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Abstract

This Master’s thesis aimed to produce the antimicrobial compound roseoflavin using strains of
Corynebacterium glutamicum that overproduces its precursor riboflavin as a microbial platform.
Roseoflavin is currently produced by chemical synthesis, which is costly, employs hazardous
compounds, and has a low molar yield of 5%. C. glutamicum is commonly used in industry
and has been engineered to produce several value-added chemicals, including riboflavin. This
study explored the roseoflavin biosynthetic pathway from Streptomyces davawensis in a C. glu-
tamicum riboflavin-producing strain. In this regard, the genes rosA, rosB, rosC, and ribM

were plasmid-based expressed. Additionally, the bifunctional riboflavin kinase / FMN adeny-
lyltransferase gene ribF from C. glutamicum was overexpressed connecting the roseoflavin and
riboflavin pathways. The genes ribF -rosABC belonged to the roseoflavin biosynthesis pathway,
while the gene ribM coded for a flavin transporter protein. The newly constructed plasmids
were transformed into a riboflavin-producing C. glutamicum strain, overexpressing the riboflavin
operon ribGCAH (named riboCg), resulting in the following three strains: C. glutamicum(pSym-
riboCg)(pVWEx1-rosABC) (named Roseo1), C. glutamicum(pSym-riboCg)(pVWEx1-rosABC-
ribM) (named Roseo2), and C. glutamicum(pSym-riboCg)(pVWEx1-ribF -rosAB-ribM) (named
Roseo3). Growth experiments in shaking flasks were performed to evaluate the cell growth, and
HPLC was utilized to quantify the riboflavin and roseoflavin production. Antimicrobial tests were
performed to evaluate the toxicity of roseoflavin in C. glutamicum, and to investigate the impact
of the transporter proteins encoded by ribM from S. davawensis, and ribX from C. glutamicum.
In the growth experiments, it was found that all the constructed strains, except for the con-
trol strain, produced roseoflavin. In comparison to the strains constructed in the Specialisation
project of Rudberg (2022) [1], containing the genes rosAB, and ribM , it was found a decrease of
roseoflavin production in the strains overexpressing rosC. Contrarily, overproducing ribF in the
strain Roseo3 increased the roseoflavin production. Roseo3 achieved the highest roseoflavin titer of
4.065 ± 0.901 g/L. It is noteworthy that the roseoflavin final titers might have been influenced by
an unknown analyte detected at a similar retention time as roseoflavin. Notably, the expression of
the ribM gene proved to be beneficial since it decreased roseoflavin toxicity while increasing rose-
oflavin productivity. The antimicrobial tests indicated that ribM is an antiporter, co-transporting
roseoflavin out of the cells while importing riboflavin. ribX was revealed to encode a riboflavin
and a roseoflavin importer, due to the similar structures of the two compounds. Furthermore,
the antimicrobial tests revealed a roseoflavin inhibitory constant of 0.05 g/L, which represents
the threshold concentration of roseoflavin that limits the growth of C. glutamicum cells. This
work lays a solid foundation for the sustainable and efficient microbial production of roseoflavin,
offering a promising alternative to costly and hazardous chemical synthesis methods. However,
further research is necessary to optimize the production method, separate the unknown compound
influencing the roseoflavin titers, and explore potential applications for scaling-up production in
bioreactors.
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Sammendrag

Denne masteroppgaven hadde som mål å produsere det antimikrobielle stoffer roseoflavin ved bruk
av riboflavin-overproduserende stammer av Coreynebacterium glutamicum som en mikrobiell plat-
form. I dag produseres roseoflavin ved kjemisk syntese, som er kostbart, bruker farlige fobindelser
og har et lavt molart utbytte på 5%. C. glutamicum brukes vanligvis i industrien og har blitt
genmodifisert til å produsere flere verdifulle kjemikalier, inkludert riboflavin. I denne studien ble
roseoflavin-biosyntesesporet fra Streptomyces davawensis testet i en riboflavin-produserende C.
glutamicum-stamme. I den forbindelse ble genene rosA, rosB, rosC og ribM uttrykt ved hjelp av
plasmider. I tillegg ble genet ribF , som koder for bifunksjonell riboflavin kinase / FMN adenylyl-
transferase i genomet til C. glutamicum, overuttrykt for å koble sammen roseoflavin og riboflavin
sporene. Genene ribF -rosABC tilhørte roseoflavin biosyntese sporet, mens genet ribM kodet for
en flavintransportprotein. De nykonstruerte plasmidene ble transformert inn i C. glutamicum-
stammen som overproduserte riboflavin ved å overuttrykke riboflavin operonet ribGCAH (kalt
riboCg). Dette resulterte i de tre følgende stammene: C. glutamicum(pSym-riboCg)(pVWEx1-
rosABC) (kalt Roseo1), C. glutamicum(pSym-riboCg)(pVWEx1-rosABC-ribM) (kalt Roseo2),
og C. glutamicum(pSym-riboCg)(pVWEx1-ribF -rosAB-ribM) (kalt Roseo3). Vekstforsøk ved
bruk av flaskedyrking ble utført for å evaluere celleveksten, og HPLC ble brukt til å kvantifisere
produksjon av roseoflavin og riboflavin. Antimikrobielle tester ble utført for å evaluere giftigheten
til roseoflavin for C. glutamicum, og for å undersøke egenskapene til transportproteinene kodet av
ribM fra S. davawensis og ribX fra C. glutamicum. Fra vekstforsøkene ble det funnet at alle de
konstruerte stammene, bortsett fra kontrollstammen, produserte roseoflavin. Sammenlignet med
stammene konstruert i Fordypningsprosjektet til Rudberg (2022) [1], som inneholdt genene rosAB

og ribM , ble det funnet en reduksjon i roseoflavin-produksjon i stammene som overuttrykkte rosC.
Derimot økte roseoflavin-produksjonen når ribF ble overuttrykt i Roseo3-stammen. Roseo3 opp-
nådde den høyeste roseoflavin konsentrasjonen på 4,065 ± 0,901 g/L. Verdien påvirkes imidlertid av
konsentrasjonen til en ukjent forbindelse med liknende retensjonstid som roseoflavin. Det er verdt
å merke seg at overuttrkkelse av ribM viser seg å være gunstig siden det reduserte roseoflavin-
giftigheten samtidig som roseoflavin produksjonen økte. Fra de antimikrobielle testene ble det
oppdaget at ribM fungerte som en antiporter som transporterte roseoflavin ut av cellene samtidig
som den importerte riboflavin. ribX ble funnet til å kode for en riboflavin- og roseoflavin-importør
på grunn av de liknenede strukturene til de to forbindelsene. Videre avslørte de antimikrobielle
testene en roseoflavin-inhiberingskonstant på 0,05 g/L, som representerer terskelkonsentrasjonen
av roseoflavin som begrenser veksten av C. glutamicum celler. Totalt sett legger dette arbeidet
et solid grunnlag for bærekraftig og effektiv mikrobiell produksjon av roseoflavin, og tilbyr et
lovende alternativ til kostbare og farlige kjemiske syntesemetoder. Imidlertid kreves det videre
forskning for å optimalisere produksjonsmetoden, oppdage den ukjente forbindelsen som påvirker
roseoflavin-titerne, og utforske potensielle anvendelser for produksjon i større skala i bioreaktorer.
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1 Introduction

The antimicrobial agent roseoflavin is widely used in food industry to select roseoflavin-resistant
strains for pasta and bread fermentation [2]. Current methods for producing roseoflavin rely on
chemical synthesis, which is not only expensive but also poses significant risks due to use of
hazardous compounds [3] [4]. Therefore, there is a pressing need for more sustainable approaches
to producing roseoflavin.

Corynebacterium glutamicum (C. glutamicum) has emerged as a promising microbial host for
the production of novel compounds in the industrial biotechnology sector [5]. Among these com-
pounds, riboflavin has been successfully produced by overexpressing the native riboflavin operon
ribGCAH or the sigma factor gene sigH which increases the expression of riboflavin biosynthesis
genes [5] [6]. Notably, riboflavin serves as the precursor for roseoflavin, making the latter a novel
target for production in C. glutamicum. According to literature, roseoflavin can be produced by
overexpressing the genes rosABC and ribF in a riboflavin-overproducing strain, while overex-
pression of the genes rosAB should be sufficient for roseoflavin production [2]. Additionally, the
overproduction of ribM , which encodes a flavin transporter protein, has been shown to increase
the production of roseoflavin [1].

This study was envisioned to further optimize the production of roseoflavin from the work con-
ducted in the Specialisation project, "Production of Roseoflavin Using the Engineered Bacteria,
Corynebacterium glutamicum", during the fall of 2022 [1] (further named Rudberg’s study [1]). Ad-
ditionally, the study explores the hypothesis that the effect of the roseoflavin exporter gene ribM

reduces roseoflavin�s antimicrobial effect, and the study tested if the riboflavin transporter-protein
ribX is a roseoflavin transporter.

1.1 Corynebacterium glutamicum a workhorse in biotechnology

C. glutamicum is a Gram-positive bacterium belonging to the phylum Actinobacteria, and is
commonly found in soil [7]. It is a facultative anaerobe, meaning that it can survive in both the
presence and absence of oxygen. C. glutamicum possesses several characteristics which makes it
well-suited for biotechnological applications. It is non-sporulating, non-pathogenic, has a stable
genome, and does not secrete any extracellular protease [8]. Moreover, it is a fast-growing bacterium
that grows at temperatures ranging from 25-37°C, with an optimal temperature of 30°C [9].

