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Abstract 

Bacilli were discovered almost 200 years ago, since then more than 200 genera are applied 

as many industrially useful strains in enzyme production, e.g., alpha-amylases, 

cyclodextrin glycosyltransferases (CGTase) as well as subtilisin, biosurfactant 

production, soil inoculation, probiotics, recombinant protein production and primer 

metabolite production. Many of them are considered generally recognized as safe 

(GRAS), therefore they can even act as probiotics. These useful properties and products 

like enzymes and biosurfactants render Bacilli excellent candidates for bioprocesses. 

The present PhD study has focused on the laboratory-scale investigation of six Bacillus 

strains, namely: Bacillus circulans NCAIM B.02324, Bacillus coagulans DSM1, Bacillus 

firmus NCAIM B.01087, Bacillus licheniformis DSM13, Bacillus subtilis DSM10 and 

Geobacillus stearothermophilus DSM2313.  

All six strains were involved in a biosurfactant production screening phase. After that, 

with the chosen strains media optimizations, and artificial neural network modeling were 

completed. The optimal initial pH, glucose and NH4NO3 concentrations were determined 

in the case of Bacillus subtilis DSM10 and Geobacillus stearothermophilus DSM2313. 

Based on the results of the statistical analysis, an artificial neural network modeling was 

performed to predict the product quality (surface tension and emulsification index) and 

the harvesting time of the broth. A techno-economic analysis (TEA) based on laboratory 

scale experiments was performed with Bacillus licheniformis DSM13 and Bacillus 

subtilis DSM10. A feasible bioprocess plant study was analyzed, and the feasibility and 

practicability scales were compared to determine an annual production level for 

lipopeptide-type biosurfactants, namely surfactin and lichenysin. The biomass could be 

applied in agriculture as a soil inoculant to enhance crop production.  

Bacillus licheniformis DSM13 was applied for cyclodextrin glycosyltransferase 

fermentation as well. CGTase can catalyze transglycosylation reactions to enhance the 

formed glycosylated product’s quality (like taste and solubility). In this research, the 

enzymatic bioconversion of steviol glycosides (in high-pressure hot-water extract of 

Stevia rebaudiana) was performed with commercial β-1,3-glucanase and fermented 

CGTase as well. Five glycosyl donors were compared to whether they are applicable for 

the increment of rebaudioside A. Subsequently sucrose was applied with CGTase of B. 

licheniformis DSM13, where the rebaudioside A content was increased in Stevia 

rebaudiana plant extract of both examined origin and processing.  

The developed manufacturing processes in this PhD thesis can be applied in several 

industries after further purification steps. Lipopeptide-type biosurfactants provide an 

alternative instead of chemically synthesized surfactants. Additionally, they can be 

applied as emulsifiers in the food industry, packaging active pharmaceutical ingredients 

into liposomes. Microbial enhanced oil recovery is a huge application field in the 

petroleum industry and environmental protection. Subsequently, CGTase enzyme can 

synthesize cyclodextrins, which have relevance in white biotechnology. The enrichment 

of rebaudioside A concentration in Stevia rebaudiana plant extracts facilitates a natural 

plant-based sweetener development, which can be consumed by diabetics.  
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Kivonat 

A már majdnem 200 éve ismert Bacillus nemzetség tagjai a világ számos országában ipari 

alkalmazásban vannak az általuk előállított széles termékpaletta miatt. Ezen 

baktériumokhoz közel 200 faj tartozik, számos GRAS (generally regarded as safe) 

mivolta miatt felhasználható probiotikumként, illetve termelhetnek enzimeket (amilázok, 

proteázok, ciklodextrin-glikoziltranszferázok), szerves savakat (tejsav, borostyánkősav), 

biodetergenseket, terpenoidokat és rekombináns fehérjéket is. 

A doktori értekezésben bemutatott eredmények laboratóriumi léptékű vizsgálatokat 

mutatnak be hat baktérium törzs (Bacillus circulans NCAIM B.02324, Bacillus 

coagulans DSM1, Bacillus firmus NCAIM B.01087, Bacillus licheniformis DSM13, 

Bacillus subtilis DSM10 és Geobacillus stearothermophilus DSM2313) vizsgálatával.  

A hat törzset biodetergens termelés szempontjából szűrővizsgálatnak vetettem alá. Ezt 

követően a választott törzsekkel (B. subtilis DSM10 és G. stearothermophilus DSM2313) 

tápközegoptimálási kísérleteket végeztem el, ahol a vizsgált faktorok a pH, a glükóz és 

NH4NO3 koncentrációk voltak. A statisztikai kísérlettervezés eredményeit felhasználva 

mesterséges neurális hálózatot építettem, ahol a fermentlé vágásának idejét, valamint a 

keletkező termék minőségét (felületi feszültség és emulzifikációs index) jósolni tudom. 

Műszaki és gazdasági elemzést végeztem B. licheniformis DSM13 és B. subtilis DSM10 

törzsek laboratóriumi léptékű fermentációs kísérletekre alapozva. Egy megvalósítható 

biodetergens termelőüzem kapacitását vizsgáltam, ahol az alkalmazható léptékek 

összehasonlításra kerültek, hogy egy lipopeptid típusú biodetergens (surfactin és 

lichenysin) előállító üzem éves kapacitását meghatározzam. A megtermelt biomassza 

felhasználható talajoltó kultúraként a mezőgazdaságban.  

A Bacillus licheniformis DSM13 törzset CGTáz enzim termelésére is felhasználtam. A 

CGTáz enzim transzglikozilációs reakciók katalizálásra képes, ahol a reakcióban 

keletkező termék minősége (például íz és oldhatóság) javítható. Kutatásom során Stevia 

rebaudiana-ból nagynyomású forróvizes extrakcióval kinyert szteviol-glikozidok 

enzimes biokonverzióját vizsgáltam kereskedelmi β-1,3-glükanáz és saját fermentált 

CGTáz enzimekkel. Öt glikozil donort hasonlítottam össze alkalmazhatóság 

szempontjából a biokonverziók során. Ezt követően szacharóz glikozil donorral és B. 

licheniformis DSM13 eredetű CGTáz enzimmel két külön eredetű és feldolgozású 

növényi alapanyagot hasonlítottam össze. A biokonverziók során sikerült a rebaudiozid 

A mennyiségét megnövelnem. 

A doktori munkám során fejlesztett eljárások lehetővé teszik, a termékek további 

tisztítását követően, számos ipari alkalmazásban való részvételt. Lipopeptid típusú 

biodetergensek környezetbarát alternatívát nyújtanak a kémiai detergensekkel szemben, 

valamint élelmiszeriparban emulgeálószerként, a gyógyszeriparban pedig hatóanyag 

molekulák liposzómába való csomagolásaként hasznosíthatók fel. Környezetvédelmi 

aspektusban pedig olajjal és egyéb szénhidrogénekkel szennyezett talajok és vizek 

tisztítására is felhasználhatók. A fermentációval előállított CGTáz enzim nemcsak 

különböző transzglikozilációs reakciókban vehet részt, hanem ciklodextrinek szintézisére 

is felhasználható, aminek szintén van fehér biotechnológiai kapcsolódása. Stevia 

rebaudiana extraktumában a rebaudiozid A mennyiségének növelése elősegíthet egy 

természetes növényi alapú édesítőszer fejlesztését, melyet cukorbetegek is 

fogyaszthatnak.   
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1. Introduction and Objectives 

Bacilli are widely applied strains in the fermentation industry. Several strains have long 

been known and used, yet they still have new industrial potential. They have a wide range 

of products that will allow them to remain the focus of attention in the 21st century as 

well.  

Bacilli are very prominent candidates even for a biorefinery approach since they are 

capable of converting many different raw materials (bagasse, molasses, starch, etc.) into 

various low and high value-added products, like organic acids, alcohols, isoprenoids, and 

terpenoids, antibiotics, enzymes, meanwhile many of them are also considered as 

probiotics or having generally regarded as safe (GRAS) status as well. At the beginning 

of my PhD research, I aimed to study 4 important directions, which could be combined 

into a single complex bioprocess: lactic acid, isoprenoids, biosurfactants and cyclodextrin 

glycosyltransferase (CGTase) enzyme. However, after a thorough revision of the existing 

reports (which we published in the book chapter on isoprenoids) and combining them 

with our possibilities lacking any gene modifications, we reduced the targeted research 

on two major focus points: biosurfactants and CGTase enzymes, which still could be 

combined into a single bioprocess. This thesis, therefore, introduces the investigation of 

these two major Bacilli products together with their applications: challenges in 

biosurfactants fermentative manufacturing and fermentation of CGTase enzyme for using 

it in transglycosylation of steviol glycosides as an enhanced sweetener.  

Cyclodextrin glycosyltransferase has industrial applications it is mostly applied in the 

production of cyclodextrins (CD). This enzyme additionally can be applied in 

transglycosylation reactions. One possible potential application is the enzymatic 

bioconversion of steviol glycosides. Since Stevia rebaudiana and its sweet steviol 

glycosides (SGs) are having various positive effects on human health, hence it is worth 

investigating this field.  

I investigated the fermentation of CGTase enzyme, and also its application in the 

enzymatic bioconversion of SGs originated from real Stevia rebaudiana plant extract, 

because existing reports only the conversion of pure stevioside mostly with plant 

originated enzyme, namely UDP-glycosyltransferase, which is hardly available and rather 

expensive [1]. Therefore, it would have the sense to elaborate a cost-effective enzymatic 

bioprocess.  

Biosurfactant production with different Bacillus species can be considered one of the 

most relevant studies in biotechnology nowadays based on their special properties, on 

their various types and the factors affecting their optimal production. The carbon to 

nitrogen ratio is one of the most significant factors affecting biosurfactant production [2].  

I did biosurfactant fermentations with Bacillus species. I aimed to design a complex and 

feasible Bacilli-based bioprocess with a special focus on lipopeptide-type biosurfactants, 

due to the lack of any information on large-scale manufacturers as well as techno-



12 

 

economic analysis. Therefore, initially, I did laboratory-scale bioreactor experiments 

according to the state-of-the-art, then I used them for process simulations. Meanwhile, 

this provided a feasible bioprocess, I further investigated it by media optimization with 

the help of a statistical approach. For the prediction of biosurfactant fermentation I built 

and validated an artificial neural network (ANN) which improved productivity. 

  



13 

 

2. Literature review 

2.1. The genus Bacillus 

The genus Bacillus has been known for more than a century. Nowadays, this group 

comprises more than 140 species. This genus consists of an increasing number of different 

genera and families. They are Gram-positive, aerobic and endospore-forming. Some of 

them have been reclassified by now, for instance, Bacillus brevis to Brevibacillus brevis 

(novel family: Paenibacillaceae), Bacillus stearothermophilus to Geobacillus 

stearothermophilus (novel family: Bacillaceae). This group contains various industrially 

applied strains, which are used in the field of fermentation. Bacillus’ cells are rod-shaped 

usually straight or a bit curved. The formed endospore is environmentally resistant (e.g., 

wide range of temperature or pH). They are facultatively anaerobic; however, the 

insufficient level of oxygen can lead to spore-forming. These spores are resistant to heat, 

radiation, disinfectants and desiccation; hence the Bacillus spores are ambiguous 

contaminants in the field of food, cosmetics and pharma industries. The cell sizes have a 

wide distribution with a diameter of 0.4 to 1.8 μm, and a length of 0.9 to 10.0 μm [3]. 

The DNA G+C content varies between 32/33 to 66 mol%. As a result of the huge 

phylogenetic divergence, many species transferred to other groups from the genus 

Bacillus. Traditionally Bacillus is arranged by a polyphasic approach with partial 

sequence analysis of the 16S rDNA [3] [4]. There are some slight differences among 

Bacilli by which they can be distinguished from each other, e.g., color and smell and 

colony morphology (as in shown in Table 1). 

Bacillus species have a wide range of colony characteristics. It also depends on the media 

composition and the incubation conditions. Phylogenetically, bacteria belonging to the 

genus Bacillus belong to class I of Firmicutes phylum. Members of the genus Bacillus 

are ubiquitous Gram-positive, aerobic and endospore-forming bacteria characterized by 

their rod-shaped cell morphology and catalase production [5]. 

Geobacillus was reclassified from the genus Bacillus in 2001 [6]. Geobacillus species are 

aerobic or facultative anaerobic bacteria that prefer neutral or moderate alkaline pH for 

cell growth, between a wide temperature range from 35°C to 76°C [7]. 
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Table 1 – Properties of the bacterial strains according to Bergey’s Manual [3] 

Strain Spores Cells Colony 

Growth 

temperature 

[°C] 

Growth 

pH [-] 

NaCl 

tolerance 

DNA G+C 

content 

[%] 

Bacillus circulans ellipsoidal 
curved rods; 0.6-0.8 

μm 

1-3 mm, opaque, 

cream colored 
30-55 4-10 N/A 35.7 

Bacillus coagulans 
Ellipsoidal 

and spherical 

Gram positive, 0.6-

1.0 μm (diameter) 

1-3 mm, white-

cream colored 
30-61 4-11 

5% 

inhibits 
44.3-50.3 

Bacillus firmus 

Ellipsoidal 

and 

cylindrical 

N/A 

1-12 mm, 

creamy-yellow to 

pale orange-

brown 

20-50 6-11.5 
grows in 

7% 
41.4 

Bacillus 

licheniformis 

Ellipsoidal 

and 

cylindrical 

0.6-0.8 by 1.5-3.0 

μm, singly, pairs and 

chains 

whitish, creamy 

or brown 
15-68 

optimal: 

5.7-6.8 

grows in 

7% 
42.9-49.9 

Bacillus subtilis ellipsoidal 
rods, straight/slightly 

curved, 0.9-10.0 μm 
variable 

psychrophilic 

to 

thermophilic 

variable variable 32-66 

Geobacillus 

stearothermophilus 
ellipsoidal 2.0-3.5 μm, 

round, mucous, 

small, colorless 
37-65 6-8 0-5 v/w% 59.1 
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2.2. Bacilli in biotechnology 

Compared to other microorganisms, Bacillus species are well known for their excellent 

protein secretion ability [8]. In addition, Bacillus species are preferred organisms for 

producing various products in the industry due to their superior growth potential on cheap 

carbon sources, distinct endogenous metabolism, and robust nature in industrial 

fermentations [9]. 

Bacillus spore-based formulations are particularly well-suited to industrial applications 

since they may be kept like chemical products and remain alive for almost indefinite 

periods. Bacillus spp. have evolved to cope with both abiotic and biotic stress. They boost 

plant resistance to abiotic stresses such as salt, dehydration, and heavy metal toxicity. 

Many Bacillus species are commercially utilized as phytostimulants and biofertilizers due 

to their plant growth-promoting function. Plant growth-promoting bacteria also allow 

plants to inhibit plant diseases (biocontrol). Bacillus and Paenibacillus spp.-based 

biocontrol products are becoming more widely used in agriculture as an environmentally 

benign alternative to chemical pesticides [4]. 

2.3. The product range of Bacilli 

Bacilli are broadly known for having a wide product range from primary to secondary 

metabolites. They are capable of synthesizing different enzymes, organic acids, 

isoprenoids, antibiotics and surface-active compounds. 

Bacilli can act as probiotics [10]. Commercial probiotic products for human health, 

veterinary use, and aquaculture have contained B. licheniformis strains; however, they are 

usually combined with other probiotic strains (like B. subtilis, B. amyloliquefaciens, B. 

coagulans, B. clausii, B. indicus, B. circulans, B. polymyxa, B. pumilus, Pedicoccus 

acidiliactici and Lactobacillus sp.) [11] [12]. Probiotics have GRAS status and are freely 

consumed worldwide without any safety concerns [13]. For instance, several Bacillus 

species have GRAS nature, like B. licheniformis [11], B. subtilis [10], B. coagulans [14] 

and B. clausii [15]. 

They can synthesize surface-active secondary metabolites, which have antitumor and 

antimicrobial (antifungal, antiviral, antibacterial) and insecticidal activities [16] [12] [17] 

[18]. Bacillus subtilis produces antibiotics such as subtilisin, subtilin, amylolysin, and 

amylocyclicin. This class of bacteriocins inhibits Gram-positive bacteria including 

Listeria monocytogenes, Bacillus cereus, and Staphylococcus aureus, as well as Gram-

negative bacteria like Escherichia coli and Pseudomonas aeruginosa [9]. Additionally, 

B. subtilis can produce another type of secondary metabolite, which is bio-isoprene [19]. 

The wild-type strain is a poor producer, however, it also shows the diversity of Bacilli 

[20]. 

In addition, B. licheniformis has inhibitory activity against bacterial aquaculture diseases 

and can improve water quality by removing nitrogen and phosphorus-based waste 

accumulation [11]. 
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Bacillus species are capable of producing various types of enzymes, which can be applied 

in several industries, for example: amylases (baking, beverage, detergent, paper and 

leather industry; waste management), proteases (dairy, paper, detergent and cosmetics 

industry), glucanases (beverage industry), pullulanases (beverage industry), laccases 

(pulp, paper, cosmetics and detergent industry), cellulases (pulp and paper industry), 

glycosyltransferases (organic synthesis) [21]. The industrial enzymes market is still 

progressing [22], and it is projected to reach USD 8.7 billion by 2026 [23]. 

The wide product range of Bacilli includes organic acids (lactic acid, butyric acid, α-

ketoglutaric acid, γ-aminobutyric acid), biofuels (isobutanol, 1-butanol, 3-methyl-

butanol, acetone), biopolymers (chitin, chitosan, poly(γ-glutamic acid), 

polyhydroxybutyrate), oligosaccharides (N-acetylglucosamine, xylooligosaccharides) 

and peptides (lipopeptide biosurfactants) [24]. 

Due to the variability of products and applications of Bacillus species, it is still worth 

investigating their biotechnological potential in the 21st century.  

2.3.1. Biosurfactants 

2.3.1.1. Classification 

Biosurfactants can be classified according to their molecular weight (traditional 

classification), producing microorganisms, chemical structure and mode of action [25]. 

Low molecular weight biosurfactants: The group of low molecular weight 

biosurfactants comprises lipopeptides, lipoproteins, glycolipids, phospholipids neutral 

lipids and fatty acids. Bacillus species are well-known for producing low molecular 

weight biosurfactants [26]. They are effectively lowering the surface and interfacial 

tensions (ST and IFT) [25] [27]. 

The average molar mass of the low molecular weight biosurfactant ranges from 500 Da 

to 1500 Da [4]. Above 1500 Da the biosurfactants are considered as high molecular 

weight [28]. 

Categorizing based on the chemical structure as follows: lipopeptides, glycolipids, 

polymeric biosurfactants and particulate biosurfactants. 

Lipopeptides 

Lipopeptides (LPs) are built from lipid moieties joined to a cyclo-peptide chain. The best-

known LPs are surfactin, iturin, fengycin, daptomycin and polymyxin B, which are 

microbial-derived LP anti-infection agents. Lipopeptides can form micelles and 

liposomes as supramolecular nanostructures, containing lipid chains associated with a 

peptide head group. Surfactin represents the most remarkable biosurfactant since it can 

reduce the surface tension from 72 to 27 mN/m, even in a low concentration of 0.005% 

[29].  
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Figure 1 – Chemical structure of surfactin (A), iturin (B) and fengycin (C) [29] 

• Surfactin 

Surfactin (Figure 1 (A)) is a cyclo-heptapeptide type biosurfactant, the peptide ring 

comprises 7 amino acids. This ring is attached to a C13-C15 fatty acid chain. The amino 

acid sequence of the peptide ring is the following: L-Glu, L-Leu, D-Leu, L-Val, L-Asp, 

D-Leu, and D-Leu, where the 1st and 7th L-Glu and D-Leu form the lactone ring by an 

ester linkage. By this time, more than 30 different surfactin molecules have been reported, 

where the fatty acid or the peptide ring can differ [30].  

• Lichenysin 

Lichenysin is closely related to surfactin, which differs from surfactin only in one amino 

acid in the 1st position of the peptide ring, where the L-glutamic acid is replaced with L-

glutamine [30]. Lichenysin isoforms (namely lichenysin A, B, C, D, G) differ in the amino 

acid sequence in the peptide ring, and the ring is attached to a C12-C17 fatty acid chain 

[31]. 

• Iturin  

The amino acid sequence of the iturin A (Figure 1 (B)) molecule is L-Asn, D-Tyr, D-Asn, 

L-Gln, L-Pro, D-Asn, and D-Ser, where L-Asn and D-Ser form the peptide link with an 

amide bond [30]. The ring is attached to a C14-C16 fatty acid chain [32]. 

• Fengycin 

Fengycin (Figure 1 (C)) has more differences from surfactin and iturin A. The peptide 

ring is built from 10 amino acids, and the cyclization occurs between the phenol side 

chain of the 3rd amino acid D-Tyr and the C-terminus of the amino acid at the 10th 

position. Hence, these fengycin molecules are considered partial cyclic biosurfactants. 

The amino acid sequence of fengycin A was determined as L-Glu, D-Orn, D-Tyr, D-Thr, 

L-Glu, D-Ala, L-Pro, L-Gln, L-Tyr, and L-Ile. For fengycin B, D-Ala at 6th is replaced 

by D-Val [30]. 
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Glycolipids 

Glycolipids are comprised of a hydrophobic moiety including a long fatty acid chain 

covalently bonded with a hydrophilic carbohydrate part (like glucose, mannose, 

galactose, trehalose, rhamnose, sophorose). The broadly-known groups of glycolipids are 

rhamnolipids, trehalose lipids, sophorolipids, mannosylerythritol lipids, cellobiose lipids, 

monoacylglycerol, diglycosyl diglycerides, lipomannosyl-mannitols, galactosyl-

diglyceride, lipoarabinomannanes and lipomannans [33]. Some of them are capable of 

lowering the surface tension up to 28-30 mN/m, having a low critical micelle 

concentration (CMC) value (10-200 mg/L) and they also have proper emulsifier 

capabilities of 60-70% [34]. Glycolipids are derived from lactic acid bacteria, for instance 

Lactobacillus rhamnosus, L. casei and L. pentosus. Lactobacilli are either producing cell-

bound attached or excreted extracellular type biosurfactants. The final concentration of 

the biosurfactant varies from the media composition and the type of substrate as well as 

the temperature [35]. 

Glycolipids also have an extensive application, as well as other types of biosurfactants, 

including the cosmetics, food, pharmaceutics and petrochemical industry. They are 

frequently used in cosmetics and detergent industries because of their good foaming 

behaviour. Glycolipids can be utilized as encapsulants with a minor adjustment to the 

hydrophilic head group and hydrophobic alkyl chain length [33] [36]. 

High molecular weight biosurfactants: High molecular weight biosurfactants are 

synthesized by various microorganisms and are generally named polymeric 

biosurfactants (which comprise lipoproteins, proteins, polysaccharides, 

lipopolysaccharides), particulate biosurfactants vesicles and whole microbial cells [37]. 

They are not effective ST and IFT reducers; however, they are good emulsion stabilizing 

agents [25] [27]. 

Polymeric biosurfactants 

Polymeric biosurfactants are generally high molecular weight molecules having high 

emulsifying activity (as bioemulsifiers). The best-studied polymeric biosurfactants are 

alasan, emulsan, lipomannan, liposan, and other polysaccharide protein complexes. 

Among them, currently, emulsan has the highest potential [38] [39].  

The Acinetobacter species have been distinguished as the bacterial species producing 

high molecular weight (MW) biosurfactants [40]. Emulsan and biodispersan are 

predominantly produced by Acinetobacter calcoaceticus, which consists of D-

galactosamine amino sugars and D-galactosaminouronic acid groups. Alasan synthesized 

by A. radioresistens has the smallest MW among high molecular weight biosurfactants 

with an MW of 45 kDa. Emulsan has a 1000 kDa MW, and the heaviest bioemulsifier is 

a lipo-hetero-polysaccharide from A. bouvetii UAM25 with 1010 kDa [39] [41] [42]. 

Bacillus stearothermophilus also produces polymeric-type biosurfactants, which is an 

excellent thermophilic emulsifier [43]. 
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Liposan is produced by Yarrowia lipolytica from water-immiscible carbon substrates 

(alkanes and triacylglycerols), which is a water-soluble heteropolysaccharide-protein 

complex comprised of 83% carbohydrate(glucose, galactose, galactosamine and 

galacturonic acid) and 17% protein [38] [41] [44].  

Particulate biosurfactants 

Extracellular vesicles and whole microbial cells represent the two sorts of particulate 

biosurfactants. Some microorganisms can form extracellular vesicles, so-called 

particulate biosurfactants, aiding the hydrocarbon uptake of the cells. Acetinobacter, 

Cyanobacteria and Pseudomonas marginalis species are capable of forming particulate 

biosurfactants. The size of the vesicles is between 20 to 50 nm, and the main building 

blocks are proteins, phospholipids and lipo-polysaccharides. Phormidium J-1 

cyanobacterium is a whole microbial cell biosurfactant type and the microbial cells act as 

biosurfactants. It produces emulycan, which is a polymeric extracellular agent. After the 

secretion, emulycan can attach to the surface of the cell [27] [45] [46] [47] [48].  

Figure 2 – Structure of emulsan [38] 
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2.3.1.2. Global market 

In the past years, the biosurfactant market has been steeply rising because of the demand 

for bio-based materials and the environmentally friendly nature of biosurfactants. Based 

on several market research the global market of biosurfactants is very fragmented, not 

just in the product range, but in the firms and geographic locations as well. The global 

biosurfactant market is divided into four main products (Figure 3). Glycolipids and 

polymeric biosurfactants give around the third part and the 15-20% of the total, 

respectively. Furthermore, lipopeptides and lipoproteins can be considered as one group 

with lichenysin and surfactin; these two similar groups present approximately the third 

part of the total. In 2020, polymeric-type biosurfactants with glycolipids gave almost the 

half of the total in the market [49]. 

