26,8 40000000 930 

29,3 20000000 130 

48,8 1460000000 350 

52,8 670000000 1300 

72,0 2350000000 5500 

76,0 850000000 1080 

119,0 160000000 660 
 

 

Table 24) OD measurements from shake flask 6 Chemical A1 experiment. 

Shake flask 6. Experiment Chemical A1 

Cultivation 
Time 

Vol Saline Vol cell sample OD read 1 OD read 2 OD read 
Dilution 
factor 

Final 
OD 

h µL µL           

0,0 300 600 0,094 0,094 0,094 1,50 0,141 

1,0 300/300 700/700 0,090 0,090 0,090 2,86 0,257 

2,0 750 250 0,073 0,072 0,073 4 0,290 

3,0 750/300 250/700 0,100 0,099 0,100 5,43 0,540 

4,0 1050/300 150/700 0,105 0,100 0,103 9,43 0,966 

5,0 1900 100 0,110 0,110 0,110 20 2,200 

5,5 2400 100 0,108 0,107 0,108 25 2,688 

6,0 2400 100 0,108 0,107 0,108 25 2,688 

6,5 2400 100 0,095 0,093 0,094 25 2,350 

7,0 2400 100 0,081 0,082 0,082 25 2,038 

8,0 2400 100 0,069 0,071 0,070 25 1,750 
 

Table 25) TAC and spore measurements from shake flask 6. 

Shake flask 6. Chemical A1 
Time from 

inocculation Final cell concentration CFU/mL 

h 
TAC 

Spore 
concentration 

0,0 323000000 10 

7,0 18000000 30 

30,0 270000000 160000 
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54,0 250000000 1000000 

74,0 320000000 590000 

79,0 190000000 360000 

98,0 1080000000 850000 
 

Table 26) OD measurements from sshake flask experiment 7. 

Shake flask 7. Chemical A2 experiment 

Cultivation 
Time 

Vol Saline Vol cell sample OD read 1 OD read 2 OD read 
Dilution 
factor 

Final 
OD 

h µL µL           

0,0 200 800 0,156 0,155 0,156 1,250 0,194 

1,0 300/300 700/700 0,091 0,092 0,092 2,857 0,261 

2,0 750 250 0,073 0,074 0,074 4 0,294 

3,0 750/300 250/700 0,094 0,091 0,093 5,429 0,502 

4,0 1050/300 150/700 0,099 0,100 0,100 9,429 0,938 

5,0 1900 100 0,095 0,092 0,094 20 1,870 

5,5 2400 100 0,115 0,110 0,113 25 2,813 

6,0 2900 100 0,089 0,088 0,089 30 2,655 

6,5 2400 100 0,077 0,079 0,078 25 1,950 

7,0 2400 100 0,080 0,080 0,080 25 2,00 

8,0 2400 100 0,065 0,064 0,065 25 1,61 
 

Table 27) TAC and spore measurements from shake flask 7. 

Shake flask 7. Chemical A2 
Time from 

inocculation Final cell concentration CFU/mL 

h 
TAC 

Spore 
concentration 

0,0 37000000 0 

7,0 17000000 60 

30,0 320000000 200000 

54,0 340000000 700000 

74,0 380000000 270000 

79,0 5640000000 1780000 

98,0 270000000 90000 
 

Table 28) OD measurements from shake flask 9 experiment at 30°C. 

Shake flask 8. Temperature 30°C 

Cultivation 
Time 

Vol Saline 
Vol cell 
sample 

OD read 1 OD read 2 OD read 
Dilution 
factor 

Final 

OD 

h µL µL           

0,0 200 800 0,116 0,116 0,116 1,25 0,145 

1,0 300/300 700/700 0,085 0,085 0,085 2,86 0,243 
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2,0 500 500 0,094 0,093 0,0935 2,00 0,187 

3,0 500 500 0,117 0,118 0,1175 2,00 0,235 

4,0 1600 800 0,119 0,119 0,119 3,00 0,357 

5,0 800 200 0,117 0,116 0,1165 5,00 0,583 

6,0 1000 200 0,134 0,134 0,134 6,00 0,804 

7,0 1000/200 200/1100 0,117 0,117 0,117 7,18 0,840 

8,0 1400/200 200/800 0,118 0,119 0,1185 9,25 1,096 
 

Table 29) TAC and spore measurements from shake flask 9. 

Shake flask 8. Temperature 30°C 
Time from 

inocculation Final cell concentration CFU/mL 

h 
TAC 

Spore 
concentration 

0,0 56000000 0 

7,0 232000000 0 

30,0 771000000 55500 

54,0 430000000 425000 

74,0 3000000000 340000 

79,0 310000000 121000 

98,0 20000000 70000 
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9.7 APPENIDX G: Raw data from bioreactor experiments 
Experimental data from experiments. Only raw data from the ‘Bioreactor experiments’ are shown 

here. 

Experiment BR 1.0: Reference run number 1 

 
Figure 26) Plot of the OD during experiment BR1.0. 