C. glutamicum is generally recognized as safe (GRAS) compared to E. coli [10] and has several
advantages as a microbial cell factory. In industry, C. glutamicum has been used for many years as
a microbial host for the production of novel compounds within cosmetics, health, food, and animal
food [11]. It is capable of naturally producing the amino acid glutamate and has been genetically
engineered to overproduce other amino acids such as isoleucine, threonine, and lysine [12] [8]. These
amino acids have been produced by genetically engineered C. glutamicum in a million-ton scale for
over 60 years [13], resulting in much available knowledge and tools to work with C. glutamicum [5].
The tools are used for gene cloning, expression, DNA transfer, gene deletion, protein secretion, gene
replacement, and genome rearrangement. These methods enable researchers to manipulate genes,
study gene function, and modify genomes [14]. Researchers have extensively studied the complete
genome and genetic makeup of C. glutamicum [15]. By analyzing its genes and their functions, they
have gained valuable insights, predicting the functions of over 60% of the identified genes [16]. To
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investigate gene expression in C. glutamicum, specific DNA microarrays have been developed for
transcriptome analysis [16]. In recent years, C. glutamicum has undergone extensive modifications
to enable it to utilize various carbon sources, like glycerol, a byproduct of biodiesel production.
Additionally, amino acids derived from fish industry waste and lignocellulosic sugars have been
employed as alternative carbon sources for C. glutamicum [5] [13]. Furthermore, the fermentable
sugar alcohol mannitol and the glucose-based polymer laminarin from brown seaweed, have been
used as carbon sources for genetic metabolic engineered C. glutamicum [5]. Since C. glutamicum
lacks a complex carbon catabolite repression system, it is a preferred bacteria to engineer, making
C. glutamicum able to consume more than one substrate at the same time and also consume
different substrates [5]. On the other hand, the bacteria Bacillus subtilis and Escherichia coli
(E. coli) have more complex catabolite repression systems. As the number of novel compounds
produced by C. glutamicum is increasing, there is potential to investigate other reaction pathways
that could lead to the expansion of the compound portfolio produced by C. glutamicum [17].

1.1.1 C. glutamicum as a sustainable host for production of antimicrobial com-
pounds

C. glutamicum has been proven by Hongnian et al. (2016) [10] to produce the antimicrobial compo-
nent violacein. The study yielded high violacein titers, indicating that C. glutamicum is a robust
bacteria with high capability for the production of antimicrobial compounds. Consequently, us-
ing C. glutamicum in the biosynthesis of various antimicrobial compounds, such as roseoflavin,
hold promising prospects. Violacein is naturally produced by Cromobacterium violaceum (C.
violaceum), and formed by condensation of two tryptophan molecules [10]. It is a pigment with
antibacterial [18], antifungal, antitumor [19], and antiprotozoal properties, meaning it resists cell
growth or causes cell death of certain bacteria, fungi, cancer, and protozoans [20]. In addition,
violacein induces apoptosis and has a role as a bacterial metabolite [20]. From the study of Hong-
nian et al., violacein was produced by overexpression of the heterologous vioABCDE operon from
C. violaceum in a C. glutamicum strain ATCC 21850 [21]. In industry the C. glutamicum strain
ATCC 21850 is an established L-tryptophan hyper-producer, making it attractive for violacein
production, due to tryptophan being a precursor of violacein. A titer of 5.4 g/L of crude viola-
cein, a mixture of deoxy-violacein and violacein, was achieved in a batch reactor after optimization
of the production method [10]. Such a high titer made microbial fermentation of violacein in C.
glutamicum compatible with other methods for violacein production.

1.1.2 Glucose as feedstock in biotechnology

Microbial fermentation utilizing glucose, menthol, xylose, and complex carbon sources derived
from lignocellulosic biomass offers a sustainable alternative to chemical synthesis reliant on non-
renewable fossil fuels [22]. However, given the widespread use of glucose in the human food industry,
its utilization as a carbon source for biobased metabolite production in C. glutamicum and other
bacteria poses a competition for resources intended for food production [22]. Consequently, there
has been a shift towards non-food sustainable carbon sources such as xylose, methanol, arabinose,
and glycerol. Furthermore, there is a growing emphasis on exploring alternative renewable carbon
sources including agricultural and industrial wastes, as well as seaweed [22].
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The utilization of glucose as a carbon source offers several advantages for the growth of C. glu-
tamicum compared to other sugars. One significant advantage is the faster growth rate supported
by glucose when compared to alternative sugars [23]. Moreover, glucose possesses the capability
to suppress the utilization of other carbon sources by most bacteria, except by C. glutamicum,
known as carbon catabolic repression [23]. In natural environments, carbon catabolic repression
promotes rapid bacterial growth by directing their focus towards glucose, the preferred sugar [23].
Consequently, in the presence of a mixture of sugars, glucose is the first sugar to be consumed.
Glucose inhibits the utilization of other carbon sources through two main mechanisms: Inducer
exclusion and the inhibition of the signaling molecule cAMP synthesis [23]. Inducer exclusion oc-
curs through the uptake of glucose via the phosphotransferase system, leading to the formation of
dephosphorylated enzyme EIIAGlc [24]. EIIAGlc, inhibits lactose permease (LacY) by binding to
it, thereby inhibiting lactose transport and the utilization of the carbon source lactose [24]. cAMP
activates the transcription factor CRP, which performs various functions, including the regulation
of alternative sugar utilization systems [23]. As glucose serves as the carbon source yielding the
fastest growth of C. glutamicum, glucose is the most commonly used carbon source when reaction
pathways for the production of novel compounds are explored [25].

1.2 Riboflavin

Riboflavin is a water-soluble vitamin, known as B2-vitamin [26]. It is found in fish, meat, milk,
and vegetables, and it has essential roles in the metabolism of carbohydrates, amino acids, fats,
ketone bodies, and steroids. Additionally, riboflavin plays a role in cellular function and the
cell’s energy production [26]. Riboflavin is the precursor of the two cofactors flavin adenine dinu-
cleotide (FAD) and flavin mononucletide (FMN) [27], which are active groups in flavo-coenzymes
and flavoproteins [28]. Flavoproteins play important roles inside all prokaryotic and eukaryotic cells
in physiological functions such as DNA repair, chromatin remodeling, protein folding, fatty acid
�-oxidation, redox homeostasis, apoptosis prevention [29] and choline metabolism [28]. In visible
light riboflavin is yellow, and it is fluorescent when it is exposed to UV light [30]. Riboflavin is also
inactivated rapidly when exposed to visible- and UV light. The chemical structure of riboflavin is
shown in Figure 1.1.

Figure 1.1: The chemical structure of riboflavin.
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1.2.1 Production of riboflavin in industry

Industrial production of riboflavin can either be carried out as fermentation or through chemi-
cal synthesis [31]. Production through fermentation is cost-effective and occurs in one step. In
addition, using fermentation reduces the energy required and the waste from the process [32]. Fur-
thermore, renewable resources can be used for microbial fermentation. On the other hand, the
production of riboflavin through chemical synthesis is achieved through multiple stages and is ex-
pensive [31]. Hence, today’s production of riboflavin is by fermentation and genetically engineered
microorganisms. The biosynthesis pathway of riboflavin, which is overexpressed in genetically
engineered strains for riboflavin production is shown in Figure 1.2.

Figure 1.2: The riboflavin biosynthesis pathway starts with the precursors GTP and ribulose 5-phosphate from
the purine pathway (PP) and pentose phosphate pathway (PPP), respectively. PP and PPP in marked
green. The genes (marked orange), encoded for the enzymes (marked blue) producing the compounds
(marked black). In pink are the electron carrier and cofactors participating in the reactions. The
enzyme GTP cyclohydrolase II/3,4-dihydroxy-2-butanone-4-phosphate synthase (GCDBP) is encoded
by the gene ribA, the bifunctional riboflavin-specific deaminase/reductase (RDR) is encoded by the
ribG gene, the riboflavin synthase beta chain (RSC) is encoded by ribH, the enzyme riboflavin
synthase (RS) is encoded by ribC, and the flavokinase is encoded by ribF

[5] [33]. Flavokinase is also
known as FAD- and FMN- synthetase [31].
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The enzymes encoded by the genes ribA, ribG, ribH, ribC and ribF in Figure 1.2 catalyses
different reactions in the riboflavin pathway [34]. A hydrolysis reaction is catalyzed by the en-
zyme GCDBP (GTP cyclohydrolase II/3,4-dihydroxy-2-butanone-4-phosphate synthase) produc-
ing 2,5-diamino-6-(5-phospo-D-ribosylamino)-pyrimidin-4(3H)-one, formate and PPi (inorganic
pyrophosphate) from GTP (guanosine triphosphate) and water [34]. Further, GCDBP hydrolyses
ribulose 5- phosphate (ribulose 5P) forming 3,4-dihydroxy-2-butanon 4-phosphate and formate [34].
The enzyme RDR (bifunctional riboflavin-specific deaminase/reductase) encoded by ribG deam-
inates 2,5-diamino-6-(5-phospo-D-ribosylamino)-pyrimidin-4(3H)-one to 5-amino-6-(5-phospo-D-
ribosylamino)- uracil and ammonia [34]. After, it catalyzes a reduction reaction reducing 5-amino-6-
(5-phospo-D-ribosylamino)- uracil to 5-amino-6-(5-phospo-D-ribitylamino)- uracil using NADP as
the electron carrier. The phosphatase reaction producing 5-amino-6-(ribityl amino)- uracil from 5-
amino-6-(5-phospo-D-ribitylamino)- uracil is catalyzed by an unknown enzyme [34]. From 5-amino-
6-(ribityl amino)uracil and 3,4-dihydroxy-2-butanon 4-phosphate the enzyme RSC (riboflavin syn-
thase beta chain) catalyzes the reaction producing 6-7-dimethyl-8-ribityllumazine [34]. Finally, a
dimutation reaction [34] catalyzes the production of riboflavin from 6-7-dimethyl-8- ribityllumazine.
The enzyme FMN syntethase catalyzes FMN from riboflavin, and FAD is adenylated from FMN
by FAD synthetase [35]. The gene sequences of ribG, ribC, ribA, and ribH constitute the operon
ribGCAH also known as riboCg. [5].