In 2013 the global biosurfactant market demand was 344 kilotons. According to Grand 

View Research; it was projected to expand at a compound annual growth rate (CAGR) of 

4.3% from 2014 to 2020. Within this, the household application was the most significant 

part, with 153.5 kilotons of biosurfactant. In 2013 Europe had the largest regional market 

for biosurfactants with a consumption of 178.9 kilotons. The global biosurfactants market 

is consolidated in nature with the top five companies (BASF-Cognis, Ecover, Urumqui 

Unite, Saraya and MG Intobio) accounting for over 80% of the market share in 2013 

(Figure 4). Other key companies in the market include Jeneil Biotech, Henkel Ag. & Co. 

Soliance, AGAE Technologies, Glycosurf, TensioGreen Technology, Givaudan, Lion 

Corp., Sun Products, Kao Corp., Chemtura, Croda, Evonik Industries, Mitsubishi 

Chemicals and AkzoNobel [49] [50]. 

Figure 3 – Global biosurfactants market share by product type in 2020 (Zion Market 

Research 30.06.2021.) [49] Apart from surfactin and lichenysin lipopeptides comprise 

iturin, fengycin and other LP-type biosurfactant. 
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The global biosurfactant market was expected to reach 462 kilotons by 2020; including 

the prediction for the personal care application was 50.7 kilotons by 2020 according to 

the Grand View Research [51]. 

As reported by Zion Market Research the global biosurfactants market accounted for 

USD 2.2 billion in 2020 and is expected to reach USD 3.1 billion by 2028, growing at a 

CAGR of around 4.5% between 2021 and 2028. Due to the spreading of COVID-19, the 

global biosurfactants industry had a slight decrease in revenues in the short term (Figure 

5). As a consequence of the pandemic, agrochemicals, oilfield chemicals, garment 

processing facilities, and their shipping have been shut down worldwide, potentially 

reducing biosurfactants’ usage. Later, during the pandemic, there had a huge demand for 

domestic detergents, personal care, and industrial cleaners. The growing trend for 

sanitation in residential and commercial spaces to control the virus epidemic is driving 

this product market [49]. 

 

 

 

Figure 4 – Biosurfactant market share in 2013 (Grand View Research, 

created from data) [51] 
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Product range [52]:  

• Glycolipids (rhamnolipids, trehalolipids, and sophorolipids) 

• Lipopeptides and lipoproteins (surfactin, lichenysin, and other lipopeptide-type 

biosurfactants) 

• Polymeric biosurfactants 

• Other product types 

Application 

• Detergents 

• Cosmetics (personal care) 

• Food processing 

• Oilfield chemicals 

• Agricultural chemicals 

• Textiles 

• Other applications 

Geography: 

• Asia Pacific: China, India, Japan, South Korea, ASEAN Countries, Rest of Asia 

Pacific 

• North America: United States, Canada, Mexico 

• Europe: Germany, United Kingdom, France, Italy, Rest of Europe 

• South America: Brazil, Argentina, Rest of South America 

• The Middle East and Africa: Saudi Arabia, South Africa, Rest of the Middle East 

and Africa 

Figure 5 – Global biosurfactant market revenue (Zion Market Research, Date 

accessed: 30.06.2021.) [49] 
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2.3.1.3. Biosynthesis of lipopeptide-type biosurfactants 

During my research, I investigated the fermentation of Bacillus species, which are 

commonly synthesizing lipopeptide-type biosurfactants. Hence, I would like to detail 

only the biosynthesis of this group. 

Biosurfactants are synthesized via the non-ribosomal metabolic pathway by non-

ribosomal peptide synthetases. Surfactin encoded by srfA operon (srfAA, srfAB, srfAC, 

srfAD) [53]. These are multi-enzyme complexes called multi-domain modules, including 

adenylation domain (A), peptidyl carrier/thiolation domain (PCP) and condensation 

domain. The adenylation domain chooses the amino acid and activates it into an 

aminoacyl adenylate by consuming adenosine triphosphate. The PCP domain transfers 

and bounds an adenylated amino acid substrate by a thioester bond. The condensation 

domain creates a new peptide bond among two adjacent modules and their respective 

aminoacyl substitutes [29] [54]. After the fatty acids are activated and loaded onto the 

peptide synthase systems, the key steps for the synthesis are the extension and the 

cyclization [16]. Genetic and metabolic engineering approaches, e.g., (random) 

mutagenesis, pathway engineering, metabolic engineering methods and heterologous 

expression are required for further analysis to enhance biosurfactant production [27] [53] 

[8].  

Wu et al. investigated the metabolic engineering options (Figure 6) for the enhancement 

of surfactin production. During surfactin biosynthesis, the first part is the supply of 

precursors through the glycolysis and fatty acid biosynthesis pathway. The second is 

surfactin assembly catalyzed by the srfA operon that encodes the surfactin synthase. The 

srfA operon is under the regulation of the quorum sensing system ComQXPA, in which 

the phosphorylated ComA binds to the promoter and activates the transcription of srfA. 

First, they restored the surfactin biosynthetic activity, then deleted the competition 

pathways. In the next stage, they improved the cellular tolerance against surfactin. 

Finally, they increased the supply of precursor branched-chain fatty acids and diverted 

acetyl-CoA away from cell growth to surfactin biosynthesis. They knocked out potential 

competitive pathways and overexpressed surfactin export and resistance-associated 

proteins, rationally engineered the branched-chain fatty acid biosynthesis pathway to 

increase precursors, and tailored the quorum sensing system to strengthen the 

transcription of srfA. During their work, they enhanced the final surfactin concentration 

from 0.4 g/L up to 12.8 g/L, which was a 32-fold increment by Bacillus subtilis 168 [8].  
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2.3.1.4. Applications 

Due to their structure, biosurfactants can be applied in almost every aspect of life: 

Agriculture 

There are several ways to utilize biosurfactants in agriculture, e.g., antimicrobial activity 

against pathogens; biopesticides with insecticide and pesticide activity; plant-microbe 

interaction; animal-biosurfactant interaction [55] [56].  

Biosurfactants can be applied in biocontrol as biofertilizers. They can act to improve 

wetting, dispersion, suspension of powder pesticides and fertilizers, and the 

emulsification of pesticide solutions. In the rhizosphere, there are various types of 

microorganisms (e.g., Bacilli, Pseudomonas and Rhodococcus species) capable of 

forming biosurfactants, which also indicates the plant-microbe interaction and the 

beneficial application of biosurfactants in agriculture. Furthermore, they can eliminate 

plant pathogens and help to increase the bioavailability of nutrients for beneficial plant-

associated microorganisms. Biologically synthesized green surfactants can replace and 

eliminate the harsh chemically synthesized surfactants from pest management and the 

agricultural industry. Among biosurfactants, lipopeptides and rhamnolipids are applied 

more frequently in plant protection against diseases. Lipopeptides and rhamnolipids have 

antimicrobial and antifungal activities, respectively. Rhamnolipids are efficient against 

fungi (e.g., oomycetes), like Botrytis sp., Rhizoctonia sp., Fusarium sp., Alternaria sp., 

Pythium sp., Phytophthora sp., or Plasmopara sp. Species. Bacilli and Pseudomonas 

species are famous for producing a wide range of cyclic lipopeptides, which can be 

Figure 6 – Engineered surfactin biosynthesis pathway of Bacillus subtilis 186 [8] 
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applied in plant protection due to their strong destabilizing activities on biological 

membranes. There are plant-originated biosurfactants that can be applied in agriculture. 

For instance, alkyl polyglucosides (APG) have a positive effect on ruminant nutrition. 

Moreover, APG positively affects the microbial community of the rumen since it can 

modify the microbial community to increase the fatty acid production in the rumen in vivo 

[26] [46] [57] [58] [56]. 

Cleaning and Detergents 

Anionic detergents are frequently applied in cleaning agents. However, they are harmful 

to the environment. Nowadays, microbially synthesized surface-active compounds have 

come to the foreground. Biosurfactants offer an efficient alternative to replace chemical 

surfactants. They can be applied in handwashing soaps [59], laundry detergents [60] and 

the cleaning of storage tanks in the petroleum industry [61]. 

For promising applications of biosurfactants as detergents, they required a good 

emulsifier capability. Adding lipopeptide biosurfactants from B. subtilis species enhanced 

the oil stain removal, which highlights a compelling future potential for modified 

biogenic surfactants [62] [63] [64].  

Cosmetics 

The cosmetic industry can effectively utilize many biosurfactant properties. For instance, 

for emulsification, de-emulsification, foaming, water binding capability, spreading and 

wetting properties, or adjusting viscosity and product consistency. Cosmetic products 

using surfactants including bath products, acne pads, contact lens solutions, hair colors 

and care products, and sprays could be used and may be replaced by biosurfactants. 

Surfactants such as emulsifiers, foaming agents, solubilizers, wetting agents, cleansers 

and antimicrobial agents, are mediators of enzyme action in various dosage forms [65].  

Surfactants that are chemically produced and used for cosmetic formulations have the 

potential to cause skin irritations and hypersensitive reactions since they can interact with 

proteins and remove lipids from the epidermal surface. Biosurfactants have a remarkable 

ability to reduce or avoid these harmful effects. In cosmetic formulations the critical 

micelle concentration, the hydrophilic-lipophilic balance (HLB) and the ionic 

performance determine which type of biosurfactants can be applied in a cosmetic 

formulation. The HLB value indicates the biosurfactants’ emulsifying ability [61] [66]. 

 

Environment 

Biosurfactants are environment friendly, hence they present a possible alternative for 

chemically synthesized surfactants. They help the remediation of soil and water polluted 

with hydrocarbons [40]. The four main environmental applications are bioremediation, 

oil spill clean-up, soil remediation and flushing. In these operations, biosurfactants have 

several roles, e.g., emulsification of oils, lowering of interfacial tension, dispersion of 

oils, solubilization of oils, wetting, spreading, detergency, foaming, corrosion inhibition 

in fuel oils and equipment and soil flushing [46]. 



26 

 

Food 

Biosurfactants can act as emulsifiers or de-emulsifiers and functional ingredients in the 

food industry, e.g., solubilization of flavored oils, control of consistency, emulsification, 

wetting agent, spreading, detergency, foaming and thickener [46]. The addition of 

biosurfactants to a food product can increase the product’s shelf life. Even though 

biosurfactants have various types of potential applications in the food industry, there are 

no reports available on large-scale applications. Further investigations and approval are 

required for applying them as novel ingredients in the food industry [61].  

Pharmaceutical and medicine 

Biosurfactants produced by GRAS microorganisms have great promise for food and 

medical applications [67]. Biosurfactants have antimicrobial (antibacterial, antifungal and 

antiviral) activities that can be effectively applied in the pharmaceutical industry [46]. 

Their low toxicity, high specificity, biocompatibility and digestibility help to apply them 

in medicine [68]. Moreover, it was reported that lipopeptide-type biosurfactants from B. 

subtilis and B. licheniformis have antitumor activities [61]. The biosurfactants’ anti-

adhesive activity aims to reduce the adherence of pathogenic microbes to infectious sites 

or solid surfaces [28] [69]. Due to their surface activity, biosurfactants can interact with 

cell membranes or the environment. Hence, they can be considered as potential cancer 

therapeutics or as constituents of drug delivery systems. The controlled drug delivery 

system requires optimal loading capacity and the subsequent release of the drug in a 

controlled way. To meet these requirements micelle and liposome structures can provide 

an appropriate system [70]. Combining liposomes with CD drug inclusion complexes can 

enhance their intravenous application [71]. 

Mining and heavy metal removing 

Biosurfactants can be applied in mining processes [46] [61]. For instance in heavy metal 

and clean-up operations, soil remediation and flotation [46]. According to Sarubbo et al., 

some biosurfactants can remove the heavy metal ions (e.g., Zn, Cr, Pd and Cd ions) from 

aqueous solutions. Ionic biosurfactants can remove the adsorbed heavy metal ions from 

the soil surface. First, the biosurfactant molecules make sorption to the soil’s surface, and 

then they form complexes with heavy metals. Secondly, they do the desorption of the 

metal-biosurfactant complexes from the soil, and they integrate the heavy metals into 

micelles. The final step is the precipitation of the biosurfactants out of the complexes 

[72]. 

Nanotechnology 

Biosurfactants have been applied in nanotechnology as well [73]. Nanoformulations 

made from Bacillus lipopeptides may show the future nanotechnological applications of 

biosurfactants in agriculture. Nanoemulsions are colloidal solutions with a droplet size of 

20-200 nm consisting of an oil phase, a surfactant, and water. They are optically isotropic 

and kinetically stable. Nanoemulsions of pesticide formulations show higher stability and 

bioactivity compared to emulsions. With their help the crop loss could be reduced [74]. 
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Biosurfactants can help in the metal (Ag, Au, Cd, Zn) nanoparticle production because 

they act as a stabilizing agent by capping the nanoparticles [75]. In nanoscale applications, 

they can be drug delivery agents [61]. 

Petroleum 

Due to their amphiphilic properties, biosurfactants facilitate the remediation of petroleum 

from the ecosystem. They decrease the interfacial tension and disperse the oil particles 

into small droplets, turning them into non-toxic materials [61]. Biosurfactants help to 

remove petroleum (Figure 7) and other hydrocarbons from water through biodegradation, 

solubilization, mobilization or emulsification. During the solubilization of contaminants, 

a large concentration of biosurfactants is required. Mobilization happens at a 

biosurfactant concentration lower than the CMC value. Mobilization has two stages: 

displacement and dispersion. In the first stage (displacement) the hydrocarbon droplets 

are released by the porous medium because of the reduction in interfacial tension. In the 

second stage (dispersion) the hydrocarbon is dispersed in the aqueous phase as fine 

emulsions. Emulsions are not generally stable for a long time, but they may remain stable 

for significant periods due to kinetic restrictions [46]. 

Figure 7 –  Mechanism for removing petroleum by biosurfactants [46] 

2.3.1.5. Techno-economic evaluation of Bacilli products 

Lipopeptide-type biosurfactants are more preferred than chemically synthesized 

surfactants, and also have widespread applications and are biodegradable. Therefore, their 

large-scale manufacturing should be solved. However, only a few information is 

available, thus I intend to develop a bioprocess simulation to estimate a feasible plant 

capacity. 

Techno-economic analysis is frequently applied to analyze the financial aspects of a 

particular engineering end-product or design to provide investors with a guideline on the 

potential commercialization of the said product [76]. It also evaluates the economic 

feasibility of a certain technology [77].  

TEA of Bacilli fermentations has mostly been published for B. thuringiensis, focusing on 

manufacturing biopesticides [78]. However, the applications of B. subtilis and B. 

licheniformis besides the production of surfactin and lichenysin also provide the 
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opportunity to market the biomass that is formed as soil inoculants [79]. Pérez Sánchez 

et al. investigated an Azospirillum brasilense-based biofertilizer plant that produces 44 

tons of liquid biofertilizer per year [80]. Phanthumchinda et al. developed a method of 

downstream processing for the recovery of lactic acid, which was fermented by Bacillus 

sp. in a 5 L fermenter [81]. Mukherjee et al. used Bacillus sp. to produce biosurfactants. 

Following optimization of the media, a final concentration of 2.4 g/L of biosurfactant was 

achieved [82]. Bezza et al. investigated different bacterial isolates, one of which, B. 

subtilis CN2, was able to produce a lipopeptide biosurfactant [83].  

It is challenging to research the biosurfactant production from Bacillus species (i.e., 

lipopeptides like surfactin and lichenysin), due to the foaming and the low product 

concentrations analyzed in a TEA. Therefore, the goal is to investigate biosurfactant-

producing plants’ techno-economic analysis. 

2.3.1.6. Production 

Bacilli are well-known for producing lipopeptide-type biosurfactants. Geissler et al. 

summarized the studies investigating carbon, nitrogen and trace elements [84]. Bacillus 

species can produce biosurfactants either in an immobilized cell system [85] or in a 

submerged way [86]. Most of the submerge fermentations are carried out in shaking flasks 

[86] [87] [88], however, there are a few studies where laboratory-scale bioreactors [89] 

[90] were applied. The most frequently applied carbon source is glucose [87] [88] [91] 

[92] [93] and nitrogen source is NH4NO3 [92] [91] [94] [95]. The most regularly 

combined carbon and nitrogen source is glucose and NH4NO3 [96] [97] [98] [99] [100]. 

Glutamic acid is a rarely applied nitrogen source [101]. Considering the large-scale 

application, glucose is a cheaper, but also a chemically pure substrate. When either the 

carbon or the nitrogen source becomes depleted, the bacteria can consume the produced 

biosurfactants [92]. There were several attempts to produce LP-type biosurfactants from 

cheap substrates, for instance rice mill polishing residue (RMPR) [102], palm oil [103], 

clarified cashew apple juice [104], potato peels [95], cassava wastewater [105], molasses 

[106] [107], sugarcane bagasse [108], crude oil [109], corn steep liquor [110], waste of 

candy industry [111], glycerol and sunflower oil [112]. For large-scale fermentation of 

biosurfactants, water-soluble substrates are preferred, contrasting to the hydrophobic 

substrates. Hence, several industrial wastes like molasses, whey and distilleries effluent 

could reduce the cost of production. Despite the fact that cheap raw materials are available 

in large amounts, they can lead to undesirable side products or the production process 

might need a special purification to obtain a pure product, which could increase the cost 

of production [113].  

There are several Bacillus species capable to produce biosurfactants, e.g., Bacillus 

circulans [91], B. licheniformis [87] [92] [114], B. subtilis [90] [115], B. 

stearothermophilus [43] [103] [116], B. thuringiensis [117], B. coagulans [118], B. 

megaterium [109] [119], and B. pumilus [108]. Among Bacilli, Geobacillus 

stearothermophilus produces bioemulsifiers [120] [7]. Among the producing Bacilli there 



29 

 

are several patents for the application of the synthesized bioemulsifiers and biosurfactants 

[121]. 

G. stearothermophilus is an exception among Bacilli, regarding the produced 

biosurfactant, because it produces high molecular weight polymeric type biosurfactant, 

which might be lipoprotein types, not the lipopeptide ones [5] [43] [103] [116]. 

B. subtilis S499 produces three types of lipopeptide-based biosurfactants, namely 

surfactin S1, iturin A and fengycin. Surfactin was produced during the exponential cell-

growth phase, and iturin A and fengycin were synthesized in the stationary phase [115].  

Table 2 summarizes the biosurfactant fermentation with Bacillus species. B. subtilis can 

produce strong biosurfactants which can decrease the ST below 30 mN/m. Biosurfactants 

from G. stearothermophilus have exceptional emulsifying properties. Most experiments 

were carried out in shaking flask experiments and the investigated bacteria produced the 

biosurfactants in a wide range. The most frequently applied carbon and nitrogen source 

pair is the glucose and NH4NO3 (Table 2 line: 1., 5., 10., 13.). 

Response surface methodology (RSM) is frequently applied for enhancing biosurfactant 

production, which is commonly combined with central composite design (CCD) and Box-

Behnken designs of experiments [122]. Apart from statistical optimization, the 

application of artificial neural networks (ANN) is a new approach to model and optimize 

fermentation conditions [123]. ANN is a nonlinear computation tool to model very 

complex functions. The peculiarity of ANN depends on the fact that they operate using 

many parallel connected simple arithmetic units (neurons). Mathematically, a neuron can 

be defined as a nonlinear, parameterized, bounded function. The variables in this function 

depend on the inputs of the neuron, and its value is called the output [124]. MATLAB is 

a frequently applied software for building ANN [125] and machine-learning models 

[126]. Among the handful number of research papers with artificial neural networks either 

for biosurfactant production or any other product, usually, only one outcome parameter 

is investigated [127], and if one would like to predict any other parameter, another ANN 

is built instead of applying two or more outcome parameters, like in the case of 

biosurfactant production with Klebsiella sp. FKOD36 [128]. 

The widely applicable biosurfactants nowadays are having great importance in various 

industries as well as in environmental remediation. Hence, it is worth dealing with the 

improvement of the product quality and quantity produced by Bacillus species.  
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Table 2 – Submerged fermentation of biosurfactants by Bacillus species 

Number Strain 
C 

source 
N source Scale Product 

Concentration 

[g/L] 

ST 

[mN/m] 
CMC 

Emulsification 

index E24 
Reference 

1. marine B. circulans 
glucose 

20 g/L 

NH4NO3 

3 g/L 
100 mL lipopeptide N/A 

28 from 

isolated 

product 

N/A N/A [91] 

2. 
B. licheniformis 

HSN 221 

glucose 

20g/L 

peptone 

20 g/L, 

yeast 

extract 

(YE) 10 

g/L 

shaking 

flask 

surfactin, 

lichenysin 
N/A N/A N/A N/A [87] 

3. B. subtilis S499 
glucose 

20 g/L 

peptone 

30 g/L, 

YE 7 g/L 

20 L 

bioreactor 

surfactin, 

fengycin, 

iturin A 

0.826 

0.657 

0.095 

N/A N/A N/A [115] 

4. 
B. subtilis 

SZMC6179J 

glucose 

10 g/L 

glutamic 

acid 5 g/L 

20 mL 

shaking 

flask 

surfactin N/A N/A N/A N/A [88] 

5. 

B. licheniformis 

WX02-Psrflch 

mutant 

glucose 

30 g/l 

NH4NO3 5 

g/L 

30 mL 

shaking 

flask 

lichenysin 

isoforms 
2.149 N/A N/A N/A [92] 

6. 

Geobacillus 

stearothermophilus 

A-2 

2% 

heavy 

crude 

oil 

NaNO3 4 

g/L, YE 

0.5 g/L 

100 mL 

shaking 

flask 

bioemulsifier N/A N/A N/A N/A [116] 
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Number Strain 
C 

source 
N source Scale Product 

Concentration 

[g/L] 

ST 

[mN/m] 
CMC 

Emulsification 

index E24 
Reference 

7. 
B. licheniformis 

MS3 

n-

decane 

0.1 

v/v% 

NH4NO3 1 

g/L 

100 mL 

shaking 

flask 

lipopeptide N/A N/A N/A N/A [94] 

8. B. subtilis DM-03 

potato 

peels 2 

w/v% 

NH4NO3 3 

g/L 

500 mL 

shaking 

flask, 3 

L/5 L 

bioreactor 

lipopeptide N/A 34.0±1.1 
140 

mg/L 
55±1.8 [95] 

9. Bacillus coagulans 
starch 

10g/L 

NaNO3 2 

g/L 

100 mL 

shaking 

flask 

surfactin 

isoforms 
N/A 27.4 

17.3 

mg/L 
N/A [118] 

10. 
Bacillus subtilis 

ATCC 21332 

glucose 

40 g/L 

NH4NO3 

50 mM 

4 L/5 L 

bioreactor 
surfactin N/A N/A N/A N/A [129] 

11. 
B. subtilis MTCC 

2423 

RMPR, 

starch 2 

w/v% 

N/A 

200 mL 

shaking 

flask 

surfactin 
4.17 g/kg 

RMPR 
27 N/A N/A [102] 

12. 

Geobacillus 

stearothermophilus 

UCP 0986 

7.5% 

palm 

oil 

4.5% 

corn steep 

liquor 

4 L/8 L 

high 

molecular 

weight 

biosurfactant 

(non-ionic) 

2.3 g/L 31 2.5% 29-87 [103] 

13. 
B. subtilis ATCC 

21332 

glucose 

40 g/L 

NH4NO3 

50 mM 

100 mL 

shaking 

flask 

surfactin N/A 27 
15 

mg/L 
50-60 [130] 
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Number Strain 
C 

source 
N source Scale Product 

Concentration 

[g/L] 

ST 

[mN/m] 
CMC 

Emulsification 

index E24 
Reference 

14. B. subtilis CN2 
glycerol 

6 w/v% 

(NH4)2SO4 

6 g/L 

500 mL 

shaking 

flask 

lipopeptide 7150 mg/L 32 
185±10 

mg/L 
76-84 [83] 

15. B. subtilis EG1 N/A 

YE 5 g/L, 

tryptone 

10 g/L 

500 mL 

shaking 

flask 

lipopeptide 150 mg/L 30.1±0.2 
40 

mg/L 
60.3±0.4 [86] 
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2.3.1.7. Downstream processing (biosurfactant isolation and purification) 

Downstream processing of fermentation broth can be challenging due to its complex 

composition. Regarding the downstream processing of LP-type biosurfactants (mainly 

surfactin and lichenysin), the acid precipitation method is the most commonly applied. It 

comprises several steps and is often combined with solvent extraction [130]. The acid 

precipitate is neutralized, and then lyophilized. The isolated powder can be measured 

gravimetrically as the isolated crude biosurfactant [118] [131]. 

Polymyxin is also an LP-type biosurfactant from Paenibacillus species. After the cell 

separation, activated charcoal is put into the cell-free supernatant, then the polymyxin 

binds to the activated charcoal. With an elution step, the polymyxin can be separated. 

Following a concentrating step, clean polymyxin can be achieved by dialysis [38]. 

Applying organic solvents is another extraction method of biosurfactants from 

Paenibacillus. First, the supernatant is extracted with n-butanol, then a concentrating step 

with rotary evaporation is followed by silica gel chromatography [132]. 