 

Table 30) Dilution table for the OD sampling from experiment BR1.0. 

BR1.0 – OD of reference experiment number 1 

Cultivation Time Vol Saline Vol cell sample OD read 1 OD read 2 OD read Dilution factor final OD 

h µL µL           

0,0 1500 500 0,078 0,078 0,078 4 0,312 

0,5 1500 500 0,086 0,086 0,086 4 0,344 

1,0 1500 500 0,085 0,086 0,0855 4 0,344 

1,5 1500 500 0,084 0,083 0,0835 4 0,33 

2,0 1500 500 0,086 0,089 0,0875 4 0,35 

2,5 1500 500 0,091 0,093 0,092 4 0,37 

3,0 1500 500 0,100 0,102 0,101 4 0,40 

3,5 1500 500 0,123 0,117 0,12 4 0,48 

4,0 2000 500 0,098 0,102 0,1 5 0,50 

4,5 5000 1000 0,076 0,079 0,0775 6 0,47 

5,0 4000 1000 0,083 0,083 0,083 5 0,42 

5,5 4000 1000 0,082 0,082 0,082 5 0,41 

6,0 4000 1000 0,092 0,092 0,092 5 0,46 
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6,5 4000 1000 0,093 0,093 0,093 5 0,47 

7,0 4000 1000 0,116 0,103 0,1095 5 0,55 

7,5 5000 1000 0,081 0,083 0,082 6 0,49 

8,0 5000 1000 0,090 0,089 0,0895 6 0,54 

8,5 5000 1000 0,078 0,095 0,0865 6 0,52 

9,0 5000 1000 0,090 0,094 0,092 6 0,55 

9,5 5000 1000 0,096 0,097 0,0965 6 0,58 

10,0 5000 1000 0,084 0,080 0,082 6 0,49 

21,0 5000 1000 0,079 0,078 0,0785 6 0,47 

22,0 5000 1000 0,080 0,079 0,0795 6 0,48 

23,0 5000 1000 0,063 0,068 0,0655 6 0,39 

24,0 5000 1000 0,068 0,066 0,067 6 0,40 

25,0 5000 1000 0,065 0,064 0,0645 6 0,39 

26,0 5000 1000 0,066 0,070 0,068 6 0,41 

27,0 5000 1000 0,073 0,074 0,0735 6 0,44 

28,0 5000 1000 0,074 0,076 0,075 6 0,45 

29,0 4000 1000 0,094 0,095 0,0945 5 0,47 

30,0 4000 1000 0,091 0,093 0,092 5 0,46 

31,0 4000 1000 0,121 0,120 0,1205 5 0,60 

32,0 4000 1000 0,126 0,122 0,124 5 0,62 

45,0 5000 1000 0,110 0,106 0,108 6 0,65 

46,0 5000 1000 0,107 0,110 0,1085 6 0,65 

47,0 5000 1000 0,113 0,112 0,1125 6 0,68 

48,0 5000 1000 0,109 0,117 0,113 6 0,68 

49,0 5000 1000 0,114 0,114 0,114 6 0,68 

50,0 5000 1000 0,103 0,107 0,105 6 0,63 

51,0 5000 1000 0,096 0,091 0,0935 6 0,56 

52,0 5000 1000 0,100 0,100 0,1 6 0,60 

53,0 5000 1000 0,095 0,098 0,0965 6 0,58 

69,0 5000 1000 0,106 0,111 0,1085 6 0,65 

70,0 5000 1000 0,109 0,111 0,11 6 0,66 

71,0 5000 1000 0,111 0,112 0,1115 6 0,67 

72,0 5000 1000 0,101 0,102 0,1015 6 0,61 

73,0 5000 1000 0,107 0,107 0,107 6 0,64 

74,0 5000 1000 0,108 0,109 0,1085 6 0,65 

75,0 5000 1000 0,108 0,109 0,1085 6 0,65 

76,5 5000 1000 0,114 0,108 0,111 6 0,67 

93,0 5000 1000 0,109 0,114 0,1115 6 0,67 

94,0 5000 1000 0,105 0,105 0,105 6 0,63 

95,0 5000 1000 0,108 0,108 0,108 6 0,65 
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Table 31) Spore concentrations from BR1.0 experiment. 

BR 1.0 Spore concentration in reference experiment no 1 

Cultivation time [h] Spores [CFU/mL] Spore share [%] Std [%] 