Strains developed to improve riboflavin production are the filamentous fungi, Ashbya gossypii,
and the bacterium Bacillus subtilis [28]. The strains were genetically modified by overexpression
of the riboflavin operon, and modification of the carbon metabolism to increase the precursors,
such as ribulose 5P and GTP, of riboflavin [36].

1.2.2 Riboflavin production pathway in C. glutamicum

Today, C. glutamicum is investigated as a compatible strain for riboflavin production [5], and
the study by Pérez-García et al. (2022) [5], present a achieved riboflavin titer of 1.291 g/L by
overexpressing the riboflavin operon riboCg. Inside of C. glutamicum, the riboflavin pathway is
connected to the purine pathway (PP) and the oxidative pentose phosphate pathway (oxidative
PPP). PP is further connected to the reductive pentose phosphate pathway (reductive PPP). The
precursors for the reductive PPP and oxidative PPP are the intermediate, glucose 6-phosphate
(glucose 6P), in the glycolysis [37] [38]. Glucose, which is the substrate of glycolysis, is a possible
feedstock for C. glutamicum. All the pathways connecting the feedstock glucose with the riboflavin
product in C. glutamicum, is shown in Figure 1.3.

The reaction pathway from glucose to riboflavin depicted in Figure 1.3 starts with phosphorylation
of glucose to glucose 6P by hexokinase, and the energy carrier ATP is phosphorylated to ADP [41].
From glucose 6P, 6-phosphogluconolacetone is oxidized by G6PDH (glucose-6-phosphate dehydro-
genase) when glucose 6P enters the oxidative PPP. At the same time, the coenzyme NADP+ is
reduced to NADPH. 6-phosphogluconolacetone is further hydrolyzed to 6-phosphogluconate by
6PGL (6-phosphogluconolactonase) before 6-phosphogluconate is decarboxylated oxidatively to
ribulose 5P by 6PGDH (6- phosphogluconate dehydrogenase) in the presence of NADP+ [40]. Fur-
ther, ribulose 5P is transported into both the riboflavin biosynthesis pathway and the reductive
PPP [37]. RPI (ribose-5-phosphate isomerase) isomerizes ribulose 5P to ribose 5P in the reductive
PPP. Ribose 5P is the precursor of the PP, and PRPP synthetase (phosphoribosyl diphosphate
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Figure 1.3: In the production of riboflavin from the feedstock glucosis in C. glutamicum, several metabolic path-
ways are connected [37] [38] [39] [40] [41] [42]. The glycolysis is shown in red color, oxidative PPP in green,
reductive PPP in blue, PP in pink and riboflavin biosynthesis pathway in yellow color. Substrates,
intermediates, and products of the different pathways are in black color, and the enzymes are in dark
blue color. Cofactors utilized in the reactions are marked in black beside the reaction arrows. The
enzymes are hexokinase, phosphoglucose isomerase (PGI), pyruvate kinase (PK), glucose-6-phosphate
dehydrogenase (G6PDH), 6-phosphogluconolactonase (6PGL), 6-phosphogluconate dehydrogenase
(6PGDH), ribose-5-phosphate isomerase (RPI) and PRPP synthetase, inosine monophosphate dehy-
drogenase (IMP dehydrogenase), GMP synthase, transketolase and transaldolase [43]. The substrates,
intermediates, and products are glucose, glucose 6-phosphate (glucose 6P), fructose 6-phosphate
(fructose 6P), glyceraldehyde 3-phosphate (glyceraldehyde 3P), phosphoenolpyruvate, pyruvate, 6-
phosphogluconolacetone, 6-phosphogluconate, ribulose 5-phosphate (ribulose 5P), phosphoribosyl
diphosphate (PRPP), inosine monophosphate (IMP), xanthine monophosphate (XMP), guanosine
monophosphate (GMP), guanosine triphosphate (GTP), glyceraldehyde 3-phosphate (GA3P), xylu-
lose 5-phosphate (xylulose 5P), erythose 4-phosphate (erythose 4P) and sedoheptulose 7-phosphate
(sedoheptulose 7P) [43].

synthetase) phosphorylate ribose 5P to PRPP (phosphoribosyl diphosphate) [39] using the energy
carrier ATP [43]. Through multiple steps, IMP (inosine monophosphate) is catalyzed and from
IMP, XMP (xanthine monophosphate) is oxidized as NAD+ is reduced to NADH by IMP de-
hydrogenase. XMP is phosphorylated by GMP (guanosine monophosphate) synthetase yielding
GMP, which is further phosphorylated to GTP (guanosine triphosphate) through two steps. GTP
is the precursor together with ribulose 5P for the riboflavin biosynthesis pathway.

In genetically engineered strains of C. glutamicum where the flux of glucose 6P into the oxidative
PPP is increased, the strains tends to grow slower [37]. The increased flux of glucose 6P out of the
glycolysis results in less production of acetyl-CoA, and less acetyl-CoA entering the TCA cycle for
energy production. Cell growth requires energy produced in the electron transport chain, and the
main compounds for the electron transport chain are produced in the TCA cycle [44]. Therefore,
C. glutamicum strains that overexpress the riboflavin operon may show slower growth than the
C. glutamicum wild-type strain.
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1.3 Roseoflavin

Roseoflavin is an analog of riboflavin with antimicrobial activity [45]. The roseoflavin structure is
similar to the riboflavin structure, Figure 1.4. The difference between the structures is an addi-
tional dimethyl amine group in roseoflavin, marked red in Figure 1.4. The similar structures make
riboflavin transporters in bacteria able to import roseoflavin into the cytosol of the bacteria [46].
Due to roseoflavins antimicrobial activity, Gram-positive bacteria and Gram-negative bacteria,
where roseoflavin is imported into the cells, are affected by roseoflavins toxic properties [47] [2]. As
Gram-positive bacteria appear to contain many riboflavin transporters, Gram-positive bacteria
are the main targets of roseoflavin [48] [49]. ImpX, RibM, RibN, RibZ, RfuABCD, RibXYZ, RfnT,
and RibU are known riboflavin importers found in the bacteria of Fusobacterium nucleatum,
Streptomyces dawavensis, Rhizobium leguminosarum, Clostridium, Treponema pallidum, Chlo-
roflexus aurantiacus, Ochrobactrum anthropi, and Lactococcus lactis, respectively [48]. Hence, as
these bacteria import riboflavin, they have also been found to import roseoflavin due to the sim-
ilar structures of the two compounds [48]. Inside Gram-positive bacteria, promiscuous flavokinase
enzymes catalysis roseoflavin mononucleotide (RoFMN) and FAD synthetase catalysis adenine
dinucleotide (RoFAD) from roseoflavin. The production of RoFMN and RoFAD inside the bac-
teria abolishes flavoprotein’s function since RoFMN and RoFAD replace FMN and FAD in the
binding sites of flavoproteins. The flavoproteins function is crucial for cell function and cell growth,
resulting in roseoflavin’s toxic properties (see subsection 1.2 for flavoproteins functions). Another
target of RoFMN is the FMN riboswitch. RoFMN feedback inhibits riboflavin production dur-
ing binding to the FMN riboswitch [2]. The binding occurs at the aptamer portion which is the
receptor domain in the FMN riboswitch during transcription by cellular RNA polymerases [47].
FMN riboswitches regulate the expression of the genes in the biosynthesis and in the transport
of riboflavin after sensing the FMN level [47] [45]. When RoFMN binds to the riboswitches binding
site, replacing FMN, the riboflavin production stops [50]. Since all bacteria depend on the flavopro-
tein function and many bacteria have FMN riboswiches, roseoflavin is considered an antimicrobial
compound of a broad spectrum [45].

Figure 1.4: The chemical structure of roseoflavin. The dimethyl amine group, marked in red, distinguishes the
roseoflavin structure from the riboflavin structure.

Today, roseoflavin is used to select roseoflavin-resistant strains in the food industry by inhibiting
the growth of different bacteria and protozoa parasites [45]. Bacteria, whose growth is inhibited by
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roseoflavin are Staphylococcus aureus, Streptococcus pyogenes, Enterococcus faecalis, and Listeria
monocytogenes. Additionally, the protozoal parasites where the growth is affected by roseofalvin
are Leishmania mexicana, Trypanosoma brucei and Trypanosoma cruzi [45]. Riboflavin is over-
produced in the roseoflavin-resistant strains to increase the riboflavin content in the food. The
roseoflavin-resistant strains contain mutations which lead to an enhanced expression of riboflavin
biosynthetic genes and thus to riboflavin overproduction. Lactobacillus plantarum is an example
of a roseoflavin-resistant strain used for pasta production and sourdough fermentation [45].