2.3.2. Cyclodextrin glycosyltransferase 

Another important product of Bacilli is cyclodextrin glycosyltransferase, which I 

intended to use in my research. Therefore, this subsection is dedicated to this topic. 

CGTase (EC 2.4.1.19; [1,4-α- D-glucan 4-α-D-(1,4-α-glucano)-transferase(cyclizing)]) is 

a hexosyltransferase and a multifunctional enzyme, also the member of the α-amylase 

family [133], as well as the member of the glycosyl hydrolase family 13 [134]. It has a 

high potential for several industrial applications since it can catalyze four different 

reactions (as detailed in Figure 8). CGTase can form cyclodextrins via cyclization 

reaction, it has a coupling activity, it can catalyze disproportionation reactions, and it has 

a small hydrolysis activity in presence of water [133]. 

Figure 8 – Reaction catalyzed by CGTase enzyme (A: cyclization, B: coupling, C: 

disproportionation, D: hydrolysis) 
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Glycosyltransferase enzymes transfer sugar moieties or glycosyl groups from a donor to 

an acceptor during a glycosyl bond formation [135]. There are two subgroups in the group 

of glycosyltransferases, Leloir and non-Leloir glycosyltransferases [136]. Leloir 

glycosyltransferases catalyze the synthesis of complex oligosaccharides. Leloir 

glycosyltransferases synthesize oligosaccharides with high stereo- and regiospecificity 

from monosaccharide units such as glucose, galactose, and xylose. These molecules are 

activated as uridine diphosphate (UDP)-α-D derivatives, which require expensive 

nucleotide activated sugars (Figure 9) [137]. The α-amylase family is a member of the 

non-Leloir glycosyltransferases [138].  

 

Figure 9 – Enzymatic synthesis of oligosaccharides for Leloir and non-Leloir 

glycosyltransferases [137] 

For the catalytic activity, one glutamic acid and two aspartic acids are important for the 

active site [139]. The catalytic domain of the CGTase enzyme has an (α/β)8 barrel 

structure, and here the conserved regions constitute the active center of the CGTase [140]. 

Catalytic domain A (α/β)8 is present throughout the α-amylase family. This structural 

subunit is composed of 300-400 amino acids and the catalytic moiety is located at the C-

terminus at the end of the β-strands. Four short, conserved regions are typical of this 

family. Domain B is an extended loop region inserted after the 3rd β-strand of domain A. 

This domain is composed of 44-133 amino acids and is responsible for substrate binding. 

The C domain has an antiparallel β-fold. The maltose-binding moiety has been observed 

in this domain. This maltose-binding site is involved in the binding of crude starch, 

suggesting that the C domain also plays a role in substrate binding. Some enzymes in the 

α-amylase enzyme family also have domains D and E. In the α-amylase enzyme family, 

overall sequence similarity is low, less than 30%. However, there are 4 very conserved 

regions in this family. All 4 regions are directly involved in the catalysis, either by 
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substrate binding, bond cleavage, or transient stabilization, or as ligands for a Ca2+-

binding site near the active site. There are 3 carboxylic acid groups, 1 glutamic acid and 

2 aspartic acid, which are essential for catalytic activity in the α-amylase family [55]. 

The molecular weight of the CGTase enzyme can vary from 60 to 110 kDa, but typically 

they have a molecular weight of 75 kDa [141]. The single-chain CGTase enzyme is 

approximately built from 650 amino acids, of which catalytic activity strongly depends 

on Ca2+ [142]. The most important metal ion demand for them is Ca2+, which protects the 

protein against heat denaturation. Most CGTase enzymes are strongly inhibited by Zn2+, 

Cu2+ and Fe2+ ions [55]. 

2.3.2.1. Production 

CGTase is mostly produced extracellularly by several microorganisms [143]; Table 3 

introduces batch fermentation examples. Various numbers of Bacillus, Klebsiella, 

Paenibacillus, Themoanaerobacter, Themoanaerobacterium, and Actinomycetes can 

synthesize this enzyme [144] [145] [146]. Such strains include various Bacillus like B. 

megaterium [147], B. amyloliquefaciens [148], B. macerans [149] [150], B. licheniformis 

[151] [152], B. firmus [134], B. lentus [153], B. coagulans [154], B. ohbensis [155] [156], 

Bacillus sp. C26 [157], B. clarkii [158], B. clausii [159], B. lehensis [160] [161], B. 

subtilis [162], and Geobacillus stearothermophilus [163] as well as Thermoanaerobacter 

sp. [164]. Even other strains, such as some members of the genera Brevibacterium, 

Clostridium, Klebsiella, and Micrococcus, are capable of producing the enzyme [165]. In 

addition, Amphibacillus and Pyrococcus are known for producing CGTase [160]. From 

an industrial point of view, microbes with a high maximal specific growth rate during 

CGTase production are beneficial on a large-scale [21]. 

Bonilha et al. applied B. licheniformis to produce CGTase, of which activity was 

qualitatively analyzed based on quenching zones in agar. The maximum CGTase activity 

was 0.162 U/mL applying potato starch as substrate [151]. Thombre et al. also used B. 

licheniformis to produce β-CGTase during shaking flask experiments, which had an 

enzyme activity of 2.2 U/mL in the broth [152]. Chung et al. were able to produce CGTase 

with relatively small activity by B. coagulans (0.06 U/mL) in fermentation broth [166]. 

Wong et al. produced CGTase with B. stearothermophilus having an activity of 10.41 

U/mL in the broth [167]. Akimaru et al. produced thermostable CGTase with B. 

coagulans and B. macerans, and the enzyme showed the highest activity at pH 6 and 70°C 

having activity around 904 U/mg [154]. Va et al. produced CGTase with B. coagulans 

[165]. Nowadays, there are several attempts to produce CGTase enzymes in a 

recombinant way, for instance with α-cyclization activity [168] [169]. B. macerans 

INMIA-BIO-4m, B. circulans INMIA-BIO-5m, B. stearothermophilus INMIA-B-4006, 

B. alcalophilus INMIA-VA-4229, B. halophilus INMIA-BIO-12N are excellent CGTase 

producer strains, resulting both β- and γ-type enzymes [170] [171]. 

Among Bacilli, B. circulans have an exceptionally high enzyme activity compared to the 

other species (Table 3 line 6.). Generally, starch is the applied substrate for CGTase 

production (Table 3 line: 1., 3., 6., 7., 8., 9. and 10.). Some approaches used a cheaper 
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substrate (amaranth starch) than corn starch [172]. First, the use of manioc flour as a 

carbon source has aroused great interest in fermentation processes. The agro-industrial 

product containing manioc flour has 60–80% starch content and can be produced by a 

simple inexpensive process [173]. Sorghum starch is also a carbon source to produce the 

enzyme and demonstrated that it could also be a low-cost alternative to soluble corn starch 

[174]. 
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Table 3 – CGTase enzyme fermentation with Bacilli 

Number Strain 
Enzyme 

type 
Activity 

Specific 

activity 
Scale Media T[°C] pH Reference 

1. 

Bacillus 

amyloliquefaciens 

AL 35 

α-

CGTase 

145 

U/mL 

14.7 

U/mg 

10 L 

bioreactor 

potato starch 20 g/L, 

YE 5 g/L, peptone 5 

g/L, K2HPO4 1 g/L, 

MgSO4 0.2 g/L 

37.0 9.0 [148] 

2. 

Bacillus clarkii 

7364 γ-CGTase 

gene in E. coli 

BL21(DE3)pLysS 

β-, and 

γ-

CGTase 

N/A N/A N/A 

(2.4 % YE, 1.2 % 

peptone, 1 % 

glycerol, 1.6 % 

K2HPO4 * 3H2O, 0.2 

% KH2PO4 

25.0 N/A [158] 

3. Bacillus megaterium 
β-

CGTase 

0.308 

U/mL 

60.39 

U/mg 

0.5 L 

shaking 

flask 

100 mL potato 

extract, 0.5 v/v% 

corn steep liquor 

37.0 7.5 [147] 

4. Bacillus firmus 37 
α-, β-, γ-

CGTase 
N/A N/A N/A 

100 g/L 

cassava 

maltodextrin 

N/A N/A [134] 

5. 

B. circulans 

STB01β-CGTase 

gene in E. coli 

JM109 

α-, β-, γ-

CGTase 
N/A 

401.3 

U/mg 

50 mL 

shake 

flask 

terrific broth (11.8 g 

tryptone,23.6 g YE, 

9.4 g K2HPO4, 2.2 g 

KH2PO4, 4 mL 

glycerol (0.4%) per 

liter 

37 N/A [175] 

6. B. circulans 
β-

CGTase 

216.94 

U/mL 
N/A 

100 mL 

shake 

flask 

Hoirkoshi II 

(modified 1.6 g/L 

sorghum starch) 

35 8.0 [174] 
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Number Strain 
Enzyme 

type 
Activity 

Specific 

activity 
Scale Media T[°C] pH Reference 

7. B. firmus 37 
β-

CGTase 

0.77 

U/mL 
N/A N/A Horikoshi II 37 N/A [142] 

8. B. circulans DF 9R 
β-

CGTase 

1.47 

U/mL 

79.6 U/g 

dry cells 

*h 

3 L 

bioreactor 

1.5 % cassava starch, 

0.4 % (NH4)2SO4, 

100 mM phosphate 

buffer pH 7.6, 0.002 

% MgSO4 and 0.002 

% FeSO4 

37 7.2-8 [176] 

9. Bacillus sp. BL-12 
β-

CGTase 

18.8 

U/mL 

18 U/mg 

protein 

250 mL 

shake 

flask 

Horikoshi II 37 10.0 [177] 

10. 

Bacillus 

licheniformis MCM 

– B1010 

β-

CGTase 

2.2 

U/mL 

0.5 

U/mg 

protein 

50 mL 

shake 

flask 

potato starch 10 g/L, 

peptone 10 g/L, YE 5 

g/L, NaCl 5 g/L 

30 10 [178] 
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2.3.2.2. Applications 

The main application of CGTase enzyme is the formation of cyclodextrins via 

cyclization reaction (Figure 8 (A)) [179]. CDs are cyclic oligosaccharides built from 6, 

7 or 8 glucose units and are named α-CD, β-CD and γ-CD, respectively. However, there 

are more opportunities regarding the catalyzed reactions by CGTase. 

The CGTase enzyme has market potential in producing cyclodextrins (α-, β- or γ-CD), 

which are used by the food and pharmaceutical industries as packaging or stabilizers. 

The production of cyclodextrins is increasing year by year [180]. CGTase enzyme is 

frequently applied in the food industry because of the production of CDs. They can form 

inclusion complexes with different molecules, stabilize aroma and flavor, mask odor 

and bitterness of vitamins in fortified products, and increase the solubility of various 

food materials [181]. 

Thermostable CGTase enzymes play an important role in producing high fructose corn 

syrup. It is also preferable to liquefy the starch with CGTase at pH 5, then with α-

amylase above pH 6, as this will reduce the formation of by-products and the 

unnecessary consumption of reagents at higher pH and subsequent consumption during 

cleaning. According to Starnes et al., for CGTase to be economically competitive, the 

Thermoanaerobacter thermostable CGTase enzyme gene must be cloned and expressed 

in a well-producing strain of the enzyme [182] [183]. 

CGTase enzymes produced by extremophilic microorganisms (like B. 

stearothermophilus and B. alcalophilus) are effective biocatalysts to glycosylate and 

modify the stevioside molecule [170] [171]. 

In terms of enzymatic bioconversion, this enzyme (in a free form) is frequently applied 

in glycosylation reactions, like modification of stevioside [177], neohesperidin and 

naringin [184]. The transglycosylated products formed by CGTase are widely used in 

food additives, supplements, personal care and cosmetic, detergent and medical 

products because of the improvements in the solubility, stability, bioactivity and length 

of the synthesized products [179]. 

2.4. Stevia rebaudiana  

Stevia rebaudiana (Bertoni) (Figure 10) is a perennial shrub plant belonging to the 

Asteraceae family (Compositae). It is native to some regions of South America, 

including Paraguay and Brazil [185]. The genus Stevia comprises 230 species. Among 

them S. rebaudiana is the sweetest one [186]. Other members of this family and genus 

have sweetening potential: Stevia dianthoidea, S. phlebophylla, S. anisostemma, S. 

bertholdii, S. crenata, S. enigmatica, S. eupatoria, S. lemmonii, S. micrantha, S. 

plummerae, S. salicifolia, S. serrata and S. viscida. However, these are not as sweet as 

S. rebaudiana, but they provide considerable alternatives [187]. 
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2.4.1. Biosynthesis of steviol glycosides 

The biosynthesis of SGs takes place in the leaves. Most of the reactions are catalyzed 

by different UDP-glycosyltransferases. The basis molecule is steviol, and after a long 

glycosylation process a mixture of mono-, di-, tri-, and tetraglycosides is obtained. The 

triglycoside stevioside and the tetraglycoside rebaudioside A (reb A) represent the 

majority of the SGs in S. rebaudiana leaves. SGs are secondary metabolites and 

diterpene compounds. Some parts of the biosynthetic pathway are identical to 

gibberellic acid (GA, a phytohormone) formation [188]. The formed glycosides are 

transported from the leaves to different parts of the plant. The pathway is catalyzed by 

16 enzymes. The first seven steps are common with the methyl erythritol-4-phosphate 

(MEP) pathway, where pyruvate and glycerol aldehyde-3-phosphate condense to 1-

deoxy-D-xylulose-5-phosphate (DXP), which is catalyzed by the DXP synthase 

enzyme. Later, DXP-reductoisomerase (DXR) catalyzes the conversion of DXP to MEP 

with an NADPH-dependent reduction, which also involves intramolecular 

rearrangements [189]. The next three steps result in isopentenyl pyrophosphate (IPP) 

and dimethylallyl pyrophosphate (DMAPP). Until this step, the reaction sequence is the 

same as the part of the MEP pathway responsible for isoprenoid (and through its 

terpenoid) biosynthesis. In the next four steps, kaolinic acid is synthesized from geranyl-

geranyl diphosphate (GGDP), which is identical to GA biosynthesis. Steviol glycosides 

have a physiological function in the plant, regulating the C13 hydroxylation in the 

gibberellin biosynthesis [190]. 

The remaining five steps are specific to the SGs biosynthesis pathway. After 

hydroxylation resulting in steviol, the final four steps are catalyzed by UDP-

glycosyltransferases (UGTs). Three of the four enzymes have already been identified, 

namely UGT85C2, UGT74G1, and UGT76G1. UGT85C2 catalyzes the addition of C13-

glucose onto steviol to form steviolmonoside. The steviolmonoside is then glycosylated 

to form the steviolbioside. In this step the catalyzing UGT has not been identified yet. 

Steviolbioside is glycosylated at the C19 position, catalyzed by the enzyme UGT74G1 

to form stevioside. Finally, another glycosylation occurs at the C13 2’-position of the 

stevioside and reb A is produced. The final step is catalyzed by the enzyme UGT76G1 

[189] [191][192] [193].  

2.4.2. Sweetening potential of steviol glycosides 

SGs from S. rebaudiana are about 300 times sweeter than sucrose (Table 4) [194]. The 

amount of SGs can vary from 4 to 20% of the dry weight of the leaves, depending on 

the variety and growing conditions. Stevioside is the most abundant, but other sweet 

diterpenes are also present in lower concentrations in leaves: different rebaudiosides, 

dulcoside, and steviolbioside [185]. Analyzing the sensory properties of the two major 

SGs, we can see that reb A has an 8.3 and stevioside has an 11.2 sweetening effect, 

which are taste thresholds in µM. On the other hand, the bitter taste of reb A only 0.194, 

while this value for stevioside is 112. Even though stevioside is a little bit sweeter than 

reb A, it has a huge bitter aftertaste, which ruins its sweetening capacity [195]. 
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Highly purified (at 95% on dry basis) SGs are accepted as GRAS by the U.S. Food and 

Drug Administration and approved for Europe by the European Food Safety Authority 

[196] [197]. The market for Stevia rebaudiana is still increasing, and according to the 

estimation of Zion Market Research, it will reach 721 million USD by 2024, growing at 

a CAGR of 8.2% [198]. S. rebaudiana is cultivated in China, Japan, Malaysia, 

Indonesia, Thailand, and Armenia (in Asia), and Kenya, Ghana, Rwanda, Morocco, 

Zambia, Tanzania, and Congo in Africa. Cultivation of S. rebaudiana was also 

successful in large and sunny countries such as India, Turkey, Mexico and the USA, due 

to its demand for high-intensity light irradiation [197]. 

This plant has several advantageous properties. SGs in the leaves of the plant provide a 

sweet taste to S. rebaudiana, which also has an antihypertensive effect and can be used 

to produce a zero-calorie sweetener that can be consumed by people with 

phenylketonuria and diabetics as well [194].  

The extract of the plant is well-known for antibacterial, antifungal, anti-inflammatory, 

antimicrobial, antiviral, anti-yeast, cardiotonic, diuretic, hypoglycaemic and 

renoprotective properties [199] [200] [201] [202]. SGs are safe to use in the food 

industry due to their safety at even high intake levels. Moreover, they neither have 

mutagenic, teratogenic, carcinogenic effects nor allergic reactions when they are used 

as sweeteners [203]. SGs are very stable in a wide pH range from 2 to 10, and are heat 

resistant up to 140°C [204] [205]. Moreover, stevioside can be degraded partially by the 
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gut microflora, which results in steviol. Then steviol is transported to the liver and 

transformed to steviol glucuronide, which can be discharged in the urine [206]. 

Figure 11 – Backbone structure of steviol glycosides [207]; R1 and R2 groups are listed 

in Table 4 

Figure 10 – Stevia rebaudiana irradiated under artificial light 
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Table 4 – Structure (based on Figure 11) and properties of SGs [208] 

Component R1 R2 

Content 

(g/100 g 

dry leaf 

weight 

Sweetness Reference 

Steviol H- H- 
<0.01 % 

trace 
- [209] 

Steviolmonoside H- Glc(β1- N/A N/A - 

Steviol-19-O-

glucoside 
Glc(β1- H- N/A N/A - 

Rubososide Glc(β1- Glc(β1- trace 115* [209] 

Steviolbioside H- 
Glc(β1-2) 

Glc(β1- 
0.1% 100-125* 

[209] 

[190] 

[210] 

Stevioside Glc(β1- 
Glc(β1-2) 

Glc(β1- 

5-10 

v/v% 
300* 

[209] 

[190] 

Rebaudioside A Glc(β1- 

Glc(β1-2)[ 

Glc(β1-3)] 

Glc(β1- 

2-5 

v/v% 
250-450* 

[209] 

[190] 

Rebaudioside B H- 

Glc(β1-2)[ 

Glc(β1-3)] 

Glc(β1- 

<<1.0 300-350 [211] 

Rebaudioside C Glc(β1- 

Rha(α1-

2)[Glc(β1-

3)]Glc(β1- 

1 v/v% 50-120* 
[209] 

[190] 

Rebaudioside D 
Glc(β1-

2)Glc(β1- 

Glc(β1-

2)[Glc(β1-

3)]Glc(β1- 

0.2 

v/v% 
250-450* 

[209] 

[190] 

Rebaudioside E 
Glc(β1-

2)Glc(β1- 

Glc(β1-

2)Glc(β1- 

0.2 

v/v% 
150-300* 

[209] 

[190] 

Rebaudioside F Glc(β1- 

Xyl(β1-

2)[Glc(β1-

3)]Glc(β1- 

0.2 

v/v% 
200 

[190] 

[194] 

Rebaudioside G Glc(β1- 
Glc(β1-

3)Glc(β1- 
N/A N/A - 

Rebaudioside H Glc(β1- 

Glc(β1-

3)Rha(α1-

2)[Glc(β1-

3)]Glc(β1- 

N/A N/A - 

Rebaudioside I 
Glc(β1-

3)Glc(β1- 

Glc(β1-

2)[Glc(β1-

3)]Glc(β1- 

N/A N/A - 
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Component R1 R2 

Content 

(g/100 g 

dry leaf 

weight 

Sweetness Reference 

Rebaudioside J 
Rha(α1-

2)Glc(β1- 

Glc(β1-

2)[Glc(β1-

3)]Glc(β1- 

N/A N/A - 

Rebaudioside M 

Glc(β1-

2)[Glc(β1-

3)]Glc(β1- 

Glc(β1-

2)[Glc(β1-

3)]Glc(β1- 

0.4-0.5 

v/v% 
250-350 

[212] 

[213] 

Rebaudioside N 

Rha(α1-

2)[Glc(β1-

3)]Glc(β1- 

Glc(β1-

2)[Glc(β1-

3)]Glc(β1- 

N/A N/A - 

Rebaudiodie O 

Glc(β1-

3)Rha(α1-

2)[Glc(β1-

3)]Glc(β1- 

Glc(β1-

2)[Glc(β1-

3)]Glc(β1- 

N/A N/A - 

Rebaudioside X 

β-Glc[β-

Glc(3→1)]-

β-

Glc(2→1) 

 

β-Glc[β-

Glc(3→1)]-

β-Glc(2→1) 

 

N/A 250-300 [214] 

Dulcoside A Glc(β1- 
Rha(α1-

2)Glc(β1- 

0.4-0.7 

v/v% 
50-120* 

[209] 

[190] 

[211] 

Dulcoside B H- 

Rha(α1-

2)[Glc(β1-

3)]Glc(β1- 

N/A 40-60 [215] 

glc = glucose; rha = rhamnose; xyl = xylose; 

*Sweetness, times sweeter than sucrose at a concentration of 0.025% 

 

2.4.3. Enzymatic bioconversion of steviol glycosides 

Due to the unpleasant taste of stevioside, its bioconversion to a sweeter and more 

pleasant product is beneficial. Stevioside is the major component in the leaves, the 2nd 

one is rebaudioside A, which is sweeter and does not have an unpleasant aftertaste. 

Hence, forming reb A from stevioside is an advantageous process. Therefore, the ratio 

of stevioside to reb A is an acceptable number to measure sweetness [216]. In the 

literature, there are various attempts to modify or transform the stevioside molecule with 

different enzymes. Some of them are listed in Table 5. There are different types of 

enzyme systems that are capable of modifying SGs. For instance, CGTase, α- and β-

glucosidase, α- and β-galactosidase, β-fructosidase and β-glycosyltransferase systems 

using either UDP-sugars or non UDP-sugars [207] [217] as well. Cyclodextrins can 
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form inclusion complexes with these terpenoid molecules to improve SGs solubility and 

enzymatic bioconversion [218]. 

Generally, there are two types of reactions, the conventional and the microwave reactor 

assisted. The formerly mentioned technique requires more time but less expensive 

equipment [219]. The latter requires high-cost equipment, but it is very fast, one reaction 

takes only a couple of minutes [220]. The research on the steviol glycosides’ 

bioconversion starts from chemically pure stevioside, the usage of S. rebaudiana plant 

extract is not typical [221].  

During the biosynthesis in the plant, the stevioside to reb A reaction is catalyzed by the 

UDP-glycosyltransferase 76 G1 enzyme. The enzyme coding sequence was cloned into 

E. coli [222] and Saccharomyces cerevisiae [223]. In a co-expression system with 

Pichia pastoris GS115, sucrose synthase mbSUS from Vigna radiata and a 

glycosyltransferase (UGT76G1) highly improved the reb A synthesis up to 261.2 mM 

(252.6 g/L) in a batch (26 h) [1]. 

The fungi, Gibberella fujikuroi can produce hydrolases and transferases, which can 

modify the stevioside molecule, leading to rebaudioside A and B or steviolmonoside 

[224]. Another fungus, Irpex lacteus produces β-1,3-glucanase enzyme, which can 

transfer a glucose molecule from curdlan as glycosyl donor to the stevioside, resulting 

reb A [225].  

The lactic acid bacteria, Leuconostoc kimchii is able to produce dextransucrase enzyme, 

which can transfer sugars onto the stevioside molecule. It can synthesize rebaudioside 

A-like compounds, which are more stable than stevioside from a food application point 

of view [226]. 

Li et al. examined stevioside conversion with CGTase, with the highest conversion 

achieved at 77% [227]. The conversion of stevioside to reb A can be performed not only 

by CGTase but also by cellulases [219].  

In the 21st century, the demand for alternative natural plant-based nutrition is increasing. 