0 1,5E+05 0,54 2,7 

1 1,3E+05 0,48 3,8 

2 1,7E+05 0,61 6,0 

3 1,8E+05 0,67 3,0 

4 2,7E+05 0,98 2,5 

5 2,6E+05 0,95 1,1 

6 1,4E+05 0,53 18,2 

7 1,7E+05 0,63 3,2 

8 1,3E+05 0,49 15,5 

9 4,1E+06 15,03 1,6 

10 2,9E+06 10,66 7,7 

21 1,2E+07 45,08 9,6 

22 1,5E+07 56,28 10,7 

23 1,4E+07 51,91 1,2 

24 1,4E+07 51,37 6,0 

25 2,7E+07 100,00 13,8 

26 1,4E+07 50,96 1,2 

27 1,2E+07 43,72 9,4 

28 1,3E+07 46,58 13,4 

29 1,1E+07 40,85 15,1 

30 1,0E+07 37,98 2,5 

31 7,3E+06 26,64 13,3 

32 8,6E+06 31,42 12,5 

45 7,0E+06 25,68 4,0 

46 6,8E+06 25,00 6,6 

47 6,5E+06 23,63 8,7 

48 7,0E+06 25,68 7,9 

49 6,7E+06 24,59 14,4 

50 1,7E+07 62,30 2,6 

51 3,6E+06 13,25 23,6 

52 1,7E+07 61,20 2,7 

53 3,4E+06 12,30 6,7 

69 3,2E+07 117,90 2,4 

70 5,0E+06 18,44 3,8 

71 5,0E+06 18,17 2,6 

72 5,6E+06 20,49 5,3 

73 5,5E+06 19,95 13,2 

74 4,2E+06 15,44 13,1 

75 4,0E+06 14,62 10,6 

77 3,8E+06 13,73 7,5 

93 3,1E+06 11,27 13,8 
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94 1,4E+07 49,80 1,3 

95 3,0E+06 10,86 21,5 

 

 

Experiment BR 1.1: Reference run number 2 

 
Figure 27) Reference experiment BR1.1 with a calculated initial glucose concentration of 0.3 g/L. At hour 3 the glucose is 
depleated. Standard deviation of the glucose measurements are shown as errorbars in the plot. This plot shows the first 
9 hours of the experiment. The growth rate was calculated to 0.67 h-1 in the batch phase. 
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Figure 28) Reference experiment BR1.1 shown during 80 hours of experimental time. A increase in spore concentration 
can be seen after the initial batch phase to the first measurements taken after 20 hours, shown in orange. A closeup of 
the batch phase can be seen in Figure 24. 

 

Table 32) Here OD measurements from BR1.1 – reference experiment 2 are shown. 

BR1.1 – Reference experiment number 2 

Cultivation Time Vol Saline Vol cell sample OD read 1 
OD read 

2 OD read Dilution factor final OD 

h µL µL           

0,0 0 1000 0,047 0,046 0,0466 1 0,047 

0,5 0 1000 0,052 0,053 0,0527 1 0,052 

1,0 0 1000 0,066 0,065 0,0657 1 0,065 

1,5 0 1000 0,088 0,084 0,0858 1 0,09 

2,0 0 1000 0,130 0,127 0,1283 1 0,13 

2,5 500 500 0,113 0,125 0,1194 2 0,24 

3,0 700 300 0,114 0,113 0,1137 3,33 0,38 

3,5 700 300 0,102 0,099 0,1005 3,33 0,34 

4,0 700 300 0,117 0,099 0,1080 3,33 0,36 

4,5 700 300 0,091 0,096 0,0932 3,33 0,31 

5,0 700 300 0,090 0,094 0,0919 3,33 0,31 

5,5 700 300 0,092 0,090 0,0909 3,33 0,30 

6,0 700 300 0,092 0,096 0,0943 3,33 0,31 

6,5 700 300 0,101 0,096 0,0982 3,33 0,33 

7,0 700 300 0,094 0,102 0,0981 3,33 0,33 

7,5 700 300 0,105 0,104 0,1043 3,33 0,35 
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8,0 700 300 0,102 0,109 0,1054 3,33 0,35 

8,5 700 300 0,116 0,112 0,1140 3,33 0,38 

9,0 700 300 0,109 0,107 0,1080 3,33 0,36 

22,5 700 300 0,092 0,084 0,0883 3,33 0,29 

23,0 700 300 0,087 0,072 0,0794 3,33 0,26 

24,0 700 300 0,057 0,058 0,0574 3,33 0,19 

25,0 500 500 0,084 0,088 0,0859 2 0,17 

26,0 500 500 0,088 0,088 0,0880 2 0,18 

27,0 500 500 0,120 0,114 0,1169 2 0,23 

28,0 500 500 0,121 0,119 0,1201 2 0,24 

29,0 500 500 0,116 0,119 0,1176 2 0,24 

30,0 500 500 0,111 0,100 0,1054 2 0,21 

31,0 500 500 0,113 0,098 0,1057 2 0,21 

46,5 500 500 0,071 0,069 0,0697 2 0,14 

48,0 500 500 0,072 0,073 0,0728 2 0,15 

49,0 500 500 0,071 0,069 0,0702 2 0,14 

50,0 500 500 0,070 0,072 0,0711 2 0,14 

51,0 500 500 0,071 0,071 0,0710 2 0,14 

52,0 500 500 0,069 0,070 0,0697 2 0,14 

53,0 500 500 0,068 0,070 0,06885 2 0,14 

54,0 500 500 0,067 0,069 0,0677 2 0,14 

55,0 500 500 0,066 0,069 0,06725 2 0,13 

71,0 500 500 0,068 0,068 0,06815 2 0,14 

72,0 500 500 0,071 0,069 0,07025 2 0,14 

73,0 500 500 0,065 0,065 0,0651 2 0,13 

74,0 500 500 0,064 0,067 0,0656 2 0,13 
 

Table 33) Spore share in the reference run BR1.1. 