1.3.1 Production of roseoflavin in industry

The current production method of roseoflavin is chemical synthesis. Through several steps start-
ing from N,N-dimethyl-o-toluidine, a small yield of approximately 5% roseoflavin is achieved [45].
Nitrating N,N-dimethyl-o-toluidine results in the formation of 2-dimethylamino-4-nitrotoluene.
In the presence of Raney nickel, 2-dimethylamino-4-nitrotoluene is further reduced by hydrazine
to 2-dimethyl-amino-4-aminotoluene, before it is condensed with D-ribulose and pressure hydro-
genated in the presence of Raney nickel to 2-dimethylamino-4-o-ribitylaminotoluene [45]. Further,
it is condensed with violuric acid, acetylated, recrystallized and hydrolyzed with NaOH, producing
roseoflavin as the final product [45]. In addition to a small yield of roseoflavin, the compounds hy-
drazine and Raney nickel are hazardous [3] [51], meaning that the production method of roseoflavin
is not sustainable. Moreover, the chemical compounds utilized in the synthesis are expensive [52],
resulting in a costly roseoflavin product [45]. The price of roseoflavin in the market can reach up to
137 Euros per mg of roseoflavin [4], making alternative production methods of roseoflavin desirable.

1.3.2 Bioproduction of roseoflavin from riboflavin

The two bacteria known to naturally produce roseoflavin are Streptomyces davawensis (S. davawen-
sis) and Streptomyces cinnabarinus (S. cinnabarinus). They both are Gram-positive, filamentous,
and resistant to roseoflavin [45]. In Figure 1.5 the production pathway of roseoflavin, starting from
riboflavin, in S. davawensis and S. cinnabarinus, is illustrated [45].
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Figure 1.5: The roseoflavin biosynthesis pathway, starting from riboflavin. The chemical structures in the reaction
pathway are shown with corresponding abbreviated names in black bold writing. The genes encoding
for the enzymes catalyzing the reactions are colored blue, and the cofactors and energy carriers are
colored green. The changes in the chemical structures are marked red. The abbreviated name, RF:
riboflavin, RP: FMN which is also called riboflavin-5�phosphate, OHC-RP: 8-demethyl-8-formyl FMN,
HOOC-RP: 8-demethyl-8-carboxyl FMN, AFP: 8-demethyl-8-amino-riboflavin-5�-phosphate, AF: 8-
demethyl-8-amino-riboflavin, MAF: 8-demethyl-8-methylamino-riboflavin, RoF: roseoflavin, SAM: S-
adenosylmethionine, and AHC: S-adenosylhomocysteine.

The genes in Figure 1.5 code for different enzymes. The enzyme bifunctional riboflavin kinase also
known as FMN adenylyltransferase is encoded by ribF . RibF phosphorylates riboflavin which
produces riboflavin- 5’ phosphate, using ATP as the phosphate donor [53]. RosB codes for the en-
zyme complex 8-demethyl-8-amino-riboflavin-5́-phosphate synthase. In three steps it catalyzis the
production of the toxic compound AFP (8-demethyl-8-amino-riboflavin-5�-phosphate). The first
reaction produces the intermediate OHC-RP (8-demethyl-8-formyl FMN) in the presence of oxy-
gen [2]. The second reaction producing HOOC-RP (8-demethyl-8-carboxyl FMN) requires thiamine
(Thi), water, and an unknown hydrogen acceptor. Glutamate, water, and the unknown hydrogen
acceptor are needed in the third reaction producing AFP [2] [45]. The enzyme AFP phosphatase
is encoded by rosC. RosC dephosphorylates AFP to AF (8-demethyl-8-amino-riboflavin) in the
presence of water [53]. Through two steps, the enzyme SAM-dependent dimethyltransferase, en-
coded by rosA produces roseoflavin. First, AF is methylated to MAF (8-demethyl-8-methylamino-
riboflavin), before the second methylation results in the production of RoF (roseoflavin). As a side
reaction in both steps, S-adenosylmethionine (SAM) is demethylated to S-adenosylhomocysteine
(AHC) [2].

The natural producers S. davawensis and S. cinnabarinus are not used in industrial production.
They adhere to surfaces and grow as aggregates, resulting in difficulties when the bacteria are
grown in bioreactors [45]. Hence, it is hard to produce roseoflavin in bioprocesses, and therefore a
more suitable microbial host as C. glutamicum is of great interest.
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1.3.3 Genetic adaptions in S. davawensis to study the riboflavin and roseoflavin
import and export

S. davawensis has several defense mechanisms, making the bacteria resistant to roseoflavin. A
membrane protein, encoded by the gene ribM , transports riboflavin into the cells, and roseoflavin
out of the cells [54]. Another mechanism is the tight bindings between AFP and roseoflavin,
and roseoflavin and the enzymes encoded by rosA and rosB

[55] [45]. The tight bindings prevent
roseoflavin and AFP from binding to the flavoproteins. The last mechanism is the FMN riboswitch
in S. davawensis which is non-sensible to RoFMN, making the riboflavin production unaffected by
high roseoflavin concentrations [46] [45].

Several genetic adaptions regarding the import and export systems of riboflavin and roseoflavin
were carried out in the roseoflavin producer S. davawensis in the study of Schneider et al.
(2021) [49]. A riboflavin biosynthetic operon ribE1MAB5H was deleted resulting in riboflavin
auxotrophic strains of S. davawensis. The operon ribE1MAB5H harbored the riboflavin trans-
porter gene, ribM , which was assumed to be the only riboflavin importer. The deletion strain
was not able to grow on media without riboflavin. Hence, a second riboflavin import system was
hypothesized to be present. The former genes rosXY were found to encode a riboflavin importer
and not a roseoflavin exporter and renamed as ribXY

[48] [49]. The discovery was made through
overexpression of ribXY in the roseoflavin sensitive bacteria, S. coelicolor, where the bacteria
was roseoflavin resistant in the presence of riboflavin. This suggested that ribXY was import-
ing riboflavin, not transporting roseoflavin. In addition, deletion of ribXY in S. davawensis did
not affect the intracellular roseoflavin levels making it less likely for ribXY to be a roseoflavin
exporter [49]. The riboflavin uptake system encoded by ribXY Z belongs to the taurine uptake
family of ABC transporters [56]. The system consists of the genes ribY encoding for an extracel-
lular substrate-binding component, ribX the trans-membrane protein, and ribZ the intracellular
ATP-binding component [56]. The overexpression of ribM in the roseoflavin sensitive S. coelicolor
only led to roseoflavin resistance when riboflavin was present [49], meaning that ribM was not a
roseoflavin exporter without the presence of riboflavin. As a roseoflavin exporter, it should have
protected S. coelicolor against the roseoflavin in the absence of riboflavin. Hence, riboflavin was
suggested of being an agonist, accumulating and protecting cells from roseoflavins toxic effects in
the study [49].

1.3.4 A rosC gene in C. glutamicum

The roseoflavin pathway is complete when the genes ribF , rosA, rosB, and rosC are present [45].
The enzyme AFP phosphatase encoded by rosC dephosphorylate AFP to AF in the roseoflavin
pathway [53]. In the genome of S. davawensis, rosC is observed downstream of rosA. Previous,
rosC has been misnamed in the Japanese KEGG database as phosphoglycerate mutase listed
as BN159_8033 [57], while rosC (GeneBank CCK32411.1) is listed as BN159_8033 for the AFP
phosphatase in the Genbank [57]. In Rudberg’s study [1], the FASTA sequence of BN159_8033 was
compared against the protein database of wild-type C. glutamicum ATCC 13032 in a BLASTp
search, achieving the results in Figure 1.6.

The results from Rudberg’s study in Figure 1.6, reviled that in the protein database of C. glu-
tamicum WT, the protein in the histidine phosphatase family had 34% and 30% identical protein
sequences compared to the protein sequence of the rosC gene. The protein phosphoglycerate
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Figure 1.6: The proteins, organsims, and the blast parameter of the BLASTp search from Rudberg’s study [1]

mutase/fructose-2,6-bisphosphatase was 34% identical. AFP phosphatase encoded by rosC can
not be identified as identical to the proteins phosphoglycerate mutase/fructose-2,6-bisphosphatase
or the protein in the histidine phosphatase family since the values of the BLAST parameters, max
score, query cover and e-value are not sufficiently high/low [58] [59] [60] [61]. Nevertheless, the values
indicates the existence of an enzyme in C. glutamicum with similar catalytic function as AFP
phosphatase has in S. davawensis.

1.4 Objectives

This study seeks to establish and optimize roseoflavin bioproduction, using microbial strain engi-
neering techniques for competent roseoflavin production in the research platform of C. glutamicum.
The main goal of this work was divided into the following specific objectives:

• Construction of optimized roseoflavin producing strains of C. glutamicum using the biosyn-
tetic genes from S. davawensis.

• Evaluation of cell growth and productivity of newly roseoflavin producers through growth
experiments and HPLC analysis.

• Assessment of flavin transport proteins encoded by S. davawensis and C. glutamicum for
the optimization of roseoflavin production.

• Determination of a roseoflavin inhibitory constant through antimicrobial tests.
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2 Materials and methods

2.1 Overview of methods

Figure 2.1 illustrates the main workflow used during this thesis. The methods will be further
explained in the next sections. Extraction separated the plasmid (pVWEx1) from the rest of the
cellular material of Escherichia coli (E. coli). To cut and linearize the plasmids, digestion was
utilized. The wanted genes, rosA, rosB, rosC, ribM and ribF were amplified from S. davawemsi’s
genomic DNA by polymerase chain reaction (PCR). Purification was used to purify the genes and
the linearized plasmids. To clone the genes into the linearized plasmids, Gibson Assembly (Gibson)
was used, resulting in the production of the recombinant plasmids, pVWEx1-rosABC, pVWEx1-
rosABC-ribM , and pVWEx1-ribF -rosABC-ribM , containing the genes rosABC, rosABC-ribM
and ribF -rosABC-ribM , respectively. Transformation was used to insert the recombinant plas-
mids into E. coli competent cells and colony PCR was used to verify positive clones. Plasmid
extraction was utilized on the positive clones to separate the recombinant plasmids before the
recombinant plasmids were transformed into C. glutamicum competent cells containing the pSym-
riboCg plasmid. The result was the three new strains, C. glutamicum(pSym-riboCg)(pVWEx1-
rosABC), C. glutamicum(pSym-riboCg)(pVWEx1-rosABC-ribM), and C. glutamicum(pSym-
riboCg)(pVWEx1-ribF -rosABC-ribM). To see if the genes rosC, ribM and ribF increased the
roseoflavin production in the newly constructed strains, two growth experiments were carried out.
To analyze the components excreted from the strains of C. glutamicum in the growth experiments,
high-pressure liquid chromatography (HPLC) was utilized. Gel electrophoresis was used to control
that PCR, colony PCR, and digestion, went as anticipated. To measure the concentration of the
solutions after extraction and purification a microvolume spectrophotometer was used.