Among the sweeteners, Stevia rebaudiana is one of the most widely applicable. Due to 

the metabolic syndromes, phenylketonuria and diabetes S. rebaudiana is a perfect 

candidate for the natural organic sweet part of our lives. Studying the enzymatic 

bioconversion of steviol glycosides is a priority area today, as the development of 

alternative sweeteners nowadays is essential in our society. CGTase is a key enzyme in 

the transglycosylation of steviol glycosides and is therefore likely to grow in industrial 

interest from this perspective. 
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Table 5 – Summary of the enzymatic modification of steviol glycosides using different enzyme systems (adapted from [221]) 

Enzyme source 

Enzy

me 

activi

ty 

Glycos

yl 

donor 

Glycosyl 

acceptor 

pH  

[-] 

T 

[°C] 

Reaction 

time 
Reaction type 

Stevioside 

conversion 

[%] 

Reb A 

conversion 

[%] 

Stevios

ide 

content 

[%] 

Reb A 

content 

[%] 

Reference 

Trichoderma viridae 

cellulase Onozuka R-

10 

N/A 

Soluble 

starch 

Stevia 

leaf 
4.6 50 10 h conventional N/A N/A 

14.40 66.00 

[219] 

Sucrose 44.36 6.65 

Lactose 48.01 6.48 

Glucos

e 
60.00 7.00 

Β-

cyclode

xtrin 

24.58 38.26 

Bacillus firmus β-

CGTase 

0.12 

– 

4.00 

U/g 

Β-

cyclode

xtrin 

Steviosid

e 

1-11 

(7) 

10-80 

(50) 
1 min 

Microwave 

reactor 80W 
70.00 N/A N/A N/A [220] 

Thermoanaerobacter 

Toruzyme 3.0L 

CGTase 

370 

U/mL 

Gelatin

ized 

corn 

starch 

Steviosid

e 
6-8 60 3 min 

Microwave 

reactor 50W 
61.20 N/A N/A N/A [228] 

Bacillus sp. BL-12 β-

CGTase 

205 

U/mg 

maltod

extrin 

20 g/L 

steviosid

e 

8.5 40 12 h conventional 76.00 N/A N/A N/A [177] 

Thermoanaerobacter 

Toruzyme 3.0L 

CGTase 

10 

U/g 

stevio

side 

Corn 

starch 

steviosid

e 
5-6 60 3 h conventional 77.11 N/A N/A N/A [227] 
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Enzyme source 

Enzy

me 

activi

ty 

Glycos

yl 

donor 

Glycosyl 

acceptor 

pH  

[-] 

T 

[°C] 

Reaction 

time 
Reaction type 

Stevioside 

conversion 

[%] 

Reb A 

conversion 

[%] 

Stevios

ide 

content 

[%] 

Reb A 

content 

[%] 

Reference 

UDP-

glycosyltransferase 

UGT76G1 in P. 

pastoris GS115 and 

sucrose synthase from 

Vigna radiata 

Abou

t 180 

U/g/(

cell 

dry 

weigh

t) 

800 

mM 

sucrose 

160 mM 

steviosid

e 

7 50 26 h 

fed-batch 

cascade 

bioconversion 

88.9 N/A N/A N/A [1] 
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3. Materials and Methods 

3.1. Strains 

Microbial strains (Table 6) were purchased from the National Collection of Agricultural 

and Industrial Microorganisms (NCAIM), Hungary; and from the DSMZ-German 

Collection of Microorganisms and Cell Cultures GmbH (DSM).  

Table 6 – Applied strains from Hungarian and German collections 

From the Hungarian strain collection From the German strain collection 

Bacillus circulans NCAIM B.02324 Bacillus coagulans DSM1 

Bacillus firmus NCAIM B.01087T 
Geobacillus stearothermophilus 

DSM2313 (Bacillus stearothermophilus) 

Bacillus licheniformis NCAIM B.01470T 

(DSM13) 
 

Bacillus subtilis subsp. subtilis NCAIM 

B.02624T (DSM10) 
 

 

3.2. Culture media 

Luria-Bertani agar (Table 7) was used for culture maintenance. A chemically defined 

inorganic media (Table 8) was applied for biosurfactant production, where the glucose 

was separately autoclaved from the other components, in order to avoid the Maillard 

reaction. The pH of the chemically defined media was set with 6 N NaOH and 6 N HCl 

to the desired pH value. Horikoshi II media (Table 9) was applied for CGTase 

fermentation, where starch, Na2CO3 were autoclaved separately from the other media 

components. Each media was sterilized at 121°C, for 20 min at 2 bars. 

Table 7 – Luria-Bertani agar (for culture maintaining) [229] 

Component Concentration [g/L] 

Tryptone 10.0 

Yeast extract 5.0 

NaCl 10.0 

Agar 15.0 
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Table 8 – Chemically defined inorganic media (for biosurfactant production) [230] 

Component Concentration [g/L] 

Glucose 34.0 

NH4NO3 1.0 

KH2PO4 6.0 

Na2HPO4 2.7 

MgSO4*7 H2O 0.1 

CaCl2 1.2*10-3 

FeSO4*7 H2O 1.65*10-3 

MnSO4*4 H2O 1.5*10-3 

Na-EDTA 2.2*10-3 

 

Table 9 – Horikoshi II media (for CGTase production) [177] 

Component Concentration [g/L] 

Water-soluble starch 10.0 

Peptone 5.0 

Yeast extract 5.0 

MgSO4*7 H2O 0.2 

K2HPO4 1.0 

Na2CO3 10.0 

 

3.3. Equipment 

3.3.1. Balances 

Sartorius B 120 S and P 211 D type analytical balances were used to measure small 

components (below 1 g). KERN 440-33N and Sartorius B610 balances were applied 

during the measurement of a larger amount (above 1 g) of components. 

3.3.2. pH meter 

The pH was set and measured with a Mettler Toledo AG, Five Easy FE20 electrode.  

3.3.3. Autoclave 

Tuttnauer 3870 ELV type autoclave was used to sterilize the solutions and the equipment. 

The sterilization time was 20 minutes at 121°C. 

3.3.4. Sterile box 

The applied laminar box was a BIOBASE Biosafety Cabinet, Model: 11231BC86, MSC 

Class: II. 
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3.3.5. Shaking incubator 

New Brunswick Scientific Excella E24 and Medicor BRI-1 incubator shakers were used 

for the shaking flask experiments at 37°C and 150 rpm.  

Rotomix (type 2114 MTA Kutesz) was applied for mixing 15 mL reaction tubes during 

the bioconversion experiments. 

3.3.6. Microscope 

BEL Photonics BIO3 Infinity microscope was used to check the bacterial strains under a 

1000-fold magnification. 

3.3.7. Spectrophotometer 

Pharmacia LKB Ultrospec® Plus and Camspec M501 were used to measure the enzyme 

activity and the optical density, respectively. 

3.3.8. Moisture analyzer 

Sartorius MA 35 moisture analyzer was used to measure the cell dry weight.  

3.3.9. Fermenter 

3.3.9.1. 10 mL scale 

 

BioSan Personal Bioreactor RTS-1C (Figure 12) was used to produce inoculum for 

larger-scale (100 mL) fermentations. The equipment continuously rotated (and changed 

the direction periodically for mixing), thermostated and measured the turbidity at 850 nm.  

3.3.9.2. 100 mL scale 

B. Braun Biostat Q (Germany) 150 mL/250 mL bioreactor was used as an intermediate 

scale during the fermentations. Glass vessels were developed at the department and 

manufactured at Faculty’s glass technic laboratory. 

Figure 12 – Biosan Personal Bioreactor RTS-1C [260]  
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3.3.9.3. 1,000 mL scale 

B. Braun Biostat Q (Germany) 800 mL/1,000 mL was used as a producing scale of the 

fermentations. 

Figure 13 represents the bioreactors all 10 mL, 100 mL and 1,000 mL scales. 

 

3.3.10. Applied Thermostat 

Memmert VO 200 vacuum drying oven and a water bath cabinet (duplicated) were used 

to cultivate the microorganisms at a constant level of 30°C and 37°C, respectively. 

Julabo ED 13 water bath was used for thermostating samples during the enzyme activity 

measurements. 

Figure 13 – Applied bioreactors during CGTase production (left: Biosan RTS-1C 10 mL, middle: 

B. Braun Biostat Q 100 mL, right: B. Braun Biostat Q 1 L). 
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3.3.11. Centrifuges 

Seisystem BIO and Heraeus Biofuge Pico Z Eppendorf centrifuges (24*1.5 mL) were 

used to centrifuge small samples. Hermle Z200A type centrifuge was used to centrifuge 

volumes up to 12*15 mL. Janetzki MLW K23D was used to centrifuge larger amounts of 

volumes (4*50 mL). 

3.3.12. HPLC 

3.3.12.1. Waters RI 

Isocratic HPLC (Waters RI) analysis was carried out using a Bio-Rad Aminex HPX-87H 

column (9 μm, 7.8×300 mm). The equipment used had Waters 717plus Autosampler 

furthermore a Waters 1515 isocratic HPLC pump and a Waters 2414 refractive index 

detector.  

3.3.12.2. Waters UV 

Waters UV HPLC system was applied to determine the stevioside and rebaudioside A 

concentrations in the plant extract and sample. The equipment parts were the following: 

a Waters 717 plus autosampler, Waters 1525 gradient pump and Waters 2487 UV 

detector. An Agilent ZORBAX carbohydrate analysis column (5 μm, 4.6×150 mm) was 

applied behind an Agilent guard column (Agilent ZORBAX Reliance Cartridge Guard 

Columns, P.N. 820999-901). 

3.3.12.3. Alliance PDA 

The surfactin concentration was measured by Alliance PDA HPLC system, using a 

Waters Alliance 2695 Separations Module (with an inbuild degasser, quadrupole pump, 

autosampler and column thermostat), equipped with a Waters 2996 photodiode array 

detector, at 205 nm and a Symmetry C18 Column (4.6×150 mm, 5 µm, Waters, Ireland). 

3.3.13. Lyophilizer 

Martin Christ alpha 2-4 LSC was used to freeze-dry the Stevia rebaudiana leaves and 

isolate the biosurfactants. 

3.3.14. Stalagmometer 

Glass stalagmometers (from Wilmad LabGlass) were applied to determine the surface 

tension. A complete stalagmometer set (LG-5050-100) contained 2.5 mL, 3.5 mL and 5 

mL sizes. The 2.5 mL and 5 mL tubes are for lower viscosity, and the 3.5 mL tube is for 

more viscous applications. The measurements were conducted at ambient temperature 

(25°C). 
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3.3.15. Applied software 

• Minitab 17 software was used for the statistical design planning and data 

visualization during the glycosyl donor comparison experiments in the application 

of the steviol glycoside bioconversions. 

• Neural Designer 4.2.0 (Artificial Intelligences Techniques Ltd.) software was 

used for the ANN modeling and the prediction of biosurfactant fermentations. 

• SigmaPlot 12.0 (Systat Software Inc.) software was applied for curve fitting and 

mathematical modeling the microbial growth. 

• Statistica 13.5 software (StatSoft, Inc., Tulsa, USA) was used for the statistical 

analysis and data visualization. 

• SuperPro Designer 9.5® (Intelligen Inc, USA) was applied for the techno-

economic evaluation and for performing the bioprocess synthesis of the Bacillus-

based bioprocess plant. 

3.4. Methods 

3.4.1. Optical density measurement 

The cell growth was monitored by optical density (OD) measurements at 600 nm using 

the Camspec M501 spectrophotometer. The reference (i.e., blank) sample was the 

centrifuged sample’s (12,000 rpm, 5 min) supernatant in the same appropriate dilution 

(generally 2 to 10-fold). Three repeats were used and averaged for samples OD and its 

errors calculation. 

The cell dry weight was measured with a moisture analyzer. The optical density and cell 

dry weight were calibrated for B. licheniformis DSM13 (Eq. 1) and B. subtilis DSM10 

(Eq. 2).  

x [g/L]=0.7827*OD+0.2225 (R2=0.958) Eq. 1 

x [g/L]=0.4283*OD+1.4568 (R2=1.000) Eq. 2 

3.4.2. Cell dry weight measurement 

The cell growth was followed by cell dry weight measurement to determine the biomass 

concentration in the broth. The cells were separated from the media (20 min, 4,000 rpm, 

Janetzki MLW K23D). Then the supernatant was removed, the cells were washed with 

distilled water and centrifuged again using the same conditions. In the next stage, the 

supernatant was removed and the cells were measured by the moisture analyzer until mass 

constancy at 105°C. 

3.4.3. Surface tension measurement 

In order to follow the biosurfactant formation, surface tension measurements were 

applied. The surface tension of the samples (both the cell-free samples from the 

experiments and the isolated products) was measured by a glass stalagmometer. The 
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formed biosurfactants decreased the surface tension of the broth in comparison to water’s 

surface tension in a correlation with their product concentration 

The relationship for calculating the surface tension (Eq. 3) in terms of drop numbers may 

be expressed as follows: 

𝑆𝑇 =
𝑆𝑤 ∗ 𝑁𝑤 ∗ 𝐷

𝑁 ∗ 𝐷𝑤
 Eq. 3 

 

Where,  

ST=Surface tension of sample, mN/m 

Sw =Surface tension of reference liquid (distilled water; 72 mN/m)  

N=Number of drops of the sample (sample drop number), as determined in Eq. 4 

Nw=water drop number engraved on the stalagmometer (Nw for 2.5 mL, 3.5 mL and 5 mL 

the drop numbers are 20, 28 and 40, respectively).  

D=Density of sample [g/mL]  

Dw=Density of water [g/mL]  

The factory determination of the water drop number which is a characteristic of each 

stalagmometer is made at ambient temperature. 

𝑁 = 𝑁0 +
𝑥 − 𝑦

𝑐
 Eq. 4 

N=The number of drops of the sample calculated to the nearest tenth of a drop  

N0=The integer of drops counted between capillary-scale readings x and y  

x and y=The distances in millimeters from the beginning of each scale  

c=The capillary-scale calibration in millimeters per drop 

3.4.4. CGTase activity measurement 

The CGTase activity measurement was adapted from Kaneko et al. [231] with slight 

modifications (with decreased phenolphthalein concentration). The colorimetric reaction 

(Figure 14) was measured with a Pharmacia LKB Ultrospec Plus spectrophotometer at 

550 nm.  

 

Figure 14 – Colorimetric determination of CGTase enzyme activity 

The experiments were carried out in 15 mL centrifuge tubes in a water bath (Julabo ED 

13) at 40°C. First, 4.5 mL 50 mM Tris-HCl buffer (pH=9) was added containing 1 w/v% 

water-soluble starch suspension. Then 0.5 mL of cell-free supernatant containing the 
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extracellular CGTase enzyme was introduced and homogenized thoroughly with a vortex 

mixer. Then the effect of the sterilized media was checked on the CGTase activity 

measurement. It was found that the applied sterilized media did not affect the activity 

results.  

Four times 0.5 mL samples from each tube were taken and then boiled for 5 minutes to 

inactivate the enzyme. The boiled samples were transferred into 2 mL cuvettes, including 

staining solution (1.2 mL 0.06 mM phenolphthalein in 0.5 M Na2CO3 solution). Four 

absorbances at 550 nm of a given assay were plotted versus time and the slope 

(mmol/min) of their trendline was converted into enzyme activity with the help of the 

measured molar extinction (32,263 M-1*cm-1, Figure 58) resulting CGTase activity in 

unit/mL supernatant.  

3.4.5. HPLC measurement 

3.4.5.1. Analysis of glucose 

Isocratic HPLC (Waters RI) analysis was carried out using a Bio-Rad Aminex HPX-87H 

column at 65 °C with an eluent of 5 mM H2SO4 (CARLO ERBA Reagents, Milan, Italy) 

in ultrapure water (Millipore Simplicity) and RI detector at 40 °C, an injection volume of 

10 μL from the 14°C samples, mobile phase flow rate of 0.5 mL/min and a sample running 

time of 30 min. Breeze software was used for the evaluation. Glucose calibration was 

prepared before HPLC measurements, from 10 to 0.3125 g/L. The calibration function 

(Eq. 5) is defined as follows:  

Glucose [g/L]=4*10-6*Peak Area (R2=1) Eq. 5 

3.4.5.2. Analysis of steviol glycosides 

The stevioside and rebaudioside A concentrations in the plant extract and samples were 

determined by a second HPLC system (Waters UV). The mobile phase was comprised of 

acetonitrile and 0.05 M KH2PO4 buffer solution (in a 75:25 ratio) at a flow rate of 1 

mL/min. The detected wavelength was 204 nm and the temperature applied was 25°C. 

Empower 2 software was used for the evaluation. Standard rebaudioside A (>97%, Dae 

Pyung Co., Ltd.) and stevioside (Sigma Aldrich CDS020802-1G) were applied for 

quantification. Rebaudioside A (Eq. 6) and stevioside (Eq. 7) calibrations were prepared 

from 10 to 0.3125 g/L. 

Rebaudioside A [g/L]=2*10-7*Peak Area (R2=0.9906) Eq. 6 

Stevioside [g/L]=5*10-7*Peak Area (R2=0.9906) Eq. 7 

3.4.5.3. Analysis of biosurfactant 

The third HPLC method was adapted from Mubarak et al. [232] and Oliveira et al. [233]. 

The surfactin concentration was measured by Alliance PDA HPLC system. The mobile 

phase consisted of 20 v/v% trifluoroacetic acid (TFA, 3.8 mM) and 80 v/v% acetonitrile. 
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The elution rate was 1 mL/min at 25°C, the injected sample volume was 10 µL. The 

purified surfactin was identified and quantified (Eq. 8) by using commercially available 

surfactin (Surfactin Sodium Salt from Wako Chemicals) as the authentic compound. 

Empower 2 software was used for the evaluation. 

Surfactin [g/L]=2*10-8*Peak Area (R2=0.9981) Eq. 8 

3.4.6. Isolation of the biosurfactant 

The biosurfactant isolation method was adapted from Joshi et al. [234]. At the end of the 

fermentation the cells were removed by centrifugation using Janetzki MLW K23 D (20 mins, 

4,000 rpm). The cell dry weight was measured by the moisture analyzer and the supernatant 

was applied to further steps. The pH of the cell-free supernatant was set below 2 with 6 N 

HCl (2-4 mL for 100 mL). This suspension was kept in a fridge at 4°C for overnight. The 

next day this solution which contained the acid precipitate was centrifuged (20 mins, 4,000 

rpm) to separate the acidified product from the supernatant. The supernatant was discarded, 

the acid precipitate was resuspended in water, and its pH was set back to 7 by 6 N NaOH (20-

40 μL for a 100 mL flask). Finally, this neutralized suspension (containing the biosurfactant) 

was lyophilized, which took approximately 1 day. After the freeze drying the off-white 

powder was measured gravimetrically and considered as the isolated biosurfactants. The 

schematic flowsheet is presented in Figure 15. Generally, the lyophilization took 1 day. First, 

there was a freezing section, then the vacuum pump turned on, and the pressure went down 

to 1 mbar. The isolation product was dried in the vacuum, then the temperature went up to 

25°C. At this final point the lyophilization cycle was ready (Figure 59 in appendix 11.2). 

 

Figure 15 – Downstream processing of the lipopeptide type biosurfactant 

3.4.7. Determination of critical micelle concentration 

The critical micelle concentration is the lowest concentration of a certain biosurfactant 

capable of maximally reducing the surface tension of the water. The CMC value defines 

the efficiency of the biosurfactant [66].  
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A dilution series was created from 10 g/L to 0.0626 g/L using surfactin standard (Fujifilm 

Wako Pure Chemical Corporation), and then surface tensions were measured.  

When the surface tension of the cell-free broth went below 40 mN/m, the CMC 

determination was carried out from the isolated product. Different concentrations of the 

freeze-dried biosurfactant produced by B. subtilis DSM10 were prepared in distilled 

water, and the ST of each sample was measured at 25°C as described previously. The 

CMC was determined by plotting the ST as a function of the biosurfactant concentration, 

and it was obtained at the point where the surface tension reaches a constant value. All 

measurements were done in triplicates.  

3.4.8. Emulsifying activity measurements 

Emulsification activity was determined by adding 2 mL of sunflower oil to the same 

volume of cell-free sample or surfactin solutions in a test tube, which was mixed 

vigorously with a vortex for 2 min [86]. The tubes were incubated at 25°C, and the 

emulsification index (EI, t=1 h) and emulsification stability (E24, t=24 h) values were 

determined after a given time according to Eq. 9: 

𝐸𝐼𝑡 = (
𝐻𝑒

𝐻𝑡
) ∙ 100 Eq. 9 

where He and Ht are the height of emulsion (in mm) and the total height of the liquid in 

the tube (in mm), respectively. 

3.4.9. Extraction of steviol glycosides 

The extraction method was adapted from Németh and Jánosi [235]. The raw material was 

pressurized hot-water extract (PHWE) of S. rebaudiana leaves. The S. rebaudiana extract 

was collected from the spontaneously dried plant material (2-3 mm) produced by 

autoclaving (10 g plant: 200 mL distilled water) in a laboratory autoclave. After the 

PHWE (121°C, 20 mins) the extract was squeezed with a small wine press, then the liquid 

containing minor solid components was centrifuged (8 mins, 6,000 rpm, Hermle Z200A 

centrifuge) to remove the rest of the solid components. 

3.5. Experiments 

3.5.1. Cyclodextrin glycosyltransferase fermentation technics 

Bacillus licheniformis DSM13 was used for the CGTase enzyme production on Horikoshi 

II media (Table 9). The inoculum was prepared in Erlenmeyer flasks on Horikoshi II 

media in a rotary shaker at 37°C, 150 rpm.  

The enzyme-producing fermentations were taken place in 1 L bench-top bioreactors with 

a maximum of 0.8 L working volume. The temperature was controlled at 37°C, the 

aeration was 0.2 L/min (0.25 VVM), the agitation was 300 rpm, there was no pH control 

during these fermentations, and the inoculum ratio was 10 v/v%. 
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Three types of fermentation techniques were compared for CGTase production: batch, 

fed-batch and semi-continuous fermentation techniques. In the fed-batch fermentation at 

the 24th hour 15 v/v% of the same medium was fed into the bioreactor During the semi-

continuous fermentation at the end of each cycle (totally 3) 80% of the broth was changed 

to the same but fresh media.  

While the CGTase profile was monitored, it did not provide a clear, strictly monotonous 

increasing tendency as expected. Therefore, besides the growth profile the final activity 

was used for comparison. 

3.5.2. Microbial growth modeling in CGTase production 

To monitor the growth of Bacillus licheniformis DSM13 bacterial cells, samples were 

taken during fermentations and the optical density was measured at 600 nm. The 

microbial growth was evaluated by fitting the generalized logistic equation to the 

measured cell dry weight (CDW) values (calculated from OD at 600 nm) [236]. For the 

curve fitting, SigmaPlot 12.0 software was applied. If the determination coefficient (R2) 

value was not high enough, then the last two members of the general logistic equation 

were omitted, resulting in Eq. 11. which also corresponds to the modified Monod model. 

The auxiliary variable Z in Eq. 10, Eq. 11, and Eq. 12 can be x, S and Pi, and Zmax can be 

xmax, S0 or Pimax. 

If the fit was successful, then with determined constants of the model the velocities and 

the specific growth rates could be calculated by derivation observing Eq. 12. The equation 

𝑑H/𝑑𝑡 in Eq. 12 corresponds to Eq. 13 (derivative of the internal function). The specific 

growth rate of the microbe is described in Eq. 14. 

𝑍 =  
𝑍𝑚𝑎𝑥

1 + exp (𝑎 + 𝑏 ∗ 𝑡 + 𝑐 ∗ 𝑡2 + 𝑑 ∗ 𝑡3)
 Eq. 10 

𝑍 =
𝑍𝑚𝑎𝑥

1 + exp (𝑎 + 𝑏 ∗ 𝑡)
 Eq. 11 

𝑑𝑍

𝑑𝑡
= −𝑍 ∗ (1 −

𝑍

𝑍𝑚𝑎𝑥
) ∗

𝑑𝐻

𝑑𝑡
 Eq. 12 

𝑑𝐻

𝑑𝑡
= 𝑏 + 2 ∗ 𝑐 ∗ 𝑡 + 3 ∗ 𝑑 ∗ 𝑡2 Eq. 13 

µ𝑥 =  
1

𝑥
∗

𝑑𝑥

𝑑𝑡
 

Eq. 14 

 

3.5.3. Enzymatic bioconversion of steviol glycosides 

In order to reduce the bitter taste of the S. rebaudiana extract (e.g., reducing the 

concentration of stevioside), enzymatic bioconversions were performed to enhance the 

rebaudioside A concentration, and to gain a sweeter product.  
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3.5.3.1. Glycosyl donor comparison 

First, five different glycosyl donors were compared to choose the most promising one 

because in the literature there is no systematic comparison for this purpose. In these 

preliminary experiments β-1,3-glucanase from Trichoderma longibrachiatum (Sigma-

Aldrich) was applied. The experimental setup was adapted from Singla and Jaitak [225]. 

The reaction mixture was prepared in 15 mL Falcon tubes according to the following: 3 

mL commercial enzyme solution (the appropriate mass out of the enzyme preparation 

was measured to get the required enzyme to substrate ration in the reaction tube) or cell-

free supernatant of the fermentation broth; 4 mL 0.1 M citrate buffer (at different pH 

levels in a range of 5-8) containing the glycosyl donors (sucrose, maltose, D-trehalose, 

curdlan, starch); 3 mL Stevia rebaudiana extract. The reactions were taken place in a 

thermostated cabinet using rotary equipment (Rotomix type 2114 MTA Kutesz) to 

provide sufficient mixing during the bioconversion. The reaction time was 16 hours. At 

the starting point and the end of the bioconversion samples were taken to measure the reb 

A content in them. For the statistical evaluation, a two-level full factorial design was 

applied.  Experimental settings and results are listed in Table 10 for each glycosyl donor. 

Three quantitative factors were investigated, namely pH, enzyme to substrate ratio (E/S 

ratio) and temperature (T [°C]). A qualitative factor referred to as glycosyl donor (i.e., 

maltose, water-soluble starch from potato, sucrose, D-trehalose or curdlan) was also 

examined. Singla and Jaitak [225] used curdlan to conduct this bioconversion of SGs. 4 

center points were made in addition to the 23 runs of the full factorial design, so in total 

(23+4)*5=60 experiments were conducted. The applied commercial enzyme preparation 

(Sigma-Aldrich, Germany) contained mainly β-glucanase from T. longibrachiatum and 

exhibited mainly β-1→3/1→4-glucanase activities, but significant xylanase, cellulase, β-

glucosidase, β-xylosidase, α-L-arabinofuranosidase, amylase and protease activities were 

also present. The outcome parameter was the DeltaRebA%, which indicated the reb A 

peak area percentage changes between initial and final samples of each tube, measured 

by HPLC. Minitab 17 was used for the statistical analysis. The schematic picture of the 

CGTase catalyzed reaction is presented in Figure 16. 