BR1.1 - Reference experiment number 2 

Cultivation time [h] Spores [CFU/mL] Spores [%] Std [%] 

0,0 0,0E+00 0,0 0,0 

2,0 3,2E+02 0,0 0,0 

4,0 1,3E+01 0,0 0,0 

6,0 3,1E+02 0,0 0,0 

7,5 2,4E+03 0,0 0,0 

22,5 2,1E+06 26,2 3,2 

24,0 2,1E+06 26,2 4,1 

26,0 3,8E+06 48,5 8,2 

28,0 3,3E+06 41,6 3,7 

29,0 4,9E+06 62,2 2,7 

30,0 7,9E+06 100,0 3,2 

46,5 3,1E+06 38,6 7,2 
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48,0 3,2E+06 40,3 10,4 

49,0 3,0E+06 37,3 3,4 

50,0 3,9E+06 49,8 7,8 
51,0 4,9E+06 62,2 14,8 

52,0 4,0E+06 50,6 8,2 

53,0 4,3E+06 54,5 5,2 

55,0 4,3E+06 54,1 5,6 

71,0 6,1E+06 76,8 10,8 

74,0 6,4E+06 80,3 14,9 

 

Table 34) Glucose measurements made in four duplicates for every sample  

BR1.1 Glucose measurements 

Cultivation 
time [h] 

Glucose 
concentration 
[mg/L] 

SD 
[mg/L] 

0 139 2,52 

0,5 164 2,09 

1,0 144 1,39 

1,5 149 2,60 

2,0 158 4,51 

2,5 119 1,09 

3,0 8,7 0,45 

3,5 0,3 0,51 

4,0 0,2 0,45 

4,5 0,1 0,52 

5,0 0,1 0,50 

6,0 0,2 0,46 

6,5 0,1 0,51 

7,0 0,1 0,50 
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Experiment BR 1.2: Oxygen limitation 

 
Figure 29) Plot of the cell mass accumulation during 10 hours of the experiment. Oxygen access is limited to the cells near 
hour 2 of the experiment, indicated with a red line in the plot. At the red line the DOT decreased from 82.6 % to 0.5 %. 
Cells did not grow exponentially in this experiment before the oxygen limitation was introduced. Glucose was present 
until hour 3 of cultivation. 

 

 

Table 35) OD measurements during experiment BR1.2 oxygen limitation. Results can be compaired with the reference 
experiment BR1.1. 

BR 1.2 Oxygen limitation experiment 

Cultivation Time Vol Saline Vol cell sample OD read 1 OD read 2 OD read Dilution factor final OD 

h µL µL           

0,00 0 1000 0,094 0,094 0,0940 1 0,094 

0,50 200 800 0,100 0,104 0,1020 1,25 0,125 

1,00 500 500 0,084 0,077 0,0805 2 0,154 

1,50 500 500 0,094 0,097 0,0955 2 0,191 

1,75 500 500 0,113 0,107 0,1100 2 0,220 

2,00 600 400 0,092 0,091 0,0915 2,5 0,229 

2,25 600 400 0,101 0,100 0,1005 2,5 0,251 

2,50 600 400 0,106 0,102 0,1040 2,5 0,260 

2,75 600 400 0,111 0,115 0,1130 2,5 0,283 

3,00 600 400 0,118 0,122 0,1200 2,5 0,300 

3,25 600 400 0,119 0,125 0,1220 2,5 0,305 

3,50 700 300 0,090 0,093 0,0915 3,33 0,305 
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3,75 700 300 0,089 0,093 0,0910 3,33 0,303 

4,00 700 300 0,089 0,083 0,0860 3,33 0,287 

4,50 700 300 0,086 0,087 0,0865 3,33 0,288 

5,00 700 300 0,082 0,082 0,0820 3,33 0,273 

5,5 700 300 0,081 0,085 0,0830 3,33 0,277 

6,0 700 300 0,076 0,080 0,0780 3,33 0,260 

6,5 700 300 0,081 0,077 0,0790 3,33 0,263 

7,0 700 300 0,078 0,081 0,0795 3,33 0,27 

7,5 700 300 0,079 0,080 0,0795 3,33 0,27 

8,0 700 300 0,081 0,078 0,0795 3,33 0,27 

21,0 500 500 0,115 0,114 0,1145 2 0,23 

23,0 500 500 0,113 0,115 0,1140 2 0,23 

25,0 500 500 0,112 0,113 0,1125 2 0,23 

27,0 500 500 0,114 0,111 0,1125 2 0,23 

29,0 500 500 0,115 0,114 0,1145 2 0,23 

31,0 500 500 0,113 0,107 0,1100 2 0,22 

46,0 500 500 0,111 0,112 0,1115 2 0,22 

48,0 500 500 0,098 0,111 0,1045 2 0,21 

50,0 500 500 0,099 0,112 0,1055 2 0,21 

56,0 500 500 0,104 0,105 0,1045 2 0,21 

69,0 500 500 0,108 0,111 0,1095 2 0,22 

70,0 500 500 0,109 0,110 0,1095 2 0,22 

71,0 500 500 0,108 0,107 0,1075 2 0,22 

72,0 500 500 0,109 0,109 0,109 2 0,22 

 