Figure 2.1: The methods used to construct plasmids and strains for growth experiments and antimicrobial tests
are presented as a flow chart.
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For the construction of strains utilized in the antimicrobial tests, the pVWEx1 plasmid with the
gene inserts, ribX or ribM , were extracted from E. coli strains harboring them. The plasmids
were each transformed into C. glutamicum wild-type strain, and a C. glutamicum strain harboring
the riboflavin operon riboCg, before the antimicrobial tests were conducted.

2.2 Media, buffers and different solutions

Preparation of all cultural media, buffers, antibiotics, and salt solution utilized in this study thesis,
are found in Appendix A.

2.3 Strains, plasmids and culture conditions

The plasmids utilized and constructed in this project are shown in Table 2.1. Constructed by
Dr. Pérez-García, the plasmids pVWEx1-ribM , and pVWEx1-ribX were utilized in the antimi-
crobial test. The plasmid, pVWEx1 was modified to contain either the genes rosABC, the genes
rosABC-ribM , or the genes ribF -rosABC-ribM . Several attempts without luck were made to
construct the plasmid harboring the genes ribF -rosABC. The modified plasmids, pVWEx1-
rosABC, pVWEx1-rosABC-ribM , pVWEx1-ribF -rosABC and pVWEx1-ribF -rosABC-ribM
are shown in Figure 2.2.

Table 2.1: The name, description, and source of the plasmids used in this work.

Plasmid name Description Source
pVWEx1 KanR, C. glutamicum/E. coli shuttle plasmid (Ptac, lacI, pBL1 OriVCg) Peters-Wendisch et al. (2001) [62]

pVWEx1-rosAB Recombinant plasmid of pVWEx1 containing the genes rosAB Rudberg’s study [1]

pVWEx1-rosABC Recombinant plasmid of pVWEx1 containing the genes rosABC This work

pVWEx1-rosABC-ribM Recombinant plasmid of pVWEx1 containing the genes rosABC-ribM This work

pVWEx1-ribF -rosABC-ribM Recombinant plasmid of pVWEx1 containing the genes ribF -rosABC-ribM This work

pVWEx1-ribM Recombinant plasmid of pVWEx1 containing the genes ribM Pérez-García

pVWEx1-ribX Recombinant plasmid of pVWEx1 containing the genes ribX Pérez-García
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Figure 2.2: To the top left and right, are pVWEx1-rosABC and pVWEx1-rosABC-ribM illustrated, respectively.
On the bottom left, pVWEx1-ribF -rosABC is illustrated, and to the bottom right, pVWEx1-ribF -
rosABC-ribM is illustrated. The green arrow represents the IPTG inducible promotor, Ptac. The
genes are represented by red arrows. Among the genes is the gene sequence for kanamycin resistance
and the inserted genes, ribF , rosA, rosB, rosC, and ribM .

The length of pVWEx1-rosABC, pVWEx1-rosABC-ribM , pVWEx1-ribF -rosABC, and pVWEx1-
ribF -rosABC-ribM in Figure 2.2 are 11 kb, 12 kb, 12 kb, and 13 kb, respectively. The tac promo-
tor (Ptac) made the inserted genes inducible when isopropyl-�-D-1-thiogalactopyranoside (IPTG)
was added. After the tac promotor, there is a multiple cloning site where DNA fragments can be
inserted. To make the strains containing the pVWEx1 plasmids selective in growth media, the
plasmids were made resistant to kanamycin by containing the gene Kan. To stop the transcription
of the genes, a terminator sequence was located after rosC in pVWEx1-rosABC and pVWEx1-
ribF -rosABC, and after ribM in pVWEx1-rosABC-ribM and pVWEx1-ribF -rosABC-ribM .
The terminator sequence is not shown.

Table 2.2 shows the strains utilized and produced in this research. The cloning host was E. coli
DHS↵ and the working horse for roseoflavin production was a strain of C. glutmicum constitu-
tive overexpressing the riboflavin operon. The plasmids pVWEx1, pVWEx1-rosABC, pVWEx1-
rosABC-ribM , and pVWEx1-ribF -rosABC-ribM were transformed into C. glutamicum cells
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which already overexpressed the riboflavin operon by containing the plasmid, pSym-riboCg. The
transformation constructed the strains Cg(pSym-riboCg)(pVWEx1), Cg(pSym-riboCg)(pVWEx1-
rosABC), Cg(pSym-riboCg)(pVWEx1-rosABC-ribM), and Cg(pSym-riboCg)(pVWEx1-ribF -
rosABC-ribM). Hereafter will the strains Cg(pSym-riboCg)(pVWEx1), Cg(pSym-riboCg)(pVWEx1-
rosABC), Cg(pSym-riboCg)(pVWEx1-rosABC-ribM), and Cg(pSym-riboCg)(pVWEx1-ribF -
rosABC-ribM) be referred to as Roseo0, Roseo1, Roseo2, and Roseo3. The plasmids pVWEx1,
pVWEx1-ribM , and pVWEx1-ribX were each transformed into C. glutamicum wild-type and C.
glutamicum strains harboring the riboCg operon. From the transformation, the strains Cg(pVWEx1),
Cg(pVWEx1-ribM), Cg(pVWEx1-ribX), Cg(pSym-riboCg)(pVWEx1), Cg(pSym-riboCg)(pVWEx1-
ribM), and Cg(pSym-riboCg)(pVWEx1-ribX), were constructed. The strains are further referred
to as Transport0, Transport1, Transport2, Transport3, Transport4, and Transport5.

Table 2.2: The names, descriptions, and sources of the strains utilized in this work. The most used strains have
been given abbreviated names.

Strains name Abbreviated name Description Source
Corynebacterium glutamicum Cg Wild-type strain ATCC 13032, auxotrophic for biotin Abe et al. (1967) [63]

Cg(pECXT-Psyn-ribGCAH) Cg(pSym-riboCg) C. glutamicum containing the plasmid (pECXT-Psyn-ribGCAH) Pérez-García et al. (2022) [5]

further named (pSym-riboCg)

Escherichia coli DHS↵ DH5↵ Strain: � lacU169 (� 80lacZ � M15), Hanahan (1983) [5]

supE44, hsdR17, recA1, endA1, gyrA96, thi� 1, relA1

E. coli(pVWEx1-rosABC) E. coli harboring the plasmid This work
(pVWEx1-rosABC)

E. coli(pVWEx1-rosABC-ribM) E. coli harboring the plasmid This work
(pVWEx1-rosABC-ribM)

E. coli(pVWEx1-ribF -rosABC-ribM) E. coli harboring the plasmid This work
(pVWEx1-ribF -rosABC-ribM)

Cg(pSym-riboCg)(pVWEx1) Roseo0/Transport3 C. glutamicum harboring the plasmids This work
(pSym-riboCg) and (pVWEx1)

Cg(pSym-riboCg)(pVWEx1-rosABC) Roseo1 C. glutamicum harboring the plasmids This work
(pSym-riboCg) and (pVWEx1-rosABC)

Cg(pSym-riboCg)(pVWEx1-rosABC-ribM) Roseo2 C. glutamicum harboring the plasmids This work
(pSym-riboCg) and (pVWEx1-rosABC-ribM)

Cg(pSym-riboCg)(pVWEx1-ribF -rosABC-ribM) Roseo3 C. glutamicum harboring the plasmids This work
(pSym-riboCg) and (pVWEx1-ribF -rosABC-ribM)

Cg(pSym-riboCg)(pVWEx1-rosAB) Roseo4 C. glutamicum harboring the plasmids Rudberg’s study [1]

(pSym-riboCg) and (pVWEx1-rosAB)

Cg(pSym-riboCg)(pVWEx1-rosAB-ribM) Roseo5 C. glutamicum harboring the plasmids Rudberg’s study [1]

(pSym-riboCg) and (pVWEx1-rosAB-ribM)

E. coli(pVWEx1-ribM) E. coli harboring the plasmid Pérez-García (To be published)
(pVWEx1-ribM)

E. coli(pVWEx1-ribX) E. coli harboring the plasmid Pérez-García (To be published)
(pVWEx1-ribX)

Cg(pVWEx1) Transport0 C. glutamicum harboring the plasmid This work
(pVWEx1)

Cg(pVWEx1-ribM) Transport1 C. glutamicum harboring the plasmid This work
(pVWEx1-ribM)

Cg(pVWEx1-ribX) Transport2 C. glutamicum harboring the plasmid This work
(pVWEx1-ribX)

Cg(pSym-riboCg)(pVWEx1-ribM) Transport4 C. glutamicum harboring the plasmids This work
(pSym-riboCg) and (pVWEx1-ribM)

Cg(pSym-riboCg)(pVWEx1-ribX) Transport5 C. glutamicum harboring the plasmids This work
(pSym-riboCg) and (pVWEx1-ribX)

E. coli strains were routinely grown overnight at 37°C on lysogeny broth (LB) agar plates or in
liquid LB media. Strains of C. glutamicum were frequently grown at 30°C overnight in brain
heart infusion (BHI) or on 2TY agar plates. During growth experiments, C. glutamicum strains
were grown in CGVII minimal medium. Here, the C. glutamicum strains were inoculated to an
optical density (OD) of 1, with OD measurements taken at a wavelength of 600 nm. The OD
measurements are further explained in subsubsection 2.7.3. For growth experiments, glucose was
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used as the carbon source at a concentration of 1%. Cultivation of C. glutamicum strains in liquid
media, during the growth experiments, were performed in shake flasks at a speed of 155 rpm at
30 °C, and the incubator was set accordingly.