Figure 16 – Bioconversion of stevioside to rebaudioside A using CGTase as a catalyst 

and a general glycosyl donor (R1 represents different sugars) 
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Table 10 – Full factorial design of experiment levels for finding the best conditions for 

each glycosyl donors 

order pH [-] E/S [U/g] T [°C] 

1 5 3 25 

2 8 3 25 

3 5 9 25 

4 8 9 25 

5 5 3 45 

6 8 3 45 

7 5 9 45 

8 8 9 45 

9 6.5 6 35 

10 6.5 6 35 

11 6.5 6 35 

12 6.5 6 35 

3.5.3.2. Enrichment of the reb A content in S. rebaudiana extract 

Secondly, after the selection of the best glycosyl donor, a face-centered central composite 

design ( 
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Table 11) was built to determine the best setting for the enrichment of the reb A 

concentration in the S. rebaudiana extract with fermented CGTase enzyme (activity of 

2.58±0.37 U/mL) from Bacillus licheniformis DSM13 (1 L scale, 37°C, 300 rpm, 0.25 

VVM). The reaction composition was the same as in the previously mentioned case 

(3.5.3.1). 

A face-centered central composite design ( 

 

 

 

 

 

 

 

 

 

 

 

 

Table 11) was built to investigate the bioconversion of stevioside to reb A. The design 

contained 3 factors at 3 levels resulting a cube having 8 corners, plus 1 center point with 

3 repeats (11), plus the face centrum points on the 6 sides of the cube i.e., all together 17 

runs. All the factors were investigated at three levels: temperature (15 – 30 – 45°C), pH 

(3 – 6 – 9) and sucrose concentration (5 – 15 – 25 g/L). During the overnight reaction 

(t=16 hours), samples were taken at the starting and the ending time of the bioconversion, 

which were analyzed by HPLC. 

𝑆𝑡𝑒𝑣𝑖𝑜𝑠𝑖𝑑𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶𝑆𝑇0 − 𝐶𝑆𝑇

𝐶𝑆𝑇0
∗ 100 Eq. 15 

𝑅𝑒𝑏𝑎𝑢𝑑𝑖𝑜𝑠𝑖𝑑𝑒 𝐴 𝑦𝑖𝑒𝑙𝑑 (−) =
𝐶𝑅𝐴 − 𝐶𝑅𝐴0

𝐶𝑆𝑇0
 Eq. 16 

𝑅𝑒𝑏𝑎𝑢𝑑𝑖𝑜𝑠𝑖𝑑𝑒 𝐴 alteration (%) =
𝐶𝑅𝐴0 − 𝐶𝑅𝐴

𝐶𝑅𝐴0
∗ 100 Eq. 17 
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In Eq. 15, CST0) denotes the initial stevioside concentration in the reaction solution and 

CST represents the measured stevioside concentration at the end of the reaction. The 

stevioside and rebaudioside A concentrations were determined using HPLC with a 

standard calibration curve. Eq. 16 shows the calculation of the reb A yield, in which CRA 

stands for the rebaudioside A concentration at the end of the bioconversion, CRA0 refers 

to the initial reb A concentration and CST0 is the initial stevioside concentration. After the 

experiments, the reb A yield was calculated by applying the maximal bioconversion 

settings. Eq. 17 represents the calculation of the reb A alteration, which values are 

presented in Table 20. Rebaudioside A alteration (%) means the percentage changes of 

reb A in the reaction solution. 

Eq. 18 represents the calculation of relative standard error (RSE), where standard error 

is the standard deviation of the center points’ mean, and estimate is the mean of the 

sample. Relative standard error was applied for estimating the variance of the results in 

the statistical design’s experiment (Table 20). 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 =  
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒
∗ 100 Eq. 18 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 11 – Face-centered central composite design settings 

pH [-] T [°C] 
Sucrose 

[g/L] 

3 15 5 
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9 15 5 

3 45 5 

9 45 5 

3 15 25 

9 15 25 

3 45 25 

9 45 25 

6 30 15 

6 30 15 

6 30 15 

3 30 15 

9 30 15 

6 15 15 

6 45 15 

6 30 5 

6 30 25 

 

Bacillus licheniformis DSM13 was applied to produce the CGTase enzyme for further 

application in the enzymatic bioconversion of SGs using sucrose as a glycosyl donor. A 

three-stage fermentation was performed (without pH control) to gain high CGTase 

activity (Figure 13). The scales are compared in Table 12. 

 

Table 12 – Comparison between scales of production 

Stage 
Bioreactor 

type 

Working 

volume 

[mL] 

Total 

volume 

[mL] 

Agitation 

speed 

[rpm] 

Temperature 

[°C] 

Inoculation 

ratio 

[v/v%] 

1. 

Biosan 

RTS-1C 

Personal 

Bioreactor 

10 50 300 37 N/A 

2. 
B. Braun 

Biostat Q 
100 300 300 37 10 
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3. 
B. Braun 

Biostat Q 
800 1,000 300 37 10 

 

3.5.4. Bacilli screening for biosurfactant production 

Six Bacillus species (Table 6) were tested using an inorganic media (the chemical 

composition is detailed in Table 8) to evaluate whether they could produce a surface-

active compound or not. The experiments were conducted in shaking flasks at 37°C and 

150 rpm. All bacteria were tested in three replicates. The cell growth was monitored by 

OD measurements, when the OD started decreasing after the growth phase, which 

indicated the cells started spore-forming, due to the lack of any media components. The 

glucose consumption was measured by HPLC analysis. The surface tension of the cell-

free supernatant was measured to determine the effect of the formed biosurfactants. At 

the end of the fermentations, the biosurfactants were isolated by applying the acid 

precipitation method (3.4.6). 

3.5.5. Techno-economic analysis of the biosurfactant production of Bacillus 

species 

3.5.5.1. Cultivation 

Bacillus subtilis DSM10 and Bacillus licheniformis DSM13 strains were applied for 

surfactin and lichenysin fermentations, respectively. The applied media composition was 

presented in Table 8. All biosurfactant fermentations were conducted in a 1 L fermenter 

(B. Braun Biostat Q, Germany).  

The lichenysin fermentation inoculum (x=3 g/L) of B. licheniformis was incubated in a 

rotary shaker (New Brunswick Excella E24) for 2 days at 150 rpm and 32°C resulting in 

an inoculation rate of 14 %. The fermentation time was 42 hours, the applied temperature 

was 37°C, the stirring rate was 500 rpm and the aeration rate was 0.25 VVM. To control 

the pH at 7.0 25% NH4OH was applied. During biosurfactant fermentations, a foam 

collector system built from a glass cyclone (to separate the liquid phase containing the 

product and the air used from the foam) and a drain flask below the cyclone were applied.  

The inoculum for surfactin fermentation was also two days old (x=1.8 g/L), the 

inoculation rate was 10%, the stirring rate was 300 rpm, the fermentation time was up to 

48 hours without controlling the pH. All the other parameters including the composition 

of the media were identical to those applied in the lichenysin fermentation. 

3.5.5.2. Performance of foam separation 

Enrichment and recovery are parameters used to determine the efficiency of foam 

separation. These parameters were specified from the work of Bages-Estopa et al. [237]. 

The enrichment (E, Eq. 19) and recovery (R, Eq. 20) of the biosurfactants (lichenysin and 
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surfactin) were calculated for the liquid phase of the out foamed broth, collected by a 

cyclone separator:  

𝐸 =
𝐶𝑓

𝐶𝑟
 Eq. 19 

𝑅 =
𝐶𝑓 ∗ 𝑉𝑓

(𝐶𝑟 ∗ 𝑉𝑟) + (𝐶𝑓 ∗ 𝑉𝑓)
∗ 100 Eq. 20 

where Cf and Cr denote the concentrations of biosurfactant in the foam out (or overflow) 

and remaining in the bioreactor at the end of the fermentation, respectively, and Vf and 

Vr represent the volumes of the overflow and broth remaining in the bioreactor. 

3.5.5.3. Simulation description 

A plant that uses a fermenter with a working volume capacity of 1,000 L was simulated. 

The plant, which represents a moderate living-level country with a lifetime of 15 years, 

constructed and started up over two years, is presumably located in Central Europe. The 

mode of operation was set to batch with a processing time of 7,920 hours. Mass and 

energy balances, profitability analysis and cumulative cash flow were determined with 

the aid of the SuperPro Designer 9.5® software. The sensitivity analysis was performed 

using Microsoft® Office 365 ProPlus Excel. 

3.5.5.4. Process description 

The process simulated in this study was based on the laboratory experiments presented 

above and used as a basis for validating the technical feasibility. The process flow 

diagram is depicted in Figure 17 and Figure 18 using SuperPro Designer 9.5®. The 

parameters of process development are summarized in Table 31. As is shown in Figure 

17 and Figure 18, this biosurfactant plant consists of two production lines both with a 

volumetric scale-up of a three-stage fermentation system. The process starts with a 7*2 L 

shake flask resulting in 10 L of fermentation broth, followed by a seed and a production 

fermenter for 100 and 1,000 L of broth, respectively. The culture vessels consist of inlets 

for inorganic media with the same composition as described in Table 8, in addition to 

inlets for air to facilitate aeration and inlets for biomass transferred from the previous 

fermentation scales. The initial biomasses of both B. licheniformis and B. subtilis for the 

production of 1 L of lichenysin and surfactin, respectively, were set using 5 g/L of 

inoculum. The temperature, aeration rate and agitation power inlet were 37°C, 0.25 VVM 

and 3 kW/m3, respectively, for all scales. The operating times of fermentation were 42 

and 48 hours for B. licheniformis and B. subtilis, respectively. The shorter fermentation 

time for B. licheniformis was determined from the optical density changes during the 

fermentation. The yields were the same as obtained in the fermentation experiments 

presented in Table 22, balanced with an equivalent amount of carbon dioxide and water 

formation as a result of aerobic respiration and summarized in Eq. 21 for B. licheniformis 

and Eq. 22 for B. subtilis. The reaction extent was set to 98%. 
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1 Glucose → 0.21 Biomass + 0.38 CO2 + 0.03 Lichenysin + 0.38 Water Eq. 21 

1 Glucose → 0.08 Biomass + 0.38 CO2 + 0.16 Surfactin + 0.38 Water Eq. 22 

High-temperature in-situ steam sterilization was used to sterilize fermentation equipment 

and media on a large scale. After each fermentation, the clean-in-place method performed 

the cleaning at 50°C using 20% NaOH. The water and energy consumptions of 

sterilization were also calculated by SuperPro Designer 9.5®. 

While in the case of Scenario 1, the working-to-total-volume (WtTv) of fermentation 

vessels is only 40% because of intensive foaming and the lack of a foam separator, in the 

case of Scenario 2, a cyclone separator works parallel to the fermentation vessel to 

separate the liquid and gas phases of the foam as well as achieve a WtTv of 80%. The 

combined liquid phase of broth and foam is driven to a disc stack centrifuge to separate 

cells from the broth. The cell-free supernatant is acidified and cooled to 8°C and left to 

precipitate for 12 hours overnight. Next, a bowl centrifuge collects the precipitate which 

is then neutralized and transferred for spray drying. The sedimented cell biomass is 

stabilized with monoammonium phosphate (MAP) and marketed as a soil inoculant. In 

the process simulations two production lines were simulated, namely lichenysin and 

surfactin. In Scenarios 1 and 3, and in Scenarios 2 and 4 a low and a high WtTv were 

simulated, respectively. In Scenarios 1 and 2, equipment sharing is simulated, in 

Scenarios 3 and 4, an individual set of equipment is used as summarized in Table 13. 

Equipment sharing can significantly reduce the necessary size of the plant (i.e., less 

equipment is required) lowering the capital expenditure and operating costs. 

Table 13 – Summary of scenarios 

  

WtTv / 

foam 

separator 

Equipment 

sharing 

Scenario 1 40% / No Yes 

Scenario 2 80% / Yes Yes 

Scenario 3 40% / No No 

Scenario 4 80% / Yes No 
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Figure 17 – Process flow diagrams for Scenarios 1 and 3  
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Figure 18 – Process flow diagrams for Scenarios 2 and 4
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3.5.5.5. Economic evaluation 

The economic performance was studied by estimating the capital investment, operating 

costs and revenue generation. Profitability analysis, cumulative cash flow and sensitivity 

analysis were then conducted. 

Total Investment Estimation 

The total capital investment encompasses the direct fixed capital, working capital and 

startup costs. The direct fixed capital includes the expenses of constructing the plant as 

well as purchasing and installing the equipment, i.e., process piping, instrumentation, 

insulation, electricity, buildings, yard improvement and auxiliary facilities. The default 

calculation factors of SuperPro Designer 9.5® were applied which correspond to the 

estimation method of a solid-fluid processing plant described by Peters and Timmerhaus 

[238]. The economic calculations used are presented and detailed in Table 31. 

Annual operating cost 

The total operating cost of all Scenarios is calculated as the sum of Total Labour Costs 

(TLC) (the operator demand was specified for each specific operation with a basic rate of 

30.6 $/h), costs of raw materials (bulk pricing originates from verified Chinese vendors 

on Alibaba.com (Table 30)), cost of consumables (only for shaking flasks), cost of waste 

treatment (based on CO2 emissions and European Union CO2 quotes, as well as cleaning 

wastewater (which has a chemical oxygen demand close to the maximum limit of ca. 

1,000 mg/L), utility costs (demands specified for each operation; a sum of standard 

electricity (0.1 $/kWh), steam (12 $/t) and chilled water (0.4 $/t), facility-dependent costs 

(based on purchasing costs (PC) including maintenance and plant expenses as well as 

taxes) and Quality Control (QC) / Quality Assurance (QA) laboratory costs [239]. 

Revenues 

The main product (MP) of the simulated plant is surfactin, the second most significant 

product is lichenysin, and two by-products are produced, Soil inoculants 1 (stabilized 

biomass of B. subtilis) and 2 (stabilized biomass of B. licheniformis). The supernatant of 

the fermentation broth generates aqueous waste. The price of soil inoculants was assumed 

to be 10 $/kg. The selling price of surfactin was set according to FUJIFILM Wako Pure 

Chemical Corporation, but lichenysin is much less available, therefore, it was twice as 

expensive as surfactin. Table 29 presents the prices of different biosurfactants and 

indicates high dispersion making it challenging to give a reasonable assumption for 

lichenysin. 

Profitability analysis 

The profitability was analyzed by evaluating the net production cost, minimum selling 

price, gross profit, net profit, net present value (NPV), internal rate of return (IRR), 

payback period and return on investment (ROI). The net production cost (US $/kg) is the 

operating cost per unit of the main product (surfactin). The gross profit is a measure of 

profitability by subtracting the annual operating cost from the annual revenue, whereas 
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the net profit also takes income tax (20%) into account. The NPV determines if the 

scenario will be profitable over the entire lifetime of the plant (15 years) by subtracting 

future cash flows from the present value. A positive NPV indicates that the process is 

profitable and vice versa. The IRR is also an important indicator that reflects the 

efficiency of the investment. It is the discount rate that causes the NPV to become zero 

and can be derived from Eq. 23, where t denotes the number of time periods, r stands for 

the required rate of return or discount rate, ct represents the net cash inflows and outflows 

during a single period t, and c0 is the initial investment [238]. The payback period refers 

to the time required to recoup the investment costs. Lastly, the ROI describes the rate of 

cash return without considering a cash discount over the plant’s lifetime. 

𝑁𝑃𝑉 =  ∑
𝐶𝑡

(1 + 𝑟)𝑡
− 𝐶0

𝑛

𝑡=1

 Eq. 23 

Sensitivity analysis 

A sensitivity analysis was carried out to evaluate the impact of different variables on the 

economic performance of each scenario. Since the global economic environment is likely 

to fluctuate over the lifetime of a plant, several variables were independently evaluated, 

and their variation was set to ±25% at the beginning of its lifetime. Facility-dependent, 

feedstock, labor, utility and unit production costs, the payback period and NPV were used 

as economic indicators with a discount rate of 7% [240]. 

3.5.6. Statistical optimization approach to enhance the biosurfactant production 

First, a randomized central composite design (CCD) was built with the help of Statistica 

13.5 software. A statistical design with 3 factors on two levels (8 corner points) plus two 

star points per axis (2*3=6) and a center point with duplicates was generated as overall 

16 runs. The overall design was carried out in triplicates resulting for the overall 

experiments 48 runs. These were randomized and prepared in 12 flasks in 4 periods (Table 

32). Since the optimum was not found, a second CCD was generated with shifted and 

wider factor ranges on the basis of CCD 1. 

The second randomized central composite design was built with the help of Statistica 13.5 

software. For the second design, 3 factors on two levels (8 corner points) plus two star 

points per axis (2*3=6) and a center point with duplicates were generated as overall 16 

runs. The overall design was carried out in duplicates resulting in 32 runs. These were 

randomized and divided into 3 parts as 12+12+8 flasks (Table 33). The applied media 

was the chemically defined one (Table 8), but glucose and NH4NO3 concentrations as 

well the initial pH values were varied.  

Samples were taken daily to determine the OD and ST, EI and E24 values. When the OD 

showed a decrement in cell growth, it indicated that the cells started spore-forming, and 

the fermentations were stopped. When the ST of the cell-free supernatant was remarkably 

low, the CMC was determined, and the isolated product was analyzed by HPLC. The 

glucose concentrations were measured in each flask, but only at the starting and ending 

points to calculate yields. 
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During the optimization with B. subtilis DSM10 and G. stearothermophilus DSM2313 

wide ranges of glucose and NH4NO3 concentrations and initial pH values were tested 

(Table 14). The exact settings with their results can be found in 11.5. 

Table 14 – Statistical design variables’ ranges for B. subtilis DSM10 and G. 

stearothermophilus DSM2313 

 pH range 

[-] 

NH4NO3 

range [g/L] 

Glucose range 

[g/L] 
C/N 

Number of 

flasks 

CCD 1 3.47-10.53 0.62-2.38 9.31-58 6.4-57.1 48 

CCD 2 5.47-12.53 1.24-4.76 38.54-91.46 13.0-54.5 32 

 

3.5.7. Artificial neural network for modeling the biosurfactant production 

An artificial neural network can be classified as a biologically inspired computational 

model that consists of a network architecture composed of artificial neurons. This 

structure contains a set of parameters, which can be adjusted to perform specific tasks. 

Neural networks have universal approximation properties, meaning they can approximate 

any function in any dimension and up to a desired degree of accuracy.  

Scaling, perceptron and unscaling layers were applied in the ANN modeling. The scaling 

layer scales the inputs to a proper range with statistical method. The perceptron layers are 

the most important layers of an ANN, because they allow it to learn. The perceptron layer 

(Figure 19) receives information as a set of numerical inputs. This information is then 

combined with the biases and the weights. All of the weighted inputs are summed and 

compared to a bias and threshold. If the sum is greater than the threshold, the activation 

function will give a higher output signal. The activation function determines the function 

that the layer represents. The following functions are the most common: linear activation, 

hyperbolic tangent activation and logistic activation. The perceptron layer includes 

hidden layers with a certain number of neurons and one output layer. The scaled outputs 

from a neural network are to be unscaled to produce the original units. 

 

Figure 19 – Perception layer’s structure [241] 

After describing the neural network, the next step is setting the training strategy. The 

training strategy is applied to the ANN to obtain the minimum loss possible. This is done 

by searching for parameters that fit the neural network to the data set. The loss index plays 
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a vital role in the use of neural networks. It defines the task the ANN is required to do 

and provides a measure of the quality of the representation required to learn. The loss 

index comprises the sum of the error term and the regularization term.  

The error is the most important term in the loss expression. It measures how the neural 

network fits the data set. In general, the loss index is a non-linear function of the 

parameters. Consequently, it is not possible to find closed optimization algorithms for the 

minima. At each epoch, the loss will decrease by adjusting the neural network parameters. 

The change of parameters between two epochs is called the parameter increment. 

Regularization terms usually measure the values of the parameters in the neural network. 

Adding that term to the error will cause the neural network to have smaller weights and 

biases, which will force its response to be smoother. The optimization algorithm 

determines how the adjustment of the parameters in the ANN takes place. The 

optimization algorithm stops when a specified condition is satisfied. The next step is 

model selection. It finds the network architecture with the best generalization properties, 

which minimizes the error on the selected instances of the data set (the selection error). 

Input selection algorithms automatically extract those features in the data set that provide 

the best generalization capabilities. The growing inputs method calculates the correlation 

of every input with every output in the data set. It starts with a neural network that only 

contains the most correlated input and calculates the selection error for that model. It 

keeps adding the most correlated variables until the selection error increases. After setting 

these parameters the training can be started. 

Based on the results of CCD 1 and 2 an artificial neural network was created to predict 

the optimal time (where a given output has a maximum or minimum value in the time 

course) or the ending time of the fermentation at a certain level of the factors which were 

investigated in the RSM. The ANN was built for B. subtilis DSM10 with 2 outcome 

parameters, namely OD and ST. For G. stearothermophilus DSM2313 the outcome 

parameters were OD and EI.  

3.5.7.1. ANN for B. subtilis DSM10 

The data set was comprised of 376 instances of raw data from the fermentations. For 

training 226 (60%), for testing 75 (20%) and selection 75 (20%) data lines were used.  

The mean standard deviation scaling method was chosen. The perceptron layers were 

comprised of 2 hidden layers with neuron numbers 3 and 10. Their activation function 

was hyperbolic tangent. The output layer contained 2 neurons, which had linear activation 

functions. The unscaling method was minimum – maximum. In the training strategy, the 

error method was the normalized square error, and the regularization weight was weak 

(which is the 2nd out of 5 stages). For the optimization algorithm the Quasi-Newton 

method was applied, where the training accuracy was medium, with a maximum iteration 

of 1,000. The models were selected in incremental order. The inputs are selected in a 

growing way. Table 15 shows the minimums, maximums, means and standard deviations 

of all the variables in the data set i.e., the analysis result of input data. 
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Table 15 – Data statistics for B. subtilis DSM10 

 Minimum Maximum Mean Deviation 

Glucose [g/L] 9.31 91.46 45.64 20.72 

NH4NO3 0.62 4.76 2.11 1.02 

pH [-] 3.47 12.53 7.74 2.26 

time [h] 0.00 189.67 54.74 47.01 

OD [-] 0.00 6.13 2.09 1.57 

ST [mN/m] 37.03 71.72 56.67 8.16 

 

For the ANN validation 4 further cases were chosen (Table 16) which were both 

calculated by ANN and prepared experimentally in 3 parallel shaking flasks to verify 

ANN’s prediction goodness.  

Table 16 – ANN validation settings for B. subtilis DSM10 

pH 

[-] 

Glucose 

[g/L] 

NH4NO3 

[g/L] 

8 30 3 

10 40 2 

7 10 1.5 

9 50 4 

 

3.5.7.2. ANN for G. stearothermophilus DSM2313 

The data set consisted of 396 instances. For training 238 (60.1%), for testing 79 (19.9%) 

and for selection 79 (19.9%) instances were used. 

The minimum-maximum method was chosen for the scaling. The perceptron layer 

comprised 4 layers (3 hidden and 1 output). The hidden layers had a hyperbolic tangent 

activation function and the output layer had a linear activation function. The minimum-

maximum method was used for unscaling. In the training strategy, the mean square error 

was set for the error method. A strong weight regularization was applied (which was in a 

4th level out of 5). The Quasi-Newton method was applied as the optimization algorithm, 

where the training accuracy was medium (default set). 1,000 were the maximum number 

of iterations. The order selection was set in incremental order, and the inputs were 

selected in a growing way.  

During the ANN modeling the number of hidden layers and neurons, scaling and 

unscaling and error methods and the optimization algorithm were set to reach a high 

correlation coefficient and the most accurate predictions in case of both outcome 
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parameters (Table 34). Table 17 shows the minimums, maximums, means and standard 

deviations of all the variables in the data set i.e., the results of input data analysis. 

Table 17 – Data statistics for G. stearothermophilus DSM2313 

 Minimum Maximum Mean Deviation 

Glucose [g/L] 9.31 91.46 48.63 21.02 

NH4NO3 [g/L] 0.62 4.76 2.22 1.06 

pH [-] 3.47 12.53 7.97 2.23 

time [h] 0.00 168.00 55.92 48.55 

OD [-] 0.00 5.19 2.03 1.40 

EI [%] 45.56 70.91 55.82 3.52 

 

For the validation of the ANN 4 new setups were chosen, i.e., cases, of which outcomes 

were both determined in silico (i.e., with ANN) and in vitro (i.e., experimentally) (Table 

18). 

Table 18 – ANN validation setting for G. stearothermophilus DSM2313 

pH 

[-] 

Glucose 

[g/L] 

NH4NO3 

[g/L] 

8 40 4 

8 10 1.5 

10 40 2 

10 50 4 
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4. Results and discussion 

4.1. Cyclodextrin glycosyltransferase fermentation 

4.1.1. Applying different fermentation techniques 

Different cultivation techniques (batch, fed-batch and semi-continuous) were compared 

to produce CGTase enzyme with B. licheniformis DSM13, which had higher β-

cyclization activity. The experiments were carried out in a 1 L laboratory-scale fermenter. 

The cell growth and the enzyme activities were monitored, and the specific growth rate 

of the bacteria was calculated when the sampling was ideal. 