 
Figure 30) D-glucose concentration during experiment. At 3,5 hours from inockulation the glucose is depleaded. The 
standard devation is shown as error bars. 
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Table 36) Glucose measurements from experiment BR1.2. 

BR1.2 Glucose concentration 

Cultivation 
time [h] 

Glucose 
[mg/L] 

SD 
[mg/L] 

0,0 163,0 2,1 
0,5 191,5 4,1 
1,0 182,3 2,3 
1,5 149,0 6,0 
2,0 158,9 1,4 
2,5 130,7 6,8 
3,0 68,2 13,4 
3,5 1,0 0,4 
4,0 1,7 0,0 
4,5 0,7 0,4 
5,0 1,4 0,3 
5,5 0,5 0,5 
6,0 0,5 0,5 
6,5 1,0 0,1 
7,0 1,5 0,1 

 

Table 37) Spore concentration measured in BR1.2. 

BR 1.2 Oxygen limitation 

Cultivation time 
[h] 

Spores 
[CFU/mL] 

Spore share 
[%] Std [%] 

0,0 6,7E+00 0,0 86,6 

1,0 2,9E+02 1,2 10,1 

2,0 0,0E+00 0,0 0,0 

3,0 0,0E+00 0,0 0,0 

4,0 6,7E+00 0,0 86,6 

6,0 3,3E+00 0,0 173,2 

7,0 0,0E+00 0,0 0,0 

21,0 3,2E+02 1,3 15,6 

23,0 3,6E+02 1,5 11,3 

46,0 1,6E+04 66,7 12,5 

48,0 2,4E+04 100,0 8,3 

50,0 1,5E+04 63,9 3,8 

56,0 1,4E+04 58,3 7,1 

69,0 1,2E+04 48,6 38,7 

70,0 9,4E+03 38,9 6,2 

71,0 8,4E+03 34,7 6,9 
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Table 38) Cultivation conditions and settings, pH and measured dissolved oxygen during experiment BR1.2 

BR1.2 Oxygen limitation 
DOT 
[%] 

Cult time 
[h] pH 

Stirrer 
[rpm] 

Gas 
[L/min] 

     98,0 0,0 6,97 300 3 

97,3   6,98 300 3 

96,1 1,0 6,97 300 3 

95,5   6,96 300 3 

93,5 1,5 6,96 300 3 

91,6   6,96 300 3 

89,7 1,8 6,96 300 3 

88,7   6,96 300 3 

82,6 1,9 6,96 100 0,03 

79,3   6,96 100 0 

70,7   6,96 100 0 

67,0   6,95 100 0 

59,3   6,95 100 0 

50,6   6,95 100 0 

42,5   6,95 100 0 

37,6   6,94 100 0 

29,0 2,0 6,94 100 0 

14,2   6,94 100 0 

4,2   6,94 100 0 

2,2   6,94 100 0 

0,9   6,94 100 0 

0,7   6,94 100 0 

0,6   6,94 100 0 

0,6 2,3 6,94 100 0 

0,5   6,94 100 0 

0,5 2,8 6,90 100 0 

0,4 3,0 6,85 100 0 

0,4 3,3 6,85 100 0 

0,4   6,84 100 0 

0,4 
 

6,84 100 0 

0,5 21,0 6,78 100 0 
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Experiment BR 2.0: Feed profile 1 

 

 

 

Figure 31) Reference experiment BR2.0. Data taken from Table 28 in Appendix G. The maximum specific growth rate was 
calculated to μmax 0.76 h-1. Feed profile 1 started with a batch phase with 0.3 g/L glucose. At hour two the glucose was 
depleated and a exponential feed was initiated. This experiment was meant as a reference for the later experiments but 
the simulated maintenance value made the feed profile ineffective. As a result the abundant bacteria were nutrient 
depleated, which was not the wanted outcome. 

 

Table 39) First attempt to a spore minimization strategy, experiment BR2.0. 