When growing the strains containing pVWEx1- or pSym- plasmids, the antibiotics kanamycin
(12.5 µL/mL of media) or tetracyclin (12.5 µL/mL of media) were added to the growth media. For
strains containing both plasmids, both antibiotics were added. The pVWEx1 plasmids provide
resistance to kanamycin, while the pSym plasmids provide resistance to tetracycline, thereby
enabling the selection and growth of strains containing these plasmids in the culture media.

2.4 Molecular cloning

2.4.1 Primers

To amplify the genes rosA, rosB, rosC, ribM , and ribF from the constructed plasmid pVWEx1-
rosAB, the constructed plasmid pVWEx1-rosABC-ribM , genomic DNA of S. davawensis, and
genomic DNA of C. glutamicum, the primers in Table 2.3 were used. The genomic DNA of
S. davawensis (with DSM number, 101723) was ordered from the company DSMZ [64], and the
genomic DNA of C. glutamicum was extracted by Dr. Pérez-García. The software Clone Manager
V9 was utilized to create the primers. Before use, the primers were resuspended to 100 µL and
diluted in a ratio of 1:10.

Table 2.3: The genes rosAB, rosC, ribM , and ribX were amplified from S. davawensis by the primers shown.
Parts of the primers colored black represent overlapping sequences. Red-colored parts represent the
ribosomal binding site and the blue-colored parts represent the annealing sequence. The parts colored
green represent the linker sequences where genes were cloned together. The annealing temperatures
are also shown.

Genes/ Template Primer Primer sequence 5’->3’ Annealing
inserts DNA name Temp. [°C]
rosAB pVWEx1-rosAB rosABC1 AGCTTGCATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCTTCAGATGCGGCCGGAACCGACCGAGC 64

rosABC2 GAAAGCTCTCGCGTCCGTCACTCACCTGAAGGGCCTCCTTTCGGGGCGTTCGAATCAGCCGAGTTGGCTCTCCTCGAC 64
rosC1 S. davawensis rosABC3 GGTCGAGGAGAGCCAACTCGGCTGATTCGAACGCCCCGAAAGGAGGCCCTTCAGGTGAGTGACGGACGCGAGAGCTTTC 64

rosABC4 CAGTGAATTCGAGCTCGGTACCCGGGGATCTCAGATCACGTCGGACGGGGCCGCG 64
rosC2 S. davawensis rosABCM1 AGGCCTCGGAGTTGAGCCAGTTCACCTGAAGGGCCTCCTTTCGGGGCGTTCGAATCAGATCACGTCGGACGGGGCCGCG 64
ribM S. davawensis rosABCM2 CGCGGCCCCGTCCGACGTGATCTGATTCGAACGCCCCGAAAGGAGGCCCTTCAGGTGAACTGGCTCAACTCCGAGGCC 71

rosABCM3 CAGTGAATTCGAGCTCGGTACCCGGGGATCTCACGCGGGCGCTCCTTCCAGGACG 71
ribF C. glutamicum ribF-Fw GCATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCTTCAGGTGGATATTTGGAGTGGACTAG 55

ribF-Rv TCGGTCGGTTCCGGCCGCATCTGAAGGGCCTCCTTTCGGGGCGTTCGAATTAAGCGCTGGGCTGGGTGTCG 55
rosABC pVWEx1-rosABC rosABC-Fv ACACCCAGCCCAGCGCTTAATTCGAACGCCCCGAAAGGAGGCCCTTCAGATGCGGCCGGAACCGACCGAGC 70

rosABC-Rv AATTCGAGCTCGGTACCCGGGGATCTCAGATCACGTCGGACGGGGCC 70
rosABCM pVWEx1-rosABC-ribM rosABCM-Fv ACACCCAGCCCAGCGCTTAATTCGAACGCCCCGAAAGGAGGCCCTTCAGATGCGGCCGGAACCGACCGAGC 70

rosABCM-Rv AATTCGAGCTCGGTACCCGGGGATCTCACGCGGGCGCTCCTTCCAGG 70

To amplify the genes rosAB from pVWEx1-rosAB, the primers rosABC1 and rosABC2 were used
as forward and backward primers, respectively. rosC and ribM were amplified from the genomic
DNA of S. davawensis. The primers rosABC3 and rosABC4 were used to amplify rosC for later
construction of the pVWEx1-rosABC plasmid. To amplify rosC for the construction of the
pVWEx1-rosABCM plasmid, the primers rosABC3 and rosABCM1 were used. The ribM gene
was amplified by the use of the forward primer rosABCM2 and the backward primer rosABCM3.
From genomic DNA of C. glutamicum ribF was amplified. ribF was amplified with ribF-Fw
and rib-Rv as the forward and backward primer, respectively. From the constructed plasmids
pVWEx1-rosABC and pVWEx1-rosABC-ribM , the genes rosABC and rosABC-ribM were
amplified with the primers rosABC-Fv and rosABC-Rw, and rosABCM-Fv and rosABCM-Rw,
respectively.
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For colony PCR, general primes were used to amplify all the inserted genes as one unit. The
general primers are listed in Table 2.4.

Table 2.4: The general primer sequence, name, and belonging annealing temperature used in colony PCR are
listed.

Genes/ Primer Primer sequence 5’->3’ Annealing
inserts name Temp. [°C]
rosABC X1-Fw CATCATAACGGTTCTGGC 57
rosABCM X1-Rv ATCTTCTCTCATCCGCCA 57

2.4.2 Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify the genes rosAB from the plasmid pVWEx1-
rosAB, rosABC from pVWEx1-rosABC, rosABC-ribM from pVWEx1-rosABC-ribM , ribF

from the DNA of C. glutamicum, and the genes rosC, and ribM from the double-stranded DNA
of S. davawensis. Each PCR solution contained the components in Table 2.5. For the gene am-
plification, the CloneAmpTM HiFi PCR Premix Protocol-At-A-Glance [65] was followed and the
machine Mastercycler nexus GX2 from Eppendorf AG was used. The thermal conditions for the
PCR of the genes rosAB, rosC, ribM , ribF , rosABC, and rosABC-ribM are shown in Ta-
ble 2.6, Table 2.7, Table 2.8, Table 2.9, Table 2.10, and Table 2.11 respectively. The annealing
and extension steps varied for the genes.

Table 2.5: Components with corresponding volume in the PCR solutions.

Components Volume [µL]
Deionized water 10.5
ClonAmp HiFi PCR Premix 12.5
Upstream primer 0.5
Downstream primer 0.5
DNA 1.0
Total volume 25.0

Table 2.6: Thermal conditions, cycles and the different steps for the HiFi Premix containing the genes rosAB [65].

Steps Temperature [°C] Time Cycles
Denaturation 98 10 sec.
Annealing 55 5 sec. 30-35
Extension 72 11 sec

Table 2.7: Thermal conditions, cycles and the different steps for the HiFi Premix containing the genes rosC [65].

Steps Temperature [°C] Time Cycles
Denaturation 98 10 sec.
Annealing 50 15 sec. 30-35
Extension 72 6 sec.
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Table 2.8: Thermal conditions, cycles and the different steps for the HiFi Premix containing the genes ribM [65].

Steps Temperature [°C] Time Cycles
Denaturation 98 10 sec.
Annealing 60 5 sec. 30-35
Extension 72 5 sec.

Table 2.9: Thermal conditions, cycles, and the different steps for the HiFi Premix containing the genes ribF [65].

Steps Temperature [°C] Time Cycles
Denaturation 98 10 sec.
Annealing 55 5 sec. 30-35
Extension 72 7 sec.

Table 2.10: Thermal conditions, cycles and the different steps for the HiFi Premix containing the genes ros-
ABC [65]. It was tried multiple different annealing temperatures, without luck, for the amplification.

Steps Temperature [°C] Time Cycles
Denaturation 98 10 sec.
Annealing 55/55/60/50 5/15/5/25 sec. 30-35
Extension 72 13 sec.

Table 2.11: Thermal conditions, cycles and the different steps for the HiFi Premix containing the genes rosABC-
ribM [65].

Steps Temperature [°C] Time Cycles
Denaturation 98 10 sec.
Annealing 60 5 sec. 30-35
Extension 72 17 sec.

2.4.3 DNA isolation through extraction

From the bacterial culture of E.coli(pVWEx1), pVWEx1 plasmids were separated from the cells
with extraction. The plasmid kit, ZR Plasmid Miniprep- Classic form ZYMO RESEARCH was
used for the extraction, and the protocol [66] was followed. For the washing step, 20 µL of water
was used instead of 30 µL DNA elution buffer. The bacterial culture was prepared the day before
the extraction and contained LB medium (10 mL), kanamycin (5 µL), and E.coli(pVWEx1).
The bacterial culture was incubated overnight at 37�C and 225 rpm. In addition, extraction of
pVWEx1 plasmid with the different inserts was carried out.