The batch fermentation took a day. In Figure 20, it can be seen that the cells started 

growing without a lag phase, which indicates that the bacteria were in the exponentially 

growing phase in the inoculum. This is also proved by the specific growth rate starting at 

the maximum value. During the model fitting, all the segments were used from the 

generalized logistic equation. Therefore, the maximum specific growth rate initially was 

not from the model, but from reality, due to the exponentially growing culture at the 

fermentation’s starting. The maximum value of the specific growth rate was 0.53 1/h. At 

the end of the fermentation the final activity of the CGTase enzyme was 0.3 U/mL. 

 

Figure 20 – Microbial growth during the batch fermentation 

With the help of fed-batch fermentation, the stationary phase of cell growth can be 

extended. After 23 hours, the OD started decreasing, hence the feeding pump added 15% 

of fresh Horikoshi II media. After the feeding, cell growth was observed (Figure 21). 

Unfortunately, due to poorly scheduled sampling, it was not possible to adjust the general 

logistic equation, so it was not possible to calculate the specific growth rate. The final 

enzyme activity was 0.5 U/mL. 
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Figure 21 – Optical density changes during the fed-batch fermentation 

The semi-continuous fermentation included three cycles of broth changes. Too many 

cycles are not beneficial due to the aging of the cells. The highest value of the maximum 

specific growth rate was in the first cycle (0.5 1/h). From cycle-to-cycle the maximum 

specific growth rate decreased (Figure 22) but almost stabilized around 0.2 1/h.  

 

Figure 22 – Optical density and specific growth rate changes during the semi-

continuous fermentation 

Figure 23 shows that the CGTase enzyme activity increased as the cycles progressed. It 

can be seen that the achieved enzyme activity at the end of the 3rd cycle is almost twice 

as big as at the end of the 1st cycle. This phenomenon might be caused by the residual 

starch in the broth, which induced the higher CGTase activity. 
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Figure 23 – CGTase activities at the end of the cycles of semi-continuous fermentation 

The enzyme activities at the end of fermentations increased with the complexity of the 

fermentation technique (Table 19). While the fed-batch fermentation elongated the 

declining phase of the microbial growth cycle, the semi-continuous fermentation 

technique was tried to operate the microbes in the exponential growth phase. It is assumed 

that this difference caused higher activity and productivity in the case of semi-continuous 

fermentation. 

Table 19 – Comparison of results among different fermentation techniques 

Type 
μmax  

[1/h] 

Final enzyme 

activity [U/mL] 

Batch 0.53 0.58±0.40 

Fed-batch N/D 0.47±0.05 

Semi-

continuous 
0.5 2.42±0.99 

 

Between batch and fed-batch fermentations, there was no discernible difference in the 

activity of the produced CGTase enzyme. Comparing the final enzyme activities after the 

batch and the 1st cycle of semi-continuous (which is practically also a batch fermentation), 

the enzyme activity was much higher. This can be caused by the decreasing enzyme 

activity at the end of the fermentation [242]. From the batch fermentation (Figure 20) 

samples were not able to be taken between the 7th and 24th hour, and the cells might have 

reached their stationary phase. On the other hand, during semi-continuous fermentation 

bacteria produced substantially more active enzymes, and the system's productivity was 

significantly higher than in the other two fermentation techniques.  

Most of the available literature produces the enzyme CGTase by batch fermentation [176] 

[177]. Nevertheless, there are some studies where a semi-continuous technique has also 
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been tested during CGTase production. Ferrarotti et al. investigated the CGTase 

fermentation with B. circulans DF 9R with batch (free cells) and semi-continuous 

(immobilized cells) techniques. In the case of batch fermentation the final enzyme activity 

was 1.42±0.21 U/mL while in the semi-continuous processes in the 1st cycle it was about 

0.93±0.1 U/mL. In the semi-continuous process, which lasted for 12 cycles, the cells were 

immobilized on loofa and synthetic polyurethane. One cycle lasted for 24 hours. After 

the 1st cycle the enzyme activity slightly decreased, and by the 7th cycle, the CGTase 

activity dropped down to half the value compared to the initial one [176]. Another study 

with B. circulans ATCC 21783 investigated the possibility of semi-continuous production 

of CGTase enzyme. During the investigated 5 cycles (for 240 hours), the enzyme activity 

of the not immobilized cells (300 U/mL) decreased about 30% compared to the end of 

the 1st cycle [243]. 

There are only a handful of studies, which are dealing with the fermentation of CGTase 

enzyme with Bacillus licheniformis. Additionally, the lack of kinetic data provides a 

necessity for a better understanding of this bacteria. Although, Bacillus licheniformis 

MCM – B1010 was able to produce CGTase enzyme in batch fermentation (on a nutrient 

media containing 10 g/L potato starch, 10 g/L peptone, 5 g/L YE and 5 g/L NaCl) for 24 

hours with an activity of 2.2 U/mL [178]. 

Horikoshi II media is still widely applied in this field for CGTase enzyme production 

(Table 3). Analyzing the semi-continuous technique, it can be said that the planned 3 

cycles are safe enough to avoid bringing the cells to the dying phase. Additionally, the 

produced enzyme activity increased throughout the investigated 80 hours. The present 

study demonstrated the potential of using B. licheniformis DSM13 for CGTase 

production. 

From the results, it can be assumed that the microbes produce the enzyme during their 

exponential growth phase, since there was no big difference between the batch and the 

fed-batch fermentations, meanwhile repeated exponential growth phase resulted in much 

higher activity and productivity. These suggest that CGTase production follows growth-

associated type product formation. In addition to the frequently used batch fermentation, 

the semi-continuous technique may provide a better opportunity for CGTase enzyme 

production due to increased productivity in the case of the investigated B. licheniformis 

DSM13 strain, despite the fact, that in the introduced literature, the batch technique was 

more efficient. The semi-continuous technique is a promising production method for the 

CGTase enzyme, applying a few cycles about 3-6, due to the aging of the cells. To 

summarize, Bacillus licheniformis DSM13 strain is an attractive candidate among the 

wild-type producers to synthesize the CGTase. 

4.1.2. Three-stage scale-up fermentation 

For the CGTase production a three-stage fermentation with B. licheniformis DSM13 was 

conducted, at three scales (10 mL, 100 mL and 1,000 mL). During the three-stage 

fermentation, the first two stages also served as inoculum for the next stage. Figure 24 

presents the cell growth during the scale-up. This fermentation technique aimed to reduce 
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the lag phase during the 3rd stage. For this purpose, the semi-continuous technique can be 

the best choice [244] and was also found to be the most efficient technique. This three-

stage scale-up production is similar to the semi-continuous fermentation technique 

because, after a growth phase, the cells get fresh media. Hence the CGTase enzyme was 

provided effectively. By analyzing Figure 24, it can be seen how the lag phase of the 

bacteria is shortened by plotting them one after another on the same time axis. In the case 

of the Biosan RTS-1C, a 12-h-long lag phase could be observed. This period of adaptation 

was reduced to 4 h in the 2nd stage. Finally, in the 3rd stage, this lag phase was eliminated. 

After a steep growth in optical density, it stabilized around 5.5 indicating the declining 

phase after which both fermentation and spore formation of the bacteria ended. By the 

end of the 100 mL and 1,000 mL stages, the biomass concentration reached 4.78 g/L and 

5.59 g/L, respectively. The cell-free supernatant part of the broth was used as a crude 

enzyme solution (activity of 2.58±0.37 U/mL) in the enzymatic bioconversions. 

 

Figure 24 – Cell growth during the scale-up (red arrows indicate the end of the 

inoculum-producing stages) 

4.2. Enzymatic bioconversion of steviol glycosides 

4.2.1. Glycosyl donor comparison in the enzymatic bioconversion of steviol 

glycosides 

Five glycosyl donors were compared, namely maltose, water-soluble starch, sucrose, D-

trehalose and curdlan, to choose the best applicant for further bioconversions. The catalyst 

was a commercial β-1,3-glucanase from Trichoderma longibrachiatum. The aim was to 

select the glycosyl donor, which lead to the highest amount of rebaudioside A 

concentration in S. rebaudiana extract.  
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For all glycosyl donors, first, the data was assessed using statistical methods (Figure 25). 

Among the investigated glycosyl donors, maltose did not seem like a good choice because 

it did not give DeltaRebA% elevation. Hence, it was omitted from the analysis. Maltose 

seemed rather a glycosyl acceptor instead of a glycosyl donor, because the enzyme can 

remove the sugar from the rebaudioside A and put it onto the maltose. The residual plots 

were similar in all cases, indicating that residuum, i.e., the differences between measured 

and fitted values, exhibit normal distribution and constant variance and are independent.  

 

Figure 25 – Residual plots for DeltaReb A% 

Subsequently, the significant factors for each glycosyl donor were determined using 

Pareto charts (not shown here). For all four glycosyl donors (Figure 26), a slightly acidic 

pH of 5 to 6 is preferred for the formation of reb A. Examining the enzyme-substrate 

ratios, it can be seen that the lower E/S ratio (3-4.5 U/g) is more favorable in carrying out 

the bioconversion. However, this factor was significant only in the case of water-soluble 

starch. A general ideal temperature could not be determined because the water-soluble 

starch had a favorable range of 25–30°C, while other glycosyl donors had a higher 

beneficial range of 40–45°C. The temperature factor had a significant effect on only 

applying sucrose as a glycosyl donor. Table 28 summarizes the raw results obtained 

during enzymatic bioconversion. 
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Figure 26 – Contour plots of DeltaRebA% changes: A – water-soluble starch; B – 

sucrose; C – D-trehalose; D – curdlan 

As a result of the bioconversion studies, five glycosyl donors were compared and found 

that sucrose and water-soluble starch appear to be viable alternatives, which are also 

economically more advantageous than the previously described donor (curdlan). The 

maximum conversion DeltaRebA% value is found for D-trehalose, but this is not 

favorable for an industrial application due to its absence and high cost. In my experiments, 

different glycosyl donors were compared in the formation of rebaudioside A (from S. 

rebaudiana plant extract) catalyzing by commercial β-1,3-glucanase enzyme similarly as 

described by Singla and Jaitak [225]. Regarding the mean and standard deviation of all 

bioconversion transformations, sucrose is more reliable than water-soluble starch for β-

1,3-glucanase enzyme from Trichoderma longibrachiatum. 

In the additional experimental campaign, own fermented CGTase from B. licheniformis 

DSM13 was studied how can be used for the same transglycosylation reaction by applying 

plant extracts. 

4.2.2. Enzymatic bioconversion with fermented CGTase enzyme 

The transformation of stevioside to rebaudioside A was investigated by fermented 

CGTase enzyme from Bacillus licheniformis DSM13, using sucrose as a cheap and well-

applicable glycosyl donor according to the above results [245].  

During the enzymatic bioconversions two samples were withdrawn from each reaction 

tube, namely at the starting point and the end of the bioconversion. These samples were 

analyzed by HPLC to measure the stevioside and reb A alteration. Two differently 

processed raw materials were compared, namely dried and lyophilized plant extracts.  
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Figure 27 (A-C) presents the surface plots after the statistical analysis. From Figure 27, it 

can be seen that a lower temperature (approximately 10-20°C) is favorable for achieving 

a higher final concentration of rebaudioside A. Moreover, although a strongly acidic pH 

also facilitates the production of a higher reb A concentration at the end of the 

bioconversion, varying the sucrose concentration had no significant effect. 

Figure 27 (D-F) are the surface plots created after the statistical analysis of the lyophilized 

plant extracts’ results. It can be observed that higher concentrations of reb A were 

achieved at lower levels of the investigated variables i.e., temperature, pH, and sucrose 

concentration.  

By analyzing the trends as a result of varying the pH, while ignoring the one outlying data 

point at a reb A concentration of 7 g/L, the center points (pH=6, T=30°C, sucrose=15 

g/L) seem to be more reliable in terms of enzymatic bioconversion. The pH had a 

significant effect (p=0.0337 at a 95% confidence level) on rebaudioside A enrichment. 

The conventional method (i.e., not in microwave reactors) of the enzymatic bioconversion 

of S. rebaudiana extract using sucrose as a glycosyl donor showed that the final 

rebaudioside A concentration was increased at almost all settings. Therefore, the 

fermented CGTase enzyme extracted from Bacillus licheniformis DSM13 is an excellent 

candidate for a subsequent scale-up and industrial production of reb A enriched S. 

rebaudiana extract. Similar to our previous research when sucrose was applied as a 

glycosyl donor but β-1,3-glucanase from Trichoderma longibrachiatum as a catalyst, the 

Figure 27 – A-C: Surface plots of the achieved rebaudioside A concentrations using 

extract of dried Stevia rebaudiana and D-F: surface plots of the achieved rebaudioside A 

concentrations using lyophilized Stevia rebaudiana extract 
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same conditions (acidic pH and low temperature) were favorable for the enrichment of 

rebaudioside A during the bioconversion [246]. 

In accordance with the present results, previous studies by Li et al. have demonstrated the 

suitability of the commercial CGTase enzyme (Toruzyme 3.0 L) in a conventional 

bioconversion and achieved a 77.11% stevioside conversion to eliminate its bitter taste. 

This finding is comparable with the highest stevioside conversion (83±5%) and the 

highest reb A concentrations in this thesis. Stevioside conversions between 60 and 70% 

are achieved using non-conventional microwave-assisted bioconversions [220] [228]. 

Rebaudioside A yields (at a pH=3, T=15°C and sucrose=5g/L) were 33.1% and 66.5% 

for dried and lyophilized plant extracts, respectively. Although the initial reb A 

concentrations were similar for both raw materials tested (the average initial 

concentrations over 17 runs were 2.67±1.32 and 2.55±0.66 g/L for dried and freeze-dried 

S. rebaudiana extracts, respectively), the significant difference in yields can be explained 

by the fact that freshly and quickly freeze-dried leaves may contain less decomposition 

compounds which could inhibit the transglycosylation in comparison with slowly dried 

plant biomass, dried at room temperature.  

Table 20 – Final reb A concentrations with relative standard errors after the 

bioconversions and reb A conversions 

pH 

[-] 

T 

[°C] 

Sucrose 

[g/L] 

dried plant lyophilized plant 

reb A [g/L] 

± RSE 

reb A 

conversion 

[%] 

reb A [g/L] ± 

RSE 

reb A alteration 

[%] 

3 15 5 6.40 ± 0.68 412.04 7.22 ± 0.59 391.18 

9 15 5 0.82 ± 0.09 -34.59 1.47 ± 0.12 -0.09 

3 45 5 2.41 ± 0.26 92.74 2.24 ± 0.18 52.05 

9 45 5 1.89 ± 0.20 51.02 1.72 ± 0.14 17.34 

3 15 25 4.77 ± 0.51 281.36 2.31 ± 0.19 57.02 

9 15 25 1.87 ±0.20 49.57 0.92 ± 0.08 -37.56 

3 45 25 1.52 ± 0.16 21.79 2.12 ± 0.17 44.33 

9 45 25 1.95 ± 0.21 55.81 1.86 ± 0.15 26.30 

6 30 15 3.82 ± 0.41 205.96 4.34 ± 0.36 195.24 

6 30 15 5.08 ± 0.54 306.54 3.42 ±0.28 132.65 

6 30 15 5.54 ± 0.59 343.11 3.42 ± 0.28 132.65 

3 30 15 2.13 ± 0.23 70.68 2.61 ± 0.21 77.51 

9 30 15 2.02 ± 0.22 61.82 2.00 ± 0.16 36.06 

6 15 15 3.16 ± 0.34 152.91 2.06 ± 0.17 40.47 

6 45 15 1.42 ± 0.15 13.33 2.88 ± 0.24 95.69 

6 30 5 0.81 ± 0.09 -34.97 3.00 ± 0.025 104.33 

6 30 25 1.43 ± 0.15 14.75 3.49 ± 0.29 137.60 

 

An enzymatic bioconversion system applying S. rebaudiana plant extract and fermented 

CGTase enzyme was first published, with sucrose as a cost-effective glycosyl donor in 

this research. During the experiments, on average, the rebaudioside A content doubled by 
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the end of the enzymatic bioconversion catalyzed by the fermented CGTase enzyme. 

However, the highest increase was fourfold. Regarding optimum searching for 

conventional enzymatic treatment of S. rebaudiana plant-biomass for enhancing reb A 

content, Adari et al. observed a pH optimum of 4.6 for Trichoderma viridae cellulase 

enzyme on S. rebaudiana leaves [219]. Li et al. investigated commercial CGTase 

enzymatic bioconversion on pure stevioside and observed a pH optimum of 5-6 and 

temperature optimum of 60°C applying starch as glycosyl donor [227]. 

Based on these findings, it can be concluded that the Bacillus licheniformis DSM13 

CGTase is a promising enzyme for forming rebaudioside A from stevioside. There were 

no major differences in the concentrations of stevioside and rebaudioside A in the two 

plant-based biomasses utilized as raw materials. The highest yields of rebaudioside A 

revealed a 4-fold enhancement during the bioconversion. According to our research, the 

pressurized hot water extract of the plant Stevia rebaudiana is a very promising raw 

material in the field of enzymatic bioconversion. 

4.3. Screening Bacilli strains for the biosurfactant production 

Six Bacillus strains (Table 6) were screened on the chemically defined inorganic media 

(Table 8), whether the cells could grow on that specified composition and if they were 

capable of forming biosurfactants. All the tested bacteria showed minimal or normal cell 

growth during the experiments. Figure 28 shows the three strains (B. licheniformis 

DSM13, B. subtilis DSM10 and G. stearothermophilus DSM2313) were growing very 

well under these circumstances. The fermentation time was altered between 2-3 days. 

Both B. licheniformis DSM13 and G. stearothermophilus DSM2313 consumed all the 

glucose in the media. By contrast, in the case of B. subtilis DSM10 there was some excess 

glucose at the end of the fermentation. This can be caused by the lack of NH4NO3 after 

24 hours. The alteration of the ST can be connected to changes in C/N in the media. If the 

N-source goes below a threshold concentration the bacteria can decompose the amino 

acid-based surface-active compound as well [46] [247]. In Figure 29 it can be seen that 

the other three strains which did not reach high OD values compared to the first three 

strains. For B. circulans NCAIM B.02324 and B. coagulans DSM1 might need some 

extra metal ions in trace concentration for their cell growth. B. firmus NCAIM B.01087 

was able to grow on this minimal media. However, it did not produce much biosurfactant, 

thus, it was not capable of reducing the ST below 60 mN/m from 72 mN/m. From these 

data (Table 21) it can be seen that the first three strains are promising candidates for 

biosurfactant production because the lowest ST of the cell-free supernatant reached about 

50 mN/m and the maximal reduction of the ST was about 25% compared to the starting 

point.  
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Figure 28 – Biosurfactant production screening: A – B. licheniformis 

DSM13, B – B. subtilis DSM10, C – G. stearothermophilus DSM2313 
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Figure 29 – Biosurfactant production screening: A – B. circulans NCAIM B.02324, 

B – B. coagulans DSM1, C – B. firmus NCAIM B.01087 
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Table 21 – Comparison of Bacillus species in the biosurfactant production 

Strain 
Biosurfacta

nt [g/L] 

J(biosurfactant) 

[g/L*h] 

Lowest ST 

[mN/m] 

STmax 

[mN/m]1 

B. licheniformis 

DSM13 
1.64 ± 0.21 0.0236 ± 0.0030 53.6 ± 3.4 17.2 

B. subtilis DSM10 1.22 ± 0.44 0.0258 ± 0.0093 51.8 ± 2.1 18.8 

G. stearothermophilus 

DSM2313 
2.42 ± 0.86 0.0336 ± 0.0119 51.3 ± 1.0 18.5 

B. circulans NCAIM 

B.02324 
0.88 ± 0.14 0.0047 ± 0.0007 61.5 ± 4.2 11.3 

B. coagulans DSM1 0.80 ± 0.14 0.0042 ± 0.0007 69.1 ± 2.4 4.1 

B. firmus NCAIM 

B.01807 
1.40 ± 0.90 0.0122 ± 0.0127 64.1 ± 1.4 8.2 

 

Joshi et al. applied B. licheniformis R2 for biosurfactant production on the same 

chemically defined media. During their experiments the ST decreased from about 55 

mN/m to 30 mN/m, which means a 25 mN/m STmax value [230], which is a similarly 

strong biosurfactant just as from the B. licheniformis DSM13. In another study, 

experiments with B. licheniformis in a chemically defined inorganic media supplemented 

with glucose and YE. The shaking flask experiment lasted for 4 days, and by the end of 

the 3rd day, the ST reached 36 mN/m. However, by the end of the 4th day the ST went up 

to 45 mN/m. This STmax=23 mN/m highlights a great production [248]. In another 

study with B. subtilis EG1 in Luria-Bertani medium, the bacteria was capable of 

producing biosurfactants, and decreasing the ST from 50 to 31 mN/m (STmax=19 

mN/m) [86]. A further study with B. subtilis B30 showed similar ST alteration like in 

Figure 28: the maximal ST decrement was about 30 mN/m (from 60 to 30 mN/m). 

However, at the end of the 4th day it went up to 45 mN/m [249]. B. circulans was able to 

produce biosurfactants on a complex medium comprised of additional nickel and 

molybdenum ions. The lipopeptide biosurfactant had its characteristic peaks during 

HPLC analysis [91]. B. coagulans was able to synthesize biosurfactants and it reduced 

the ST from 60 to 30 mN/m [250]. In this case the C/N ratio was smaller than in previous 

experiments (3.5.6). G. stearothermophilus was rather able to synthesize a (surface-

active) bioemulsifier from crude oil [116] and palm oil [103]. The isolated biosurfactant 

from G. stearothermophilus UCP 986 was able to reduce the surface tension down to 31 

mN/m in a 2.5% concentration, and its emulsification index ranged between 29 and 87% 

[103]. 

These results indicate that B. licheniformis, B. subtilis and G. stearothermophilus strains 

are excellent choices for producing lipopeptide-type biosurfactants. Further experiments 

 
1 STmax: the maximal surface tension decrement during the fermentation 
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are required to enhance biosurfactant production on this media. These results can be 

applied in microbial enhanced oil recovery. 

4.4. Techno-economic analysis of the fermentation of biosurfactants 

In the next section, I present my TEA based on experimental results by biosurfactant 

producing Bacilli. Due to the lack of available information about lipopeptide-type 

biosurfactant-producing plant capacity, I intended to determine a feasible plant process. 

First, I present the fermentation results, which are the basis of the process simulations. 

Then, I move on to the flow sheet development results. 

4.4.1. Fermentation of lichenysin and surfactin 

The data acquisition diagrams (history plots) of the lichenysin and surfactin fermentations 

are presented in Figure 30 and Figure 31, respectively. Both fermentation runs were quite 

similar; along with microbial growth, the broth began to foam due to the production of 

biosurfactants. After 40 hours, cell growth stopped and the spore formation of cells 

started, and as a consequence, the optical density decreased. Cell growth corresponded 

well to the Monod model, because a generalized logistic equation could be fitted well 

with a correlation coefficient of R2=0.99 for both lichenysin and surfactin production. 

The fermentation results are summarized in Table 22, which were implemented in the 

process simulation. 

 

Figure 30 – History plot of lichenysin fermentation (The fitted function for the optical 

density: OD=3.9679/(1+exp(5.5819-0.2339*time)) 
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Figure 31 – History plot of surfactin fermentation (The fitted function for the optical 

density: OD=5.7365/(1+exp(52.1062-1.0405*time))) 

 

Table 22 – The results’ summary of lichenysin and surfactin fermentation 

  B. licheniformis B. subtilis 

  Amount 
Yield 

(g/g) 
Amount 

Yield 

(g/g) 

Glucose 

(g/L)  

initial (g/L) 34±0.2 
- 

34 
- 

final (g/L) 0.6±0.2 2.5 

Conversion 

(%) 
0.982±0.7  0.926±0.7  

Biomass 

(g/L) 

initial (g/L) 0.7±0.43 
0.189 

1.5±0.41 
0.079 

final (g/L) 7±0.43 4±0.41 

Product 

overall (g) 0.520±0.02  2.43±0.02  

overall (g/L) 0.8±0.2 0.027 6.00±0.2 0.143 

broth (g/L) 

(Vr=0.515 L) 
0.88±0.2  4.99±0.2  

foam (g/L) 

(Vf=0.125 L) 
0.52±0.2  2.644±0.2  

Foam 

enrichment 
0.589  0.404  

Recovery 

from foam 
12.505  13.760  
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4.4.2. Results of flow sheet development  

Mass balance 

The simulated process incorporates inputs of inorganic media for all fermentation scales 

(a sum of 999 L), air (750 m3) for aeration, as well as an inlet for HCl to facilitate 

precipitation of the formed product. The outputs of the plant consist of emissions (mainly 

caused by filling the empty equipment and releasing the air), but real emissions are 

considered in fermenters which release CO2 as a result of respiration and from spray 

dryers with elevated water content. Among the outlets, there are two wastewater streams 

(aqueous wastes 1 & 2 that both consist of 925 L/batch), which are the supernatants of 

the neutralized broths after the sedimented product precipitates followed by 

centrifugation. Given the poor composition of the inorganic media, these streams can be 

disposed of as sewage. Finally, two production lines, namely lichenysin (1.1 kg/batch, 

89% purity) and surfactin (7 kg/batch, 89% purity), are classified as revenues. At the same 

time, two sediments of the biomass are formulated for marketing as soil inoculants (5% 

biomass in 190 L/batch). 

Energy consumption 

The result of solving mass & energy balance revealed a global energy consumption of 

47,223 kWh/y (with a peak load of 12.2 kW) and 4,295,835 kg of heat transfer agents 

(99% chilled cater and 1% steam with a peak consumption of 12,800 kg/h chilled water). 