BR2.0 - Reference experiment batch to exponential feed 

Cultivation 
Time 

Vol 
Saline 

Vol cell 
sample 

OD read 
1 

OD read 
2 

OD 
read 

Dilution 
factor 

final 
OD 

h µL µL           

0,00 0 1000 0,117 0,123 0,1200 1 0,120 

0,50 200 800 0,102 0,103 0,1025 1,25 0,128 

1,00 500 500 0,082 0,081 0,0815 2 0,162 

1,50 700 300 0,088 0,085 0,0865 3,33 0,29 

1,67 700 300 0,097 0,097 0,0970 3,33 0,32 

1,78 700 300 0,108 0,106 0,1070 3,33 0,36 

1,83 700 300 0,111 0,111 0,1110 3,33 0,37 

2,00 800 200 0,085 0,083 0,0840 5 0,42 

2,20 800 200 0,094 0,087 0,0905 5 0,45 

2,83 800 200 0,103 0,099 0,1010 5 0,51 
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3,00 800 200 0,106 0,096 0,1010 5 0,51 

4,00 800 200 0,122 0,117 0,1195 5 0,60 

5,00 800 200 0,072 0,073 0,0725 10 0,73 

6,00 850 150 0,106 0,107 0,1065 7 0,71 

6,50 850 150 0,100 0,103 0,1015 7 0,71 

7,00 850 150 0,101 0,102 0,1015 7 0,71 

21,9 850 150 0,084 0,085 0,0845 7 0,56 

23,0 800 200 0,105 0,103 0,1040 5 0,52 

24,0 800 200 0,108 0,111 0,1095 5 0,55 

25,0 800 200 0,112 0,112 0,1120 5 0,56 

26,0 800 200 0,111 0,110 0,1105 5 0,55 

27,0 800 200 0,108 0,112 0,1100 5 0,55 

28,0 800 200 0,109 0,111 0,1100 5 0,55 

29,0 800 200 0,114 0,119 0,1165 5 0,58 

30,0 800 200 0,092 0,100 0,0960 5 0,48 

46,0 800 200 0,109 0,108 0,1085 5 0,54 

48,0 800 200 0,110 0,114 0,1120 5 0,56 

50,0 800 200 0,117 0,116 0,1165 5 0,58 
 

 

Table 40) Cultivation parameters from experiment BR2.0. 

Cult. 
Time [h] 

DOT % OD600 nm pH Stirrer 
Gas/Aeration 

[L/min] 
Calculated Pump 

control 

      
% av 25% 

0,00 96,3 0,120 7,01 300 3 0 

0,15 94,7 N/A 7,01 300 3 0 

0,50 91,6 0,128 7,00 300 3 0 

0,67 91,5 N/A 7,00 300 3 0 

0,80 89,4 N/A 7,00 300 3 0 

0,82 89,1 N/A 6,99 300 3 0 

0,90 87,2 N/A 6,99 300 3 0 

1,00 84,6 0,162 6,99 300 3 0 

1,12 80,3 N/A 6,98 300 3 0 

1,43 64,8 N/A 6,95 300 3 0 

1,50 60,8 0,288 6,94 300 3 0 

1,65 59,2 N/A 6,92 300 3 0 

1,67 57,7 0,323 6,92 300 3 0 

1,78 52,5 0,357 6,91 300 3 0 

1,83 48,9 0,370 6,90 300 3 0 

1,97 38,7 N/A 6,88 300 3 0 

2,00 37,4 0,420 6,87 300 3 0 

2,07 34,4 N/A 6,86 300 3 0 

2,12 53,3 N/A 6,86 300 3 5 
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2,15 68,6 N/A 6,86 300 3 5,0 

2,17 72,6 N/A 6,86 300 3 5,0 

2,20 72,7 0,453 6,86 300 3 5,0 

2,30 72,8 N/A 6,86 300 3 5,0 

2,83 71,0 0,505 6,84 400 3 5,2 

2,95 74,4 N/A 6,86 400 3 5,2 

3,00 74,0 0,505 6,86 400 3 5,2 

3,13 73,7 N/A 6,86 400 3 5,3 

3,50 73,8 N/A 6,89 400 3 5,4 

4,00 75,0 0,598 6,92 400 3 5,5 

5,00 73,7 0,725 7,01 400 3 5,8 

5,67 88,5 N/A 7,07 400 3 6,0 

6,00 89,0 0,710 7,09 400 3 6,1 

6,18 90,6 N/A 7,11 400 3 6,1 

6,50 92,0 0,711 7,11 400 3 6,2 

7,00 92,1 0,710 7,11 400 3 6,4 

22,00 93,1 N/A 7,2 400 3 13,5 

23,00 93,2 N/A 7,2 400 3 14,2 

24,00 92,9 N/A 7,2 400 3 14,9 

28,00 92,8 N/A 7,2 400 3 18,2 

30,00 91,2 N/A 7,2 400 3 20,2 

46,00 91,2 N/A 7,2 400 3 44,9 

48,00 91,2 N/A 7,2 400 3 49,6 

 

Table 41) Spore concentrations measured in experiment BR2.0. 

BR2.0 batch to exponential feed 

Cultivation time 
[h] 

Spores 
[CFU/mL] 

Spore share 
[%] 

Std 
[%] 

0,0 6,7E+00 0,0 173,2 

2,0 0,0E+00 0,0 0,0 

5,0 6,7E+02 0,0 86,6 

21,9 7,5E+06 87,8 2,0 

23,0 7,3E+06 86,3 2,1 

25,0 7,5E+06 88,6 2,0 

27,0 7,4E+06 87,5 0,8 

29,0 7,4E+06 86,7 2,8 

46,0 8,5E+06 100,0 2,4 
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Experiment BR 3.1: Feed profile 2 

 

Table 42) OD measurements from experiment BR3.1. Exponential feed. 