2.4.4 Plasmid digestion

Digestion was used to linearize the circular plasmids. The digestion mix of 50 µL contained water,
the extracted plasmids, CutSmart buffer, and BamHI-HF restriction enzyme. It was digested in a
37°C hot tube for 1.5 hours. The different amounts of components depended on the concentration
of the extracted plasmids. Gel electrophoresis was used after the digestion to see if the cut was
clear.
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2.4.5 DNA purification

To purify the digested plasmids and the genes rosA, rosB, rosC, ribM , and ribF from similar
DNA sequences and impurities, the QIAquick PCR purification Kit was used and the protocol
was followed [67]. Instead of using Buffer EB for cleaning, 20 µL of water was used.

2.4.6 Gibson Assembly

Gibson Assembly is a cloning procedure allowing clonings of two or more fragments at the same
time [68]. The Gibson method requires fewer steps than earlier methods, and restriction enzymes
are unnecessary. The gene fragments in the Gibson method are designed by the user and contain
overlapping homologous ends, which allows the gene fragments to attach to each other to form
plasmids in one single round of cloning [68]. The Gibson Assembly® HiFi 1-Step Kit [68] was
used, the protocol was followed, and the machine Mastercycler nexus GX2 from Eppendorf AG
was used. The amount, size, and concentration of DNA fragments combined with the Gibson
Assembly® Master Mix to produce the plasmids pVWEx1-rosABC, pVWEx1-rosABC-ribM ,
and pVWEx1-ribF -rosABC-ribM are shown in Table 2.12. The thermal conditions are shown in
Table 2.13.

Table 2.12: Size, concentration, and volume of DNA fragments utilized in the Gibson procedure to produce
the plasmids, pVWEx1-rosABC, pVWEx1-rosABC-ribM , and pVWEx1-ribF -rosABC-ribM . The
volumes of the DNA fragments and deionized water were mixed with Gibson master mix.

Plasmids produced DNA fragment Size [bp] Concentration [ng/µL] Volume needed [µL]
pVWEx1 8396 48.3 2.07

pVWEx1-rosABC rosAB 1948 63.5 0.37
rosC 735 48.5 0.19

Deionized water - - - 2.38
pVWEx1 8396 48.3 2.07

pVWEx1-rosABC-ribM rosAB 1948 63.5 0.37
rosC 877 38.3 0.25
ribM 726 50.1 0.18

Deionized water - - - 2.31
pVWEx1 8396 22.0 4.55

pVWEx1-ribF -rosABCM -ribM rosF 1117 75.5 0.18
rosABC-ribM 3290 91.9 0.43

Deionized water - - - 0

Table 2.13: Thermal condition for Gibson Assembly.

Temperature [°C] Time [Min]
50 60
4 Infinite

2.4.7 Transformation of E. coli chemically competent cells

The plasmids were transformed into E. coli competent cells. E. coli competent cells were defrosted
on ice and 10 µL of the Gibson solution, containing the plasmids, was added. The cell solution was
incubated on ice for 10 minutes before heat shock at 42°C for 1.5 minutes. The cells were placed
back on ice for 1 minute before 0.5 mL LB media was added and the cells were incubated at 37°C
and 350 rpm for 1 hour. 100 µL of the cell solution was plated out on a 2TY agar plate containing
kanamycin. The rest of the solution was centrifuged, the supernatant discarded, the cells were
resuspended, and plated out on another plate. At 37°C, the plates were incubated overnight.
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2.4.8 Colony PCR

Colony PCR was used to amplify the gene clusters, rosABC, rosABC-ribM , and ribF -rosABC-
ribM , to control if the transformation of pVWEx1-rosABC, pVWEx1-rosABC-ribM , and pVWEx1-
ribF -rosABC-ribM into E. coli competent cells went as anticipated. The colony PCR solution
contained the components in Table 2.14. 24 small eppendorf tubes were used for each colony PCR.
The thermal conditions used for the Mastercycler nexus GX2 machine, from Eppendorf AG, are
shown in Table 2.15. The GoTaq® DNA Polymerase protocol [69] was used.

Table 2.14: Components with the corresponding volume in the colony PCR solutions.

Components Volume [µL]
Deionized water 18.3
GoTax buffer 5.0
dNTPs 0.5
Upstream primer 0.5
Downstream primer 0.5
G2 GoTaq Polymerase 0.2
E. coli cells with pVWEx1-rosABC, pVWEx1-rosABC-ribM , or pVWEx1-ribF -rosABC-ribM from plate -
Total volume 25.0

Table 2.15: Thermal conditions, time, and cycles used for the different steps in colony PCR are shown [69].

Steps Temperature [°C] Time [Min] Cycles
Initial denaturation 95 10 1
Denaturation 95 1 25-35
Annealing 57 1 25-35
Extension 72 1 Min/kB 25-35
Extension 72 5 1
Soak 4 Infinite 1

2.4.9 Gel electrophoresis

To control that the digestion, PCR, and colony PCR went as anticipated, gel electrophoresis was
used. Thermo Scientific™ GeneRuler 1 kb Plus DNA Ladder [70] and the sample was loaded into
different wells in a solidified gel. The net charge of DNA is negative, leading the DNA to migrate
towards the anode when an electric field is switched on, resulting in the separation of different
DNA fragments. The conditions to create the electrical field were 100V and 400 mA. The recipe
for the solidified gel is found in Appendix A. Depending on the length of the gel, the run time
was 30 minutes for colony PCR and 37 minutes for PCR and digestion.

2.4.10 Sanger sequencing

To validate the accuracy of the molecular cloning process, sequencing analysis was utilized. Iso-
lated expression plasmids from the cloning hosts were subjected to sequencing using the Eurofins
Genomics LightRun tubes sequencing service. The specified requirements were followed: For se-
quencing, 5 µL of primer with a concentration of 5 µM was combined with 5 µL of purified template
DNA. The purified template DNA had a concentration ranging from 50-100 ng/µL. The obtained
sequencing results were then compared with the template sequence in silico using Clone Manager
V9, a bioinformatics tool for scientific and educational purposes. Table 2.16 lists the template
DNA and primers utilized in the samples sent to Eurofins Genomics LightRun tubes sequencing
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service. The primers utilized are explained in subsubsection 2.4.1, and the primer rosAB3 is from
Rudberg’s study [1]. From colony PCR, two colonies in well 3 and well 18 were expected to contain
pVWEx1-rosABC, and the colonies are marked in Table 2.16.

Table 2.16: DNA templates and primers sent to sequencing.

DNA tamplate Primers
pVWEx1-rosABC-ribM rosABC1
pVWEx1-rosABC-ribM rosAB3 [1]

pVWEx1-rosABC-ribM rosABC3
pVWEx1-rosABC-ribM rosABCM3
pVWEx1-rosABC-ribM X1-Fw
pVWEx1-rosABC-ribM X1-Rv
Colony in well 3: pVWEx1-rosABC rosABC3
Colony in well 3: pVWEx1-rosABC rosAB3 [1]

Colony in well 3: pVWEx1-rosABC X1-Fw
Colony in well 3: pVWEx1-rosABC X1-Rv
Colony in well 18: pVWEx1-rosABC rosABC1
Colony in well 18: pVWEx1-rosABC rosAB3 [1]

Colony in well 18: pVWEx1-rosABC X1-Fw
Colony in well 18: pVWEx1-rosABC X1-Rv
pVWEx1-ribF -rosABC-ribM ribF-FW
pVWEx1-ribF -rosABC-ribM rosABCM-Rv
pVWEx1-ribF -rosABC-ribM X1-Fw
pVWEx1-ribF -rosABC-ribM X1-Rv

2.4.11 Microvolume spectrophotometer

The Nanodrop- Microvolume Spectrophotometer [71] was used to find the concentration and purity
of the solution after extraction and purification.

2.5 Preparation of C. glutamicum electrocompetent cells

C. glutamicum-(pSym-riboCg) competent cells were prepared under sterile conditions. 5 mL BHI
media containing 2.5 µL tetracycline was inoculated with C. glutamicum-(pSym-riboCg) overnight
at 30°C. pSym-riboCg was the plasmid containing the ribCg operon. Into two flasks, 50 mL BHIS,
and 2 mL of the overnight culture were added, and incubated at 30°C, for 2-4 hours, until the
OD was measured to 0.6. 15 µL ampicillin (5 mg/mL) was added and incubated at 30°C for 1.5
hours in both flasks. Two falcon tubes were put on ice, the flask solution was transferred to the
falcon tubes, and the falcon tubes were centrifuged at 4000 rpm for 7 min at 4°C. The supernatant
was discarded before the cells were resuspended with 30 mL EPB1- buffer, and centrifuged with
the same conditions. The last step was repeated two times. After the last centrifugation, 750
µL EPB2-buffer was transferred two one of the falcon tubes and the cells were resuspended. The
resuspended solution was transferred to the second falcon tube, and the cells were resuspended.
This made up the C. glutamicum competent cell solution. In 9-11 sterile Eppendorf tubes, 150
µL of the C. glutamicum competent cell solution was transferred and frozen at -80�C. Competent
cells of C. glutamicum wild-type was prepared similar as for C. glutamicum-(pSym-riboCg), except
that tetracycline was not added.
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2.6 Transformation of C. glutamicum competent cells

C. glutamicum competent cells were defrosted on ice, and 1 mL BHIS medium was heated to 46°C.
The competent cells were mixed with 800 ng of plasmids and transferred to an electroporation
cuvette on ice. Electroporation was run after 5 minutes to create temporary pores in the cell
membrane. The pores made it possible for plasmids to pass through the membrane and into the
cells [72]. The electroporation was run with one single pulse at 200 ⌦, 2.5 Kv, and 25 Fv, and the
machine Geno Pulser Xcell from BIO RAD was used. The competent cell solution and preheated
BHIS were mixed and incubated for 6 minutes at 46°C. The new solution was incubated at 30°C
for 1 hour in a thermo-mixer. The cells were centrifuged for 3 minutes at 6000 rpm, and the
supernatant was discarded. The cells were resuspended and plated out on selective media. The
plates were incubated for 1-2 days at 30°C.