In the next sections, the scale-up of the 4 scenarios was investigated and identified 

Scenario 2 as the best option. Therefore, the scale-up behavior of specific energy 

consumption of Scenario 2 is presented here (Figure 32). 

 

Figure 32 – Specific energy consumption versus annual production capacity 

Comparison of Scenarios 1-4 in terms of basic size 

The simulated process consisted of a fermentation broth of 1,000 L containing 1.2 kg of 

lichenysin. In Scenario 1, the same equipment set was used for the production of surfactin 
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also in a fermentation broth of 1,000 L with the help of the equipment sharing feature of 

SuperPro Designer 9.5®. According to Table 31, this reduced the Total Capital Investment 

by ca. 50%, but approximately doubled the fermentation time and lowered the annual 

batch number by 50% compared to Scenario 3, in which the equipment set applied was 

doubled. Using cyclones for foam separation increased the WtTv ratio and decreased 

Total Capital Investment by 2% and annual operating costs by 3%. Their application has 

a complex effect because it increases the equipment purchase costs. However, since 

fermenters can be better charged, their volume and costs can be reduced. The reduction 

in purchase costs has two effects; not only do facility-dependent costs fall but raw 

material costs do as well because the lower volume of the equipment (in Scenarios 2 & 

4) requires a smaller amount of cleaning agents to be used, thus also reducing the annual 

operating cost. Since the amounts of products are equal in all scenarios, revenues were 

constant. These observations are true for fermentation broths of 1,000 L, but since the 

annual operating cost is much higher than revenues, economic feasibility should also be 

discussed. 

Comparison of the Scenarios during scale-optimization 

It would seem that all the Scenarios have both advantages and disadvantages. To ensure 

a relevant comparison, the NPV was used. If it is small or equal to zero, the investment 

will result in either a reduction in the payback period or no payback period at all, 

respectively. Therefore, the calculated NPV was plotted for 5-5 different scales of each 

Scenario. From the trendlines, the scale was determined where NPV becomes zero and 

above which NPV turns into a positive range. Below this critical capacity of the plant, the 

investment will generate a loss. On the other hand, above it, the investment will be paid 

back. The Scenarios were compared based on the critical capacity of the plant. The 

smallest NPV=0 for a plant capacity of 18,450 kg MP/y belongs to Scenario 2 (high WtTv 

and equipment sharing), which means that this Scenario is the most cost-effective (Figure 

33).  
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Figure 33 – Comparison of the Scenarios calculating the critical scale at NPV=0 

substitution into the equations 

It can be observed that around the critical capacity of the plant (i.e., at which NPV=0), 

the production cost of all of the Scenarios is 836 $/kg MP and the gross margin, IRR as 

well as payback period are the same (Table 23). However, the Total Investment Cost 

(TIC) of Scenario 2 is the lowest, therefore, it would seem to be the best choice since 

NPV=0 can be achieved by the smallest and cheapest facility over a payback period of 

7.2 years.  

Table 23 – Comparisons of critical plant capacity for each Scenario 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

kg MP/y 20,522 18,242 39,210 35,800 

$/kg MP 835 836 836 837 

TIC [$] 65,746,760 56,736,369 123,238,403 110,540,468 

AOC [$/y] 17,139,015 15,257,781 32,778,111 29,957,362 

TAR [$/y] 21,162,183 18,811,059 40,433,155 36,916,780 

Gross Margin (%) 19.01 18.89 18.93 18.85 

ROI (%) 13.88 13.99 13.95 14.02 

Payback Period (y) 7.20 7.15 7.17 7.13 

IRR (%) 6.95 6.95 6.95 6.95 

 

Sensitivity analysis of the best Scenario 

In previous sections, it was demonstrated that Scenario 2 seems to be the optimal case 

since it requires a lower scale to achieve NPV=0. Therefore, the least capital investment, 

the shortest payback period and the highest internal rate of return. The distribution is 

presented in Figure 34. 
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Based on the distribution of costs, it is confirmed that biosurfactant facilities require 

capital-intensive investments (66% of the Total Operating Cost is facility-dependent). On 

the contrary, for more detailed insights, the robustness of the simulated facility was also 

investigated against changes to major cost parameters, namely facility-dependent, labor 

and raw material costs (each of them was simulated in terms of ±25% of the default) in 

terms of three economic indicators: unit production cost, payback period and NPV. Since 

98% of these costs are related to NaOH, its purchasing cost correspondingly changed. 

The results of the sensitivity analysis are presented in Table 24. It can be observed that 

changes in NPV are symmetric, and their values are relatively high. To better represent 

the tendencies, the changes in unit production cost and payback time as a result of ±25% 

changes to the aforementioned costs are illustrated in Figure 35. 

Table 24 – Results of the sensitivity analysis 

Scenario 2.  Facility-

dependent cost 

Labor-

dependent 

cost 

Raw 

material 

cost 

Lab/QC/QA 

Scale: 

18 242 kg 

MP/y 

Default -25% +25% -25% +25% -25% +25% -25% +25% 

Unit 

Prod.Cost 

($/kg MP) 

836 698 1 032 779 894 826 847 829 844 

Payback 

time (y) 
7.15 4.91 11.15 6.46 8.00 7.01 7.29 7.05 7.25 

NPV (M$) 3,490 18,281 -26,087 6,812 -6,805 1,138 -1,131 800 -793 

Figure 34 – Distribution of Costs for Scenario 2 
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The tendency correlates with the distribution of costs: the most significant impact is 

related to the facility-dependent costs, followed by labor costs, raw material costs and 

Laboratory/QC/QA costs. While the unit production costs varied between 698 and 1,032 

$/kg MP, the payback period altered between 4.91 and 11.15 years. 

Effect of process variables 

The major process variables are generally the pH, the aeration and the temperature. 

Aeration is very limited because of intensive foaming. The pH was not regulated because 

it can provide higher productivity according to Geetha et al. and Czinkóczky and Németh 

[251]. Hence, the effect of temperature was implemented [252] [253]. It has a double 

effect: differing temperature from the optimum exhibit slower growth resulting in longer 

process time, but can spare utility, so temperature’s effect was demonstrated in Table 25. 

The lower temperature (20°C) caused 4 times longer fermentation process time (based on 

my previous experiments), resulting in fewer annual batch numbers and less downtime 

between batches, proceeding to a significant rise in Facility dependent time. The 

requirement for additional cooling water to maintain a lower temperature raises the cost 

of utilities. 

 

 

 

 

Figure 35 – Effect of changes to different cost types 
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Table 25 – Effect of temperature on economic parameters 

 Scenario 2 20°C Scenario 2 37°C 
 $/y % $/y % 

Facility dependent 33,416,073 88.94 10,089,000 66.13 

Labor dependent 2,595,326 6.91 3,627,000 23.77 
     

Raw materials 379,620 1.01 768,000 5.03 

Laboratory/QC/QA 389,299 1.04 544,000 3.57 

Utilities 773,949 2.06 215,000 1.41 

Waste Treatment 12,748 0.03 8,000 0.05 

Consumables 5,729 0.02 6,000 0.04 
 37,572,744  15,257,000  

     

Unit Prod. Cost ($/kg 

MP) 
2,059.7  836  

Payback time (y) -  7.15  

NPV ($) -190,279,133  3,490  

 

Four biosurfactant production plant scenarios were evaluated, and it was shown that 

equipment sharing can significantly reduce the plant's required size (i.e., less equipment 

is required), giving it a less capital-intensive option with lower operating costs. The 

Working-to-Total-Volume ratio has little impact on economic indices, according to the 

same comparison. To obtain a positive NPV, plants with a capacity of more than 18,450 

kg/y would involve extensive use of fermenters and foam separation. If adjustments to 

the highest cost items, namely facility-dependent costs, of 25% are simulated, payback 

times vary between 4.91 and 11.15 years, according to the sensitivity analysis. 

4.5. Statistical optimization of the biosurfactant concentration applying 

response surface methodology 

Based on my Bacilli screening experiments for biosurfactant production (4.3), I found 3 

suitable candidates, however, I did the statistical optimization with 2 strains (namely B. 

subtilis DSM10 and G. stearothermophilus DSM2313). Despite the length of PhD 

research time, I omitted B. licheniformis DSM13 from the statistical investigation. 

However, it is worth to investigate that bacteria’s biosurfactant production in the future.  

4.5.1. With B. subtilis DSM10 

Before the statistical analysis, it is necessary to check the distribution of the data. All the 

residual plots (Figure 36) indicate that the differences between the measured and fitted 

values exhibit normal distribution and constant variance and are independent of each 

other. All the other residual plots were similar to Figure 36.  
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Figure 36 – Residual plots 

During the statistical analysis the lowest surface tensions and the isolated biosurfactant 

concentrations were investigated as independent variables. The cell growth and the 

productivity values are also considered important indicators during the optimization. The 

glucose concentration and the initial pH values were significant factors in all cases at 

α=0.05 level based on the Pareto charts (not shown here). After the significant factors 

were determined, the surface plots for the variables were created. 

The upper set of the glucose concentration was favorable for enhanced biomass 

production during the fermentation. Investigating the initial pH, the middle pH range 

(from 6 to 9) is the best for cell production with an optimum around pH 8. For NH4NO3 

both lower (≈0.5 g/L) and higher (≈2.4 g/L) boundaries could be suitable for biomass 

production (further investigation is required). 

 

Figure 37 – Surface plots based on the lowest surface tension in CCD 1 

According to Figure 37 (B) and (C) an alkaline pH is favorable for biosurfactant 

production. Since the more the ST reduction is, the higher the produced biosurfactant 

amount is. From Figure 37 (A) and (C) it can be seen that the high amount of nitrogen 
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source (NH4NO3≈2.5 g/L) could be the best for reaching the lowest surface tension. These 

results appear to be parallel with the biosurfactant concentrations’ surface plots in Figure 

38.  

 

Figure 38 indicates the surface plots for the isolated biosurfactant concentration in CCD 

1. These saddle surfaces are in agreement with the previous findings, which means that 

the middle of the investigated range benefits cell growth, and the edges of these ranges 

are better for the biosurfactant concentration. The best production setting was pH=9, 20 

g/L glucose and 2 g/L NH4NO3 with 3.119 g/L crude product. The product yield was 

0.151% and the maximal ST decrement was 32.66 mN/m. 

A 2nd central composite design was required because it seemed that the range of the 

investigated factors was not wide enough. The investigated factors were shifted into an 

upper range in CCD 2 compared to CCD 1. During the analysis of CCD 2, the lowest ST 

value is emphasized because it indicates the effectiveness of the product in the 

fermentation broth. 

Figure 39 (A-C) represents the lowest ST values in CCD 2. From Figure 39 (A) it can be 

seen that the optimum setting for initial pH was 8-9. Figure 39 (C) surface plot predicts 2 

optimum points for glucose [g/L]. Despite that, glucose above 80 g/L can cause 2-3 days 

long lag phase which is not beneficial for the production. Knowing these facts, the 

appropriate optimum for glucose (50-60 g/L) is presented in Figure 39 (A) with a lowest 

ST of 50 mN/m. Analyzing the raw data, the elevated NH4NO3 concentration enhanced 

biomass growth, but not the biosurfactant production. 

Figure 38 – Surface plots for isolated biosurfactant concentration in CCD 1 
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Figure 39 – Surface plots for the lowest ST in CCD 2 

To verify the theory for the optimum determination 4 more settings were chosen, which 

are listed in Table 26. For each setting 3 parallel shaking flasks were run. Among the 

results the best setting was chosen, where the fermentation time was not so long and 

where the ST went down to the lowest value.  

Table 26 – Optimum testing settings for B. subtilis DSM10 

pH [-] NH
4
NO

3
 

[g/L] 

Glucose 

[g/L] 

11 2 80 

9 2 48 

9 2 20 

9 3 95 

 

Figure 40 represents the best setting for B. subtilis DSM10. Compared to the initially 

applied chemically defined media, the glucose concentration was lowered from 34 to 20 

g/L, the NH4NO3 concentration was elevated (i.e., C/N reduced, which was normal if N-

containing product needed to be formed) and the initial pH was increased. In Figure 40 it 

can be seen that the glucose ran out of the media after the second day. The ST decreased 

during the 1st day to a minimum value of around 37 mN/m, then it rises to around 50 

mN/m. The emulsification index had a maximum value also at around 60%, which 

indicated good emulsifier capability of this biosurfactant.  
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Figure 40 – Optimal setting for B. subtilis DSM10 (20 g/L glucose, 2 g/L NH4NO3, 

pH=9) 

The CMC value was determined for the isolated biosurfactant. Figure 41 demonstrated 

the results of CMC determination for commercial surfactin (red dots), and for the isolated 

products of two B. subtilis fermentations under the same optimized settings as presented 

in Figure 40. The CMC value of the standard surfactin and the isolated products was about 

100 mg/L. These products can also be useful like other lipopeptide-type biosurfactants. 

The previously mentioned products were analyzed by HPLC, and identified as surfactin, 

in addition containing some impurities contrasting to the standard sample. According to 

the HPLC analysis 1 g/L of crude biosurfactant contains about 10% of surfactin and the 

majority are some impurities based on peak area % values. 

 

Figure 41 – CMC determination for the biosurfactants from B. subtilis DSM10 
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4.5.2. With G. stearothermophilus DSM2313 

The data statistics showed a normal distribution (not shown here) just like in the case of 

Figure 36. The isolated biosurfactant concentration was evaluated in CCD 1, because it 

gave primary information about the strain’s producing capability. The significant factors 

were the glucose (p=0.0008 at α=0.05 level) and the NH4NO3 (p=0.0015 at α=0.05 level) 

concentrations. At pH=7, 34 g/L glucose and 2.38 g/L NH4NO3 a quite good yield 

(YP/S=0.128) was observed with 1.358 g/L crude biosurfactant, where the maximal ST 

reduction was 8.47 mN/m. From the ST alterations I noticed that this bacterium is not 

producing the same strong lipopeptide type biosurfactants as other investigated Bacilli. 

From the surface plot analysis (Figure 42) it can be seen that the optimal range of the 

production is shifted towards the high level of the investigated factors. Therefore, also in 

this case, a 2nd CCD was required.  

Using CCD 2, the surface plots with ST were evaluated as the output variable. From 

Figure 43 it can be seen that the optimal initial pH value is 9. In the case of the NH4NO3 

concentration the optimum setting might be around 2-3 g/L. Regarding the glucose 

concentration the higher the better according to the surface plots. However, too much 

glucose causes a long lag phase in bacterial growth.  

 

Figure 42 – Surface plots for biosurfactant concentration in case of G. 

stearothermophilus DSM2313 (CCD 1) 

 

Figure 43 – Surface plots for lowest ST in case of G. stearothermophilus DSM2313 

(CCD 2) 
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For proving the conclusion for the optimum settings, 4 additional settings (with 3 parallel 

shaking flasks) were chosen, which are listed in Table 27. 

Table 27 – Optimum testing settings for G. stearothermophilus DSM2313 

pH  

[-] 

NH
4
NO

3
 

[g/L] 

Glucose 

[g/L] 

9 3 70 

11 3 70 

9 2 50 

7 2 50 

 

The best setting is presented in Figure 44. This fermentation took 4 days, but the glucose 

ran out of the media after around 70 hours. The cell growth stopped after 3 days. The ST 

slowly but decreased during the fermentation, it went down from 73 to 60-64 mN/m. The 

emulsification index increased from 54 % to 65%, indicating that the biosurfactant is an 

excellent emulsifier.  

 

Figure 44 – Optimum setting for G. stearothermophilus DSM2313 (50 g/L glucose, 2 

g/L NH4NO3, pH=7) 

Starting from the screening experiment, the biosurfactant production for B. subtilis 

DSM10 and Geobacillus stearothermophilus DSM2313 was improved. In the case of the 

B. subtilis DSM10, 37 mN/m of the cell-free supernatant was reached during the 

fermentation. Previously this value was about 50 mN/m. From the isolated product, its 

CMC was determined with a surface tension of 27 mN/m. In the case of G. 

stearothermophilus DSM2313, it was proved that it can produce an excellent emulsifier 
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with an emulsification index of 65% against vegetable oil. Compared to the preliminary 

experiments, a greater reduction in surface tension was achieved after the media 

optimization.  

4.6. Application of artificial neural networks in the biosurfactant 

production of Bacilli 

4.6.1. ANN with B. subtilis DSM10 

The training strategy is applied to the neural network to obtain the best possible loss. 

Figure 45 shows the training and selection errors in each iteration. The blue line represents 

the training error, and the orange line represents the selection error. The initial value of 

the training error is 12.598, and the final value after 157 epochs is 0.244. The selection 

error decreased from 10.286 to 0.369. Both errors were quite similar. 

 

Figure 45 – Quasi-Newton method errors history (B. subtilis DSM10) 
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Figure 46 – Incremental error plot for B. subtilis DSM10 

Figure 46 shows the error history for the different subsets during the incremental order 

selection process. The blue line represents the training error and the orange line 

symbolizes the selection error. The optimum order was number 10, the optimum training 

error was 0.147, and the optimum selection error was 0.302, and the iteration number was 

10.  

In Figure 47 the scaling neurons (yellow circles), perceptron neurons (blue circles), output 

layer (the last 2 blue circles) and the unscaling neurons (red circles) are illustrated. The 

number of inputs is 4, and the number of outputs is 2. The complexity, represented by the 

number of hidden neurons, is 3:10. 

 

Figure 47 – ANN for biosurfactant production with B. subtilis DSM10 

The standard method to test the loss of a model is to perform a linear regression analysis 

between the scaled neural network outputs and the corresponding targets for an 

independent testing subset. This analysis leads to 3 parameters for each output variable. 

The first two parameters, a and b, correspond to the y-intercept and the slope of the best 

linear regression relating to scaled outputs and targets. The third parameter, R2, is the 

correlation coefficient between the scaled outputs and the targets. If it had a perfect fit 

(outputs exactly equal to targets), the slope would be 1, and the y-intercept would be 0. If 

the correlation coefficient is equal to 1, then there is a perfect correlation between the 

outputs from the neural network and the targets in the testing subset. 

Figure 48 and Figure 49 illustrate the linear regression for the scaled output OD and ST, 

respectively. The predicted values are plotted versus the actual ones as circles. The black 

line indicates the best linear fit.  
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Figure 48 – Linear regression chart for OD (B. subtilis DSM10) (intercept:0.418; 

slope:0.879; correlation:0.93) 

 

Figure 49 – Linear regression chart for ST (B. subtilis DSM10) (intercept:9.76; 

slope:0.819; correlation:0.909) 

The next step was the calculation of the outputs. After the calculations, the measured data 

was plotted parallel with the predicted data (Figure 50 (A-D)). It can be observed that 

both parameters are predicted quite well, however, the best predicting is in Figure 50 D. 
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Figure 50 – Validation experiments with B. subtilis DSM10 
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4.6.2. ANN with G. stearothermophilus DSM2313 

The training strategy is applied to the neural network to obtain the best possible loss. The 

quasi-Newton method is used here for training. Figure 51 shows the training and selection 

errors in each iteration. The blue line represents the training error and the orange line 

represents the selection error, where both errors were similar. Both error values were 

decremented suddenly and parallelly, therefore the blue line is behind the orange one. 

The initial training error value of 7.903 decreased to 0.076 after 551 epochs. Meanwhile, 

the selection error decreased from 7.512 to 0.101. This indicates that during the fitting of 

ANN to training and thereafter to selection datasets the errors decreased significantly. 

 

Figure 51 – Quasi-Newtons method errors history 

Incremental order (Figure 52) is used here as an order selection algorithm in the model 

selection, the blue line represents the training error and the orange line symbolizes the 

selection error. The optimum order was number 3 (based on Figure 52), where the 

optimum training error was 0.080, the optimum selection error was 0.105, and the 

iteration number was 9.  
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Figure 52 – Incremental order error plot 

A graphical representation of the resulted deep architecture is in Figure 53. It contains a 

scaling layer, a neural network and an unscaling layer. The yellow circles represent 

scaling neurons, the blue circles as the perceptron neurons, the last 2 blue circles the 

output layer and the red circles unscaling neurons. The number of inputs is 4, and the 

number of outputs is 2. The complexity, represented by the number of hidden neurons, is 

6:6:3. 

 

Figure 53 – Final architecture of the ANN with G. stearothermophilus DSM2313 

After that, a linear regression analysis was performed. On the OD linear regression chart 

(Figure 54) the predicted values are plotted versus the actual ones as circles. The black 

line indicates the best linear fit. 
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Figure 54 – OD linear regression chart (intercept:0.513; slope:0.813; correlation:0.877) 

 

Figure 55 – EI linear regression chart (intercept:41.6; slope:0.261; correlation:0.5) 

In Figure 55 the linear regression chart of EI is presented. The black line indicates the 

best linear fit according to the analysis of Neural Designer. After the correlations were 

checked, the outputs were calculated, because the predicting capability of an ANN is more 

important than the correlation values. 

Analyzing the data distribution and the box plots in Figure 56 (A-D) it can be seen that 

the optical density values have a wide data distribution in the whole range (i.e., between 

minimum and maximum value of OD). Therefore, the correlation values can be higher 

than in the case of the emulsification index values, where only a narrow range is covered 

by most of the EI data, which suggests, that EI is not a sensitive parameter against the 

examined factors. 
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After the calculations, the measured data (Figure 57) was plotted parallel with the 

predicted data. In Figure 57 (A-D) the validation experiments can be seen. These are not 

the optimal experimental settings. However, these are new data settings (Table 16), which 

have not been done with this bacterium previously. Despite the low correlation value (0.5) 

for EI, the ANN predicts the EI changes quite well during the fermentations. The 

equations of the built neural network can be found in 11.6. 

Figure 56 – Data distribution and box plots for OD and EI 



110 

 

 

Figure 57 – Validation experiments with G. stearothermophilus DSM2313 

Artificial neural networks can predict the way of fermentations, as well as the appropriate 

time for harvesting the fermentation. Neural Designer is easy to apply for modeling and 

predicting two outcome parameters simultaneously, namely the cell growth with surface 

tension or emulsification index alteration during the fermentations. These results 

contribute to the forward prediction of the product efficiency and the harvesting time of 
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the fermentation broth, which can enhance the fermentations' productivity. Furthermore, 

the optimum required for biosurfactant and emulsifier production can be determined with 

much greater certainty than using the response surface methodology after a sufficient 

number of teaching experiments. Applying the built neural networks, I could predict the 

biosurfactant fermentation of Bacillus subtilis DSM10 and Geobacillus 

stearothermophilus DSM2313 strains. 
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5. Conclusions and Recommendations 

During my PhD research with Bacillus species, I proved that these well-known strains 

can produce things that can make life better.  

The CGTase enzyme from Bacilli can be utilized in the formation of cyclodextrins for 

further pharmaceutical application, and in the bioconversion of glycosides to enhance the 

product quality. CGTase enzyme produced by fermentation can be used in the enzymatic 

bioconversion of steviol glycosides to reduce the bitter aftertaste of the plant extract of 

Stevia rebaudiana and to increase the amount of rebaudioside A therein. Since this South 

American plant has already been grown in Hungary, my results can be used to develop a 

sweetener that can be consumed by diabetics and phenylketonuria. I found a more 

productive fermentation technique for the production of CGTase enzyme, and I 

successfully applied that in the forming of rebaudioside A from stevioside. I carried out 

experiments with Stevia rebaudiana plant extracts and fermented CGTase enzyme. I was 

able to double the reb A concentration in the plant extract.  

The biosurfactant market is fragmented, and although the market and its potential are 

huge for the entrants, few large plant manufacturers are known, so the knowledge gained 

about the production technology can be used to implement such a plant. The biosurfactant 

produced there can be used as emulsifiers, for the purification of oily soils and waters, as 

agricultural auxiliaries and for packaging active pharmaceutical ingredients molecules 

into liposomes. I determined an optimal plant capacity based on my laboratory-scale 

results with Bacillus licheniformis DSM13 and Bacillus subtilis DSM10. I was able to 

determine an optimum setting for their biosurfactant production during the media 

optimization experiments with Bacillus subtilis DSM10 and Geobacillus 

stearothermophilus DSM2313. I also improved these strains' crude products with lower 

surface tension and higher emulsification index. Based on the data of the statistical 

optimization, I was able to build an artificial neural network for these strains and 

biosurfactants. I was able to predict their production at different settings of the 

investigated factors, I was also capable of determining the optimal harvesting time of the 

fermentation broth and predicting the quality of the produced biosurfactants. 

The products which are developed here, such as CGTase and biosurfactants, promote new 

innovative drug formulations using micelles, liposomes, etc. that can be made from them. 

Although this is not in my results, but it belongs to my research topic. Furthermore, the 

formed biosurfactants can be applied in detergent formulations to substitute chemically 

synthesized ones to protect the environment. The isolated biosurfactants can be applied 

as biofertilizers and pesticides in agriculture, and an emulsifier in the food industry. 

Finally, one of the most important applications is soil remediation in the petroleum 

industry.   
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6. Összefoglalás és alkalmazási lehetőségek 

Doktori kutatásom során Bacillus törzseket vizsgálva sikeresen bebizonyítottam, hogy 

ezek a jól ismert baktériumok képeseket olyan termékek előállítására, amelyek jobbá 

tehetik a mindennap életet.  