Experiment BR3.1 - Exponential feed 

Cultivation Time Vol Saline Vol cell sample 
OD read 

1 
OD read 

2 OD read Dilution factor final OD 

h µL µL           

0,0 3000 3000 0,122 0,12 0,121 2 0,242 

15,96 5000 1000 0,086 0,086 0,0860 6 0,516 

17,45 5000 1000 0,085 0,087 0,0860 6 0,516 

19,58 5000 1000 0,085 0,089 0,0870 6 0,522 

21,82 5000 1000 0,088 0,087 0,0875 6 0,525 

22,84 5000 1000 0,088 0,089 0,0885 6 0,531 

38,42 5000 1000 0,103 0,103 0,1030 6 0,618 

41,42 5000 1000 0,089 0,089 0,0890 6 0,534 

44,42 5000 1000 0,081 0,082 0,0815 6 0,489 

47,42 5000 1000 0,082 0,079 0,0805 6 0,483 

63,42 3000 1000 0,093 0,095 0,0940 4 0,376 
 

Table 43) Spore count shown in CFU/mL for experiment BR3.1. 

BR3.1 Spore concentrations 

Cultivation time [h] Spores [CFU/mL] Spore share [%] 
Std 
[%] 

0,0 5,0E+01 0,0 22,7 

16,0 5,6E+06 35,6 2,7 

17,5 5,4E+06 34,1 1,9 

19,6 7,2E+06 45,3 0,8 

21,8 7,5E+06 47,4 4,8 

38,4 8,0E+06 51,2 8,1 

41,4 8,7E+06 55,4 2,6 

44,4 7,0E+06 43,6 7,7 

46,4 9,7E+06 61,7 2,4 

47,4 8,2E+06 52,2 1,4 

48,5 8,4E+06 53,3 1,8 

63,4 1,6E+07 100,0 11,0 

63,4 1,5E+07 97,9 4,2 
 

 

 

 



76 
 

Table 44) Process values from experiment BR3.1. 

Experiment BR3.1  

Cult. time DOT [%] OD600 pH stirrer [rpm] gas [L/min] 

      0,00 96,90 0,242 6,98 300 3,00 

15,96 93,00 0,516 7,18 300 3,00 

16,45 92,80 N/A 7,19 300 3,00 

17,45 92,80 0,516 7,18 300 3,00 

19,58 92,60 0,522 7,18 300 3,00 

21,82 92,40 0,525 7,18 300 3,00 

22,84 92,20 0,531 7,18 300 3,00 

38,42 90,10 0,618 7,13 300 3,00 

38,52 91,00 N/A 7,13 300 3,00 

38,67 91,30 N/A 7,13 300 3,00 

38,80 91,40 N/A 7,13 300 3,00 

41,42 92,00 0,534 7,00 300 3,00 

42,34 92,20 0,534 7,11 300 3,00 

44,42 92,60 0,489 7,11 300 3,00 

47,42 92,50 0,483 7,12 300 3,00 

63,42 92,20 0,376 7,09 300 3,00 
 

Experiment BR 3.2: Feed profile 2 with Chemical A stressor 

 

Table 45) Experimental data on OD in experiment BR3.2 

Experiment BR3.2 - Exponential feed and Chemical A stressor 

Cultivation Time Vol Saline Vol cell sample OD read 1 OD read 2 OD read Dilution factor Final OD 

h µL µL           

0,0 2000 1000 0,092 0,095 0,094 3 0,281 

20,00 4000 1000 0,108 0,108 0,108 5 0,540 

21,68 4000 1000 0,110 0,109 0,110 5 0,548 

22,65 4000 1000 0,110 0,109 0,110 5 0,548 

24,22 4000 1000 0,111 0,110 0,111 5 0,553 

25,50 4000 1000 0,109 0,112 0,111 5 0,553 

26,30 4000 1000 0,106 0,112 0,109 5 0,545 

27,90 4000 1000 0,109 0,111 0,110 5 0,550 

36,26 4000 1000 0,104 0,106 0,105 5 0,525 

37,24 4000 1000 0,106 0,106 0,106 5 0,530 

38,75 4000 1000 0,111 0,113 0,112 5 0,560 

40,32 4000 1000 0,112 0,116 0,114 5 0,570 

42,15 4000 1000 0,121 0,119 0,120 5 0,600 

43,57 4000 1000 0,122 0,122 0,122 5 0,610 

44,48 4000 1000 0,129 0,124 0,127 5 0,633 
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60,00 5000 700 0,101 0,100 0,101 8 0,818 

60,30 5000 700 0,099 0,100 0,100 8 0,810 

61,30 5000 750 0,097 0,099 0,098 8 0,751 

62,30 5000 750 0,087 0,088 0,088 8 0,700 

63,80 5000 800 0,082 0,084 0,083 7 0,602 

65,30 5000 900 0,083 0,085 0,084 7 0,551 

66,80 5000 900 0,079 0,079 0,079 7 0,518 

87,80 5000 1000 0,073 0,074 0,074 6 0,441 

87,80 5000 1000 0,074 0,074 0,074 6 0,444 

87,80 5000 1000 0,075 0,075 0,075 6 0,450 
 

Table 46) Spore count and spore share in experiment BR3.2. 