A fermentációval előállított CGTáz enzim felhasználható a szteviol-glikozidok enzimes 

biokonverziójában a Stevia rebaudiana növényi kivonat keserű utóízének csökkentésére 

és a benne lévő rebaudiozid A mennyiségének növelésére. Mivel ezt a dél-amerikai 

növényt már Magyarországon is termesztették, eredményeim alapján cukorbetegek és 

fenilketonuriás betegek számára is fogyasztható édesítőszert lehet kifejleszteni. Találtam 

egy hatékonyabb fermentációs technikát a CGTáz enzim előállítására, és ezt sikeresen 

alkalmaztam a rebaudiozid A szteviozidból történő előállításában. Kísérleteket végeztem 

Stevia rebaudiana növényi kivonatokkal és fermentált CGTáz enzimmel. Sikerült 

megdupláznom a reb A koncentrációt a növényi kivonatban. A Stevia rebaudiana növény 

kivonatában a szteviozid keserű utóíze csökkenthető, rebaudiozid A-vá történő átalakítása 

során. Korábban Magyarországon sikerrel termesztettek Stevia rebaudiana-t az Alföldön, 

így előállítható lenne egy természetes alapú édesítőszer, a kémiailag szintetizált szteviol-

glikozidok helyett.  

A biodetergensek piaca erősen fragmentált, és bár a piac és a benne rejlő lehetőségek 

óriásiak a belépők számára, kevés nagy gyártóüzem ismert, így a gyártástechnológiáról 

megszerzett ismeretek egy ilyen üzem megvalósítására is felhasználhatók. Az így 

előállított biodetergensek felhasználhatóak emulgeálószerként, olajos talajok és vizek 

tisztítására, mezőgazdasági segédanyagként, valamint gyógyszerhatóanyag-molekulák 

liposzómákba csomagolására. A Bacillus licheniformis DSM13 és Bacillus subtilis 

DSM10 törzsekkel végzek laboratóriumi léptékű fermentációk alapján tervezett 

biodetergens termelőüzem megvalósítható optimális kapacitását határoztam meg, ahol a 

megtermelt sejtek talajoltókultúraként kerülnek felhasználásra a mezőgazdaságban. 

Tápközegoptimálási kísérletek során, Bacillus subtilis DSM10 és Geobacillus 

stearothermophilus DSM2313 törzsekkel, sikeresen meghatároztam a biodetergens 

termelési optimumot. Ezen törzsek esetén sikerült a termék minőségén javítanom, 

alacsonyabb felületi feszültséget és magasabb emulzifikációs index értékeket értem el. A 

statisztikai optimalizálás adataira mesterséges neurális hálót építettem. A neurális háló 

képes volt megjósolni a felületi feszültség és az emulzifikációs index változását a 

különböző vizsgált faktorok esetében, valamint a fermentlé vágási ideje is előre 

meghatározható. Az előállított biodetergensek mosószerekben a kémiailag szintetizált 

anyagok helyettesítésére a környezet védelme érdekében, a mezőgazdaságban 

biotrágyaként és biopeszticidként, az élelmiszeriparban emulgeálószerként 

alkalmazhatók. Végül, az egyik legfontosabb alkalmazás a kőolajiparban a 

talajremediáció. 

A doktori munkám során fejlesztett termékek, mint például a biodetergensek és a CGTáz 

enzim, új innovatív gyógyszerkészítményeket hozhatnak létre, amelyekből micellákat, 

liposzómákat lehet előállítani. A Bacillus-ok által termelt CGTáz enzimmel 

ciklodextrineket lehet szintetizálni, melyeknek további releváns gyógyszeripari 
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alkalmazási lehetőséggel rendelkezik. A CGTáz enzim különböző glikozidok 

glikozilálására is felhasználható, amely a termék minőségének javítására felhasználható.  
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7. Novel contributions 

Thesis 1 [VII.] 

The production of cyclodextrin glycosyltransferase enzyme with Bacillus licheniformis 

DSM13 by semi-continuous technique is significantly (317% and 415%) more efficient 

than the batch and the fed-batch techniques, respectively.  

Thesis 2 [II] [IV.] 

The rebaudioside A content of Stevia rebaudiana extract can be significantly increased 

(80% in dried plant extract and 46% in lyophilized extract) by β-1,3-glucanase and 

cyclodextrin glycosyltransferase enzymes. 

Thesis 3 [III.] 

Based on techno-economic analysis, under published conditions, the size of an 

economically viable biosurfactant producing plant is 20,522 kg (1st solution) and 18,242 

kg (2nd solution) surfactin/year. 

Thesis 4 [I.] 

Geobacillus stearothermophilus DSM2313 and Bacillus subtilis DSM10 bacterial strains 

are suitable for biosurfactant production based on their productivity and surface tension 

reduction ability. Under the optimized conditions, surfactin produced by the latter strain 

reduces surface tension in the broth by 48% and the isolated product by 63%. 

 

Thesis 5 [I.] 

Under the optimized conditions, the biosurfactant produced by Geobacillus 

stearothermophilus DSM2313 significantly (30%) increases the emulsification index, 

indicating the polymeric nature of the product. 

 

Thesis 6 [I.] 

Applying artificial neural network, the quality of the product (surface tension, 

emulsification index) and the harvesting time of the fermentations of Geobacillus 

stearothermophilus DSM2313 and Bacillus subtilis DSM10 can be predicted with 90% 

accuracy. 
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8. Új tudományos hozzájárulások 

1. Tézis [VII.] 

Bacillus licheniformis DSM13 eredetű ciklodextrin-glikoziltranszferáz enzim 

félfolytonos fermentációs technikával történő előállítása lényegesen (317%-kal, illetve 

415%-kal) hatékonyabb, mint a szakaszos, illetve a rátáplálásos technikák.  

2. Tézis [II] [IV.] 

A Stevia rebaudiana extraktum rebaudiozid A tartalma β-1,3-glükanáz és ciklodextrin-

glikoziltranszferáz enzimekkel jelentősen (szárított növényi extraktumban 80%-kal, 

liofilizált extraktumban 46%-kal) megnövelhető. 

3. Tézis [III.] 

A gazdaságos biodetergens üzem méret – technológia-szimulációk alapján, a publikált 

feltételek mellett – 20 522 kg (1. megoldás) és 18 242 kg (2. megoldás) surfactin/év 

kapacitású. 

4. Tézis [I.] 

A Geobacillus stearothermophilus DSM2313 és a Bacillus subtilis DSM10 

baktériumtörzsek produktivitásuk és felületi feszültség csökkentő képességük alapján 

alkalmasak biodetergens termelésére. Optimált beállításnál az utóbbi törzs által termelt 

surfactin a fermentlében 48%-kal, az izolált termék 63%-kal csökkenti a felületi 

feszültséget. 

5. Tézis [I.] 

Optimált beállításnál a Geobacillus stearothermophilus DSM2313-as törzs bio-

felületaktív anyaga jelentősen (30%) megnöveli az emulzifikációs indexet, ami a termék 

polimer jellegére utal.  

6. Tézis [I.] 

Mesterséges neurális hálózat révén a Geobacillus stearothermophilus DSM2313 és a 

Bacillus subtilis DSM10 biodetergens fermentációja során keletkező termék minősége 

(felületi feszültség, emulzifikációs index), illetve a fermentációk vágási ideje is 90%-os 

pontossággal jósolható. 
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11. Appendix 

11.1. Appendix A 

 

Figure 58 – Determination of molar extinction coefficient for phenolphthalein 

 

11.2. Appendix B 

 

Figure 59 – Lyophilization data sheet 
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11.3. Appendix C 

Table 28 – Comparison of glycosyl donors in the stevioside to rebaudioside A conversion 

– Full factorial design and its results 

order pH E/S T°C 

DeltaRebA%2 

water-soluble 

starch 

DeltaRebA% 

sucrose 

DeltaRebA%  

D-trehalose 

DeltaRebA% 

curdlan 

1 5 3 25 25.275 13.333 -6.795 52.388* 

2 8 3 25 40.861 69.991 16.637 -86.765 

3 5 9 25 -56.417 0.691 7.962 -41.474 

4 8 9 25 0.284 18.891 -74.727 -39.866 

5 5 3 45 28.480 -7.808 133.572 39.577 

6 8 3 45 -7.387 -35.940 -40.225 -14.249 

7 5 9 45 -22.369 -3.031 -86.796 -72.549 

8 8 9 45 -42.717 27.103 23.738 1.664 

9 6.5 6 35 4.223 -0.778 31.663 24.809 

10 6.5 6 35 12.707 10.100 28.594 12.995 

11 6.5 6 35 -35.566 26.819 -29.430 -37.574 

12 6.5 6 35 3.380 16.129 -26.794 -16.616 

*: Marked with red: omitted, considered as outstanding point 

11.4. Appendix D 

Table 29 – Comparison of prices for different type biosurfactants 

Biosurfactant Source Unit Price [$/g] Reference 

Surfactin 98 % Sigma Aldrich 16,100  [254] 

Rhamnolipids 90 % Sigma Aldrich 3.14 [255] 

Iturin A 95 % Sigma Aldrich 109,600 [256] 

Fengycin 90 % Sigma Aldrich 110,200 [257] 

Gramicidin Sigma Aldrich 90 [258] 

Polymyxin Sigma Aldrich 78.1 [259] 

 

 

 

 
2 DeltaRebA%: percentage value of the change of rebaudioside A concentration 
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Table 30 – Bulk prices of raw materials 

Component Price Unit Manufacturer 

NH4NO3 195 $/t Yantai Swide Biological Technology Co., Ltd. 

biomass 0 $/kg  
CaCl2 120 $/t Shouguang Xinlun Import and Export Co., Ltd. 

Na2HPO4 500 $/t Anhui Huakai Light Industry S&T Co., Ltd. 

EDTA-Na2 1.65 $/kg The TNN Development Ltd. 

FeSO4 100 $/t Tianjin Chengyuan Chemical Co., Ltd. 

Glucose 400 $/t Hebei Xue Run Biological Technology Co., Ltd. 

HCl 600 $/t Hubei Zhongshou Technology Co., Ltd. 

KH2PO4 1000 $/t Shouguang Xinlun Import and Export Co., Ltd. 

Lichenysin 200 $/g - 

MgSO4 215 $/t Weifang Yingxuan Industries Co., Ltd. 

(NH4)H2PO4 

(MAP) 725 $/t Nanjing Jiayi Sunway Chemical Co., Ltd. 

NaOH 700 $/t Tianjin TYWH Import & Export Co., Ltd. 

Surfactin 100 $/g FUJIFILM Wako Pure Chemical Corporation 

Water 1 $/m3(STP)   
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Table 31 – Techno-economic evaluation of Scenarios 1-4. 

Items         

 Estimation assumption 

Plant location Central Europe    
Plant capacity 1 kg surfactin / batch   
Design on-stream factor 330 day/y (=0.90)    
Feedstock Glucose+inorganic media   
Main products Surfactin, Lichenysin   
     
Mass balance     
Fermentation yields 0.160g Surfactin / g carbon source   

 0.024g Lichenysin / g carbon source   

 0.080g B. subtilis / g carbon source   

 

0.190g B. licheniformis / g carbon 

source   
Surfactin recovery 88.13 % by weight   
Lichenysin recovery 85.04 % by weight   
Surfactin purity 89.40 %   
Lichenysin purity 89.40 %   
     
Capital costs     
Scenario number I. II. III. IV. 

Total Plant Direct Cost (TPDC) 8 473 000  8 021 000  16 944 000  16 037 000  

  Equipment purchasing costs US$     PC 2 606 000  2 465 000  5 211 000  4 929 000  

  Installation 0.37xPC 968 000  921 000  1 935 000  1 841 000  

  Process Piping 0.35xPC 912 000  863 000  1 824 000  1 725 000  

  Instrumentation 0.40xPC 1 042 000  986 000  2 085 000  1 972 000  

  Insulation 0.03xPC 78 000  74 000  156 000  148 000  
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  Electrical facilities 0.10xPC 261 000  247 000  521 000  493 000  

  Buildings 0.45xPC 1 173 000  1 109 000  2 345 000  2 218 000  

  Yard Improvement 0.15xPC 391 000  370 000  782 000  739 000  

  Auxiliary Facilities 0.40xPC 1 042 000   986 000  2 085 000  1 972 000  

      
Total Plant Indirect Cost (TPIC)  5 084 000  4 812 000  10 166 000  9 622 000  

  Engineering supervision 0.25xTPDC 2 118 000  2 005 000  4 236 000  4 009 000  

  Construction expenses 0.35xTPDC 2 966 000  2 807 000  5 930 000  5 613 000  

      
Total Plant Cost (TPC=TPDC+TPIC)  13 557 000  12 833 000  27 110 000  25 659 000  

      
Contractor's fee and contingency 

(CFC)  2 034 000  1 925 000   4 066 000  3 849 000  

  Contractor's fee 0.05xTPC 678 000  642 000  1 355 000  1 283 000  

  Contingency 0.10xTPC 1 356 000  1 283 000  2 711 000  2 566 000  

      
Direct Fixed Capital Costs 

(DFC=TPC+CFC)  15 591 000  14 758 000  31 176 000  29 508 000  

      
Working Capital (Expenses for 30 

days) (WC)  318 000  882 000  679 000  1 764 000  

Startup & Validation (SV) 0.05xDFC 780 000  738 000  1 559 000  1 475 000  

      
TOTAL INVESTMENT 

(TI=DFC+WC+SV)  16 689 000  16 378 000  33 414 000  32 747 000  

      
      
Annual operating costs  7 159 129  6 954 417  14 379 720  13 906 833  

Labour-Dependent (TLC)  3 461 276  3 461 276  6 973 450  6 922 549  
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Raw materials  234 616  187 073  472 682  374 147  

Consumables                              171  

                         

171  

                         

345  

                        

343  

Waste Treatment                              222  

                         

226  

                         

455  

                        

452  

Utility Costs  6 844  6 671  13 788  13 342  

Facility-dependent costs (FDC = 

maintenance + depreciation + 

Miscellaneous (Insurance, Tax, Plant 

Expenses) 0.19xDFC 2 937 000  2 780 000  5 873 000  5 558 000  

Laboratory costs (QC/QA) 0.15xTLC  519 000  519 000  1 046 000  1 038 000  

      
Revenues  501 547  501 547  1 010 468  1 003 092  

Lichenysin  79 028  79 028   159 218  158 056  

Surfactin  243 187  243 187  489 950  486 373  

Soil inoculant 1  129 941  129 941  261 792  259 881  

Soil inoculant 2  49 391    49 391  99 508  98 782  

      
No. of batches  68  68  137  136  

Cycle time  114  114  57  57  

Receipt time   224  224  224  224  
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11.5. Appendix E 

Table 32 – Experimental settings for CCD 1 

Standard run 
Glucose 

[g/L] 
NH4NO3 [g/L] initial pH [-] Replicate 

10 9.31 1.50 7.00 3 

2 20.00 1.00 9.00 3 

12 34.00 0.62 7.00 3 

3 20.00 2.00 5.00 3 

7 48.00 2.00 5.00 3 

1 20.00 1.00 5.00 3 

8 48.00 2.00 9.00 3 

5 48.00 1.00 5.00 3 

9 (C) 34.00 1.50 7.00 3 

6 48.00 1.00 9.00 3 

11 58.69 1.50 7.00 3 

14 34.00 1.50 3.47 3 

4 20.00 2.00 9.00 3 

16 (C) 34.00 1.50 7.00 3 

13 34.00 2.38 7.00 3 

15 34.00 1.50 10.53 3 

 

Table 33 – Experimental settings for CCD 2 

Standard run Glucose [g/L] NH4NO3 [g/L] initial pH [-] Replicate 

10 65.00 3.00 5.47 2 

3 80.00 2.00 7.00 2 

6 50.00 4.00 11.00 2 

5 50.00 2.00 11.00 2 

15 65.00 4.76 9.00 2 

7 80.00 2.00 11.00 2 

11 65.00 3.00 12.53 2 

8 80.00 4.00 11.00 2 

12 38.54 3.00 9.00 2 

4 80.00 4.00 7.00 2 

1 50.00 2.00 7.00 2 

14 65.00 1.24 9.00 2 

9 (C) 65.00 3.00 9.00 2 

16 (C) 65.00 3.00 9.00 2 

2 50.00 4.00 7.00 2 

13 91.46 3.00 9.00 2 
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11.6. Appendix F 

Table 34 – Comparison of ANN settings 

 B. subtilis DSM10 
G. stearothermophilus 

DSM2313 

Scaling method 
Mean standard 

deviation 
Minimum-maximum 

Number of perceptron 

layers 
2 4 

Unscaling method Minimum-maximum 

Error method Normalized square error Mean square error 

Regularization weak strong 

Optimization algorithm Quasi-Newton method 

Training accuracy medium 

Maximum iteration 1000 

 

Equations for Bacillus subtilis DSM10 

The mathematical expression represented by the neural network is written below. It 

takes the inputs glucose, NH4NO3, pH, time to produce the outputs OD, ST. For 

function regression problems, the information is propagated in a feed-forward fashion 

through the scaling layer, the perceptron layers and the unscaling layer. 

scaled_glucose = (glucose-45.6381)/20.7198; 

scaled_NH4NO3 = (NH4NO3-2.11404)/1.01778; 

scaled_pH = (pH-7.73904)/2.26206; 

scaled_time = (time-54.7377)/47.0111; 

y_1_1 = tanh (2.61777+ (scaled_glucose*0.0398407)+ (scaled_NH4NO3*-0.0676321)+ 

(scaled_pH*-0.716637)+ (scaled_time*4.35434)); 

y_1_2 = tanh (-1.91044+ (scaled_glucose*-0.652602)+ (scaled_NH4NO3*0.203915)+ 

(scaled_pH*-2.07768)+ (scaled_time*-0.348722)); 

y_1_3 = tanh (-1.48513+ (scaled_glucose*-1.04911)+ (scaled_NH4NO3*-0.527324)+ 

(scaled_pH*0.831654)+ (scaled_time*0.855412)); 

y_2_1 = tanh (-1.83247+ (y_1_1*0.0647054)+ (y_1_2*-1.25777)+ (y_1_3*3.12876)); 

y_2_2 = tanh (0.873308+ (y_1_1*-4.99116)+ (y_1_2*-0.985537)+ (y_1_3*-1.26278)); 

y_2_3 = tanh (0.561734+ (y_1_1*-2.33689)+ (y_1_2*-4.77438)+ (y_1_3*-2.24964)); 

y_2_4 = tanh (3.41608+ (y_1_1*-9.32311)+ (y_1_2*8.91997)+ (y_1_3*1.71152)); 

y_2_5 = tanh (-3.14394+ (y_1_1*8.8248)+ (y_1_2*2.35177)+ (y_1_3*0.56403)); 
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y_2_6 = tanh (0.676407+ (y_1_1*3.56971)+ (y_1_2*0.626263)+ (y_1_3*-2.58579)); 

y_2_7 = tanh (2.14083+ (y_1_1*-0.0473506)+ (y_1_2*-0.322655)+ (y_1_3*1.55498)); 

y_2_8 = tanh (2.73503+ (y_1_1*-3.02461)+ (y_1_2*-2.34996)+ (y_1_3*-4.99037)); 

y_2_9 = tanh (-0.0779605+ (y_1_1*0.209231)+ (y_1_2*1.37644)+ (y_1_3*2.79016)); 

y_2_10 = tanh (-0.29391+ (y_1_1*-4.64791)+ (y_1_2*-0.708091)+ (y_1_3*3.80901)); 

scaled_OD = (1.40963+ (y_2_1*-0.941888)+ (y_2_2*2.55407)+ (y_2_3*0.727258)+ 

(y_2_4*-0.786239)+ (y_2_5*2.74135)+ (y_2_6*-2.37363)+ (y_2_7*-2.20942)+ 

(y_2_8*3.17048)+ (y_2_9*4.71558)+ (y_2_10*-1.7292)); 

scaled_ST = (-0.397003+ (y_2_1*0.423599)+ (y_2_2*-2.16614)+ (y_2_3*0.03587)+ 

(y_2_4*0.899519)+ (y_2_5*-2.10714)+ (y_2_6*-1.63794)+ (y_2_7*0.563516)+ 

(y_2_8*-2.62411)+ (y_2_9*-3.33599)+ (y_2_10*-2.16368)); 

(OD,ST) = (0.5*(scaled_OD+1.0)*(6.13-0)+0,0.5*(scaled_ST+1.0)*(71.72-

37.03)+37.03); 

 

Table 35 – Error table for B. subtilis DSM10 

 Training Selection Testing 

Sum squared error 2324.94 2379 992.51 

Mean squared error 10.29 31.72 13.23 

Root mean squared error 3.207 5.632 3.638 

Normalized squared error 0.1596 0.4328 0.1749 

Minkowski error 1086.11 746.17 435.86 

 

Equations for G. stearothermophilus DSM2313 

The mathematical expression represented by the neural network is written below. It takes 

the inputs glucose, NH4NO3, pH, time to produce the outputs OD, EI. For function 

regression problems, the information is propagated in a feed-forward fashion through the 

scaling layer, the perceptron layers and the unscaling layer. 

scaled_glucose = 2*(glucose-9.31)/(91.46-9.31)-1; 

scaled_NH4NO3 = 2*(NH4NO3-0.62)/(4.76-0.62)-1; 

scaled_pH = 2*(pH-3.47)/(12.53-3.47)-1; 

scaled_time = 2*(time-0)/(168-0)-1; 
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y_1_1 = tanh (-0.717201+ (scaled_glucose*0.16989)+ (scaled_NH4NO3*0.0912854)+ 

(scaled_pH*0.477651)+ (scaled_time*-1.27211)); 

y_1_2 = tanh (-0.434884+ (scaled_glucose*-0.903361)+ (scaled_NH4NO3*-

0.0124017)+ (scaled_pH*1.36574)+ (scaled_time*-0.1053)); 

y_1_3 = tanh (-0.1268+ (scaled_glucose*-0.191909)+ (scaled_NH4NO3*-

0.00936184)+ (scaled_pH*0.737212)+ (scaled_time*0.918988)); 

y_1_4 = tanh (-0.717537+ (scaled_glucose*0.244495)+ (scaled_NH4NO3*-

0.0201398)+ (scaled_pH*-1.57795)+ (scaled_time*0.483785)); 

y_1_5 = tanh (-0.263068+ (scaled_glucose*-1.67885)+ (scaled_NH4NO3*0.313293)+ 

(scaled_pH*-0.418984)+ (scaled_time*0.0925293)); 

y_1_6 = tanh (1.02618+ (scaled_glucose*0.974169)+ (scaled_NH4NO3*0.925472)+ 

(scaled_pH*1.21849)+ (scaled_time*0.227975)); 

y_2_1 = tanh (0.140752+ (y_1_1*0.42292)+ (y_1_2*-1.23937)+ (y_1_3*-0.187044)+ 

(y_1_4*-1.12018)+ (y_1_5*0.481332)+ (y_1_6*-0.119757)); 

y_2_2 = tanh (0.553841+ (y_1_1*0.631239)+ (y_1_2*0.400509)+ (y_1_3*0.719)+ 

(y_1_4*-0.325644)+ (y_1_5*0.118912)+ (y_1_6*-0.965224)); 

y_2_3 = tanh (0.587231+ (y_1_1*0.949876)+ (y_1_2*0.0609148)+ (y_1_3*-1.08791)+ 

(y_1_4*1.58166)+ (y_1_5*0.240447)+ (y_1_6*0.239424)); 

y_2_4 = tanh (0.0979295+ (y_1_1*-0.818864)+ (y_1_2*0.488466)+ 

(y_1_3*0.718558)+ (y_1_4*-0.0725364)+ (y_1_5*-0.217952)+ (y_1_6*-0.0271167)); 

y_2_5 = tanh (-0.519724+ (y_1_1*-0.21498)+ (y_1_2*-0.192595)+ (y_1_3*0.215489)+ 

(y_1_4*-0.159035)+ (y_1_5*-0.715336)+ (y_1_6*1.2519)); 

y_2_6 = tanh (0.354644+ (y_1_1*-0.110683)+ (y_1_2*-0.791403)+ (y_1_3*-

0.403055)+ (y_1_4*0.0864282)+ (y_1_5*0.692731)+ (y_1_6*-0.184117)); 

y_3_1 = tanh (0.493146+ (y_2_1*-1.18139)+ (y_2_2*0.910972)+ (y_2_3*1.73403)+ 

(y_2_4*-0.607206)+ (y_2_5*0.487166)+ (y_2_6*-0.61853)); 

y_3_2 = tanh (0.121054+ (y_2_1*0.102905)+ (y_2_2*-0.675361)+ (y_2_3*0.178765)+ 

(y_2_4*0.0678447)+ (y_2_5*-0.660269)+ (y_2_6*-0.816352)); 

y_3_3 = tanh (0.231294+ (y_2_1*-0.75011)+ (y_2_2*-0.452683)+ (y_2_3*-1.11258)+ 

(y_2_4*-0.781413)+ (y_2_5*-0.301478)+ (y_2_6*0.343893)); 

scaled_OD =  (-0.556951+ (y_3_1*-1.44111)+ (y_3_2*0.942973)+ (y_3_3*-1.41808)); 

scaled_EI =  (0.12032+ (y_3_1*0.269844)+ (y_3_2*1.0142)+ (y_3_3*1.13026)); 

(OD,EI) = (0.5*(scaled_OD+1.0)*(5.19-0)+0,0.5*(scaled_EI+1.0)*(70.91-

45.56)+45.56); 
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Table 36 – Error table for ANN G. stearothermophilus DSM2313 

 Training Selection Testing 

Sum squared error 1959.41 727.587 838.835 

Mean squared error 8.23283 9.20996 10.6182 

Root mean squared error 2.86929 3.03479 3.25855 

Normalized squared error 0.568429 0.719992 0.706132 

Minkowski error 998.069 370.678 410.286 
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