Experiment BR3.2 

Cultiv. Time 
[h] 

Spores 
[CFU/mL] 

Spore share 
[%] 

Std 
[%] 

0,0 1,7E+01 0,0 99,7 

21,7 6,5E+06 59,9 7,7 

26,3 3,4E+06 31,5 8,6 

27,9 4,2E+06 38,2 12,9 

36,3 4,7E+06 43,1 5,1 

37,2 5,0E+06 45,9 11,2 

38,8 1,7E+07 152,3 11,3 

40,3 5,6E+06 51,1 3,9 

42,2 5,4E+06 49,2 12,8 

44,5 1,0E+07 95,7 4,7 

60,3 5,6E+06 51,7 5,7 

61,3 5,0E+06 46,2 9,6 

62,3 5,3E+06 48,6 7,7 

63,8 6,7E+06 61,5 7,6 

65,3 6,9E+06 63,3 2,5 

69,8 7,3E+06 66,7 3,1 

71,3 7,4E+06 67,6 4,4 

87,8 1,1E+07 96,9 3,6 

87,8 1,1E+07 100,0 8,8 

87,8 1,0E+07 94,8 5,3 
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Table 47) Process values from the experiment BR3.2. 

Experiment BR3.2 
Cult. Time 
[h] 

DOT 
% 

OD600 
nm pH 

Stirrer 
[rpm] 

Gas 
[L/min] 

      0,00 97 0,281 6,97 
7,16 
7,17 
7,17 
7,17 
7,17 
7,15 
7,15 
7,15 
7,13 
7,13 
7,13 
7,13 
7,13 
7,12 
7,11 
7,11 
7,16 
7,17 
7,17 
7,17 
7,17 
7,15 
7,15 
7,15 
7,13 
7,13 
7,13 
7,13 
7,13 
7,12 
7,11 
7,11         
6,97 

300 3 

20,66 92,4 0,540 7,16 300 3 

21,68 92,5 0,548 7,17 
7,17 

300 3 

22,65 92,3 0,548 7,17 
7,17 

300 3 

22,84 92,3 N/A 7,17 300 3 

24,22 92,2 0,553 7,17 300 3 

25,50 92,1 0,553 7,15 300 3 

26,30 91,9 0,545 7,15 300 3 

27,90 91,8 0,545 7,15 300 3 

28,17 96,0 0,545 7,13 300 3 

28,17 97,1 0,545 7,13 300 3 

28,18 98,0 0,545 7,13 300 3 

28,19 93,7 0,545 7,13 300 3 

28,20 93,0 0,545 7,13 300 3 

36,26 90,8 0,525 7,12 300 3 

37,24 90,6 0,530 7,11 300 3 

38,75 90,3 0,560 7,11 300 3 

40,32 90,1 0,570 7,11 300 3 

42,15 90,0 0,600 7,09 300 3 

43,57 89,6 0,610 7,09 300 3 

44,48 89,5 0,633 7,08 300 3 

60,00 86,1 0,818 7,01 300 3 

60,30 90,7 0,807 7,01 300 3 

61,30 91,1 0,751 7,02 300 3 

62,30 90,7 0,700 7,02 300 3 

63,80 90,8 0,602 7,02 300 3 

65,30 91,2 0,551 7,02 300 3 

66,80 91,8 0,518 7,03 300 3 

68,30 92,6 0,501 7,03 300 3 

69,80 92,6 0,488 7,03 300 3 

71,30 92,5 0,475 7,03 300 3 

87,80 91,4 0,444 7,03 300 3 
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9.8 APPENIDX H: Simulations 
Here simulations for the bioreactor experiments are shown. 

 

Here it can be seen that the maintenance exceeds what is fed to the BR. X initial when the batch-

phase ends in experiment BR2.0 is appr. OD 0.4 and around 0.20 g/L and the maintenance, qm, is 

simulated at a lower 0.04 g/gh and higher value 0.1 g/gh which is the dotted line. The resulting high 

share of spores in this experiment is probably due to high amount of cells in correlation with low 

substrate feed.  

 

 

 

Figure 32) Corrected simulation after the BR2.0 experiment. This is a graphical illustration of what happened during the BR2.0 experiment after 
the short batch phase in the beginning. 

Figure 34) The critical cell density that is inockulated into the BR is 0.12 in OD and 0.06 g/L. 
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9.9 APPENIDX I: Process overview KM5 

 