2.7 Growth experiments

Two growth experiments were carried out for the constructed strains of C. glutamicum. For
the first growth experiment (Growth experiment 1), the growth curves of the constructed strains
Roseo0, Roseo1, and Roseo2 were found. In the second growth experiment (Growth experiment 2),
the growth curve of the newly constructed strain Roseo3, together with Roseo0, Roseo1, Roseo2,
and the constructed strains, Roseo4 and Roseo5 from Rudberg’s study [1], were found. The genes
were induced in the exponential phase, six hours after the start of both growth experiments,
based on the finding from Rudberg’s study [1] that the highest roseoflavin production occurred
under these conditions. Roseo0 harbored the empty plasmid, pVWEx1, and was used as a control
strain in the growth experiments to enable a comparative assessment of growth and product yield
between the other alternative strains.

2.7.1 Preculture preparation

For each of the different C. glutamicum strains, preculture was prepared in one sterile 500 mL
flask with baffles. The components in the preculture are shown in Table 2.17. The C. glutamicum
strain in Table 2.17 was either Roseo0, Roseo1, Roseo2, Roseo3, Roseo4 or Roseo5. Each strain
was transferred from a plate to one flask, and the flask was inoculated overnight at 175 rpm and
30°C.

Table 2.17: Components with corresponding volume in the precultures for the growth experiments.

Components Volume
2TY 50 mL
Tetracycline 25 µL
Kanamycin 25 µL
C. glutamicum strain
Total volume 50 mL

2.7.2 Media preparation for growth experiments

For each of the strains Roseo0, Roseo1, and Roseo2 in Growth experiment 1 three parallels were
carried out. For one parallel, 25 mL of selective media was prepared in one 250 mL flask with
baffles. Hence, a total of nine flasks were used. The selective media was prepared according
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to Table 2.18. Ten times the amount of 25 mL of selective media was prepared and mixed in
one 500 mL flask before 25 mL of the selective media was transferred to each of the nine 250
mL flasks. PCA was added to the solution right before the selective media was used, and IPTG
was added after 6 hours of the growth experiment. For Growth experiment 2, with the 6 strains
Roseo0, Roseo1, Roseo2, Roseo3, Roseo4, and Roseo5, a total of 18 flasks were used, as three
parallels were carried out for each strain. Twenty times the amount of 25 mL of selective media
was prepared and 25 mL was transferred to each of the 18 flasks. PCA was not added since it was
oxidized, and IPTG was added after 6 hours.

Table 2.18: Components and corresponding volume used in the preparation of selective media for Growth exper-
iment 1 and Growth experiment 2.

Components Amount x1 [mL] Amount x10 [mL] Amount x20 [mL]
CGXII 20.0000 200.000 400.00
C-S (glucose 40%) 0.6250 6.250 12.60
Biotein 0.0250 0.250 0.50
PCA 0.0250 0.250 -
TES 0.0250 0.250 0.50
IPTG 0.0250 0.250 0.50
Kanamycin 0.0125 0.125 0.25
Tetracyclin 0.0125 0.125 0.25
Water 4.2500 42.500 85.50
Total volume of media: 25.0000 250.000 500.00

Table 2.18 describes the distinct functions of the selective media components, whereby CGXII
served as a saline solution that supported the growth of C. glutamicum. C-S acted as a glucose-
derived carbon source that facilitated cellular growth. Biotin is a vitamin that plays vital roles
in the synthesis of lipids and central metabolism in cells [73] [74]. Additionally, the trace element
solution (TES) contained different cofactors for intracellular reactions within the cells [75]. The
gene expression within the constructed plasmids was triggered by the use of IPTG (Isopropyl-�-
D-1-thiogalactopyranoside).

2.7.3 Optical density measurements

The spectrophotometer, WPA CO 8000 Biowave Cell Density Meter from Biochrom Ltd [76], was
used to measure the optical density (OD) of the precultures of Roseo0, Roseo1, Roseo2, Roseo3,
Roseo4, and Roseo5 in Growth experiment 1 and Growth experiment 2. Cells from the precul-
tures were transferred to flasks with 25 mL of selective media. The initial volume of precultures
transferred was computed by considering the expected final OD of 1 in each flask. To achieve an
OD of 1 in each flask, the precultures were diluted in a ratio of 1:40, and OD measurements of
the precultures were carried out at the wavelength of 600 nm. The equation,

Ci · Vi = Cf · Vf . (2.1)

was used to calculate the right initial volume, Vi, knowing the final concentration, Cf , final volume,
Vf , and the measured initial concentration, Ci, by the spectrophotometer. Cf was equivalent to an
OD of 1 and Vf was the final volume of 25 mL. The measured initial concentration multiplied with
the dilution factor, and the calculated initial volume, Vi, are found in Appendix B in Table B.1
and Table B.2.
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The predetermined initial volumes of the three distinct precultures in Growth experiment 1, and
the six distinct precultures i Growth experiment 2, were distributed equally into three falcon
tubes each. The cells in the falcon tubes were cleansed through centrifugation (5 min, 4500 rpm),
decantation of supernatant, resuspension, followed by the addition of CGXII (20 mL). The cells
were then subjected to another round of centrifugation with similar conditions. The supernatant
was removed, the cells in each falcon tube were resuspended and transferred to one 250 mL flask
with 25 mL of selective media.

To find the growth curves and final biomass of the different C. glutamicum strains, ODs were
measured every second hour for 10 hours. The measurements started right after the cleaned cells
from the precultures were inoculated to the selective media. The day after, two measurements
were taken after 22 hours and after 24 hours. For Growth experiment 2, ODs were additionally
measured after 72 hours. The values of the OD measurements are given in Appendix B, and the
calculations of the growth rate, biomass, and biomass yield are given in Appendix C.

2.8 High-performance liquid chromatography (HPLC)

To measure the concentration of roseoflavin and riboflavin during the growth experiment, high-
performance liquid chromatography (HPLC) was utilized. It is a separation technique, which
separates the compounds present in solutions due to the molecular structure and properties [77].
During the growth experiment, HPLC samples were taken from the flasks before the genes were
induced after 6 hours, and after the genes were induced after 24 hours and 72 hours. From each
of the growth experiment flasks, 1 mL of cell solution was transferred to an Eppendorf tube and
centrifuged 10 minutes at 13300 rpm. The supernatant was collected after centrifugation in a
new Eppendorf tube. 1 mL of 15% of trichloroacetic acid was added to 0.5 mL of supernatant
and the solution was agitated for 1 minute. The solution was incubated for 20 minutes at 25°C
before the solution was centrifuged for 20 minutes at 4°C and 7830 rpm. To HPLC vials, 1 mL
of supernatant was transferred and 150 µL of 2M K3PO4 was added to adjust the pH. Before the
HPLC measurements started, the samples were vortexed. For the HPLC measurements and the
quantification of roseoflavin and riboflavin, a 25°C prewarmed 75 mm × 4.6 mm Symmetry C18
Column 3.5 µm column was used. For detection, a Agilent 1260 FLD (Germany) fluorescence
detector with emission and excitation wavelengths of 520 and 370 nm was used, respectively. A
mobile phase consisting of a 5 mM solution of ammonium acetate and methanol in a 3:1 ratio, with
a pH of 6.0, was used at a flow rate of 0.8 mL/min in the HPLC. The roseoflavin and riboflavin
concentration were calculated from the HPLC measurements and are found in Appendix D.

2.9 Antimicrobial tests

Antimicrobial tests were carried out to see how different strains of C. glutamicum harboring dif-
ferent transporter proteins grew on different concentrations of roseoflavin, and to investigate the
properties of the transporter proteins. ribM and ribX were the genes encoding the transporter
proteins. From subsection 2.2 the strains Transport0, Transport1, Transport2, Transport3, Trans-
port4, and Transport5 were used in the antimicrobial tests. The study investigated the impact of
the ribM gene on the growth of C. glutamicum by examining whether it facilitated the export of
roseoflavin and whether ribM encoded an antiporter or a uniporter. ribX encodes a riboflavin im-
porter protein, found in the genome of C. glutamicum, and the antimicrobial test investigated how
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ribX effects C. glutamicum growth on different roseoflavin concentrations. Three different antimi-
crobial tests were carried out. The first antimicrobial test contained complex media of 2TY, and
the strains Transport0 and Transport1, harboring the plasmids, pVWEx1 and pVWEx1-ribM ,
respectively. The second antimicrobial test was carried out in CGVXII selective media (selec-
tive media) investigating Transport0, Transport1, and Transport2 harboring pVWEx1-ribX. In
the final antimicrobial test, selective media was used. The antimicrobial test was applied to the
strains Transport3, Transport4, and Transport5, all harboring pSym-riboCg, and either pVWEx1,
pVWEx1-ribM , or pVWEx1-ribMX, respectively. Further are the antimicrobial tests referred to
as Antimicrobial test 1, Antimicrobial test 2, and Antimicrobial test 3.

2.9.1 Preparation of strains and preculture

To construct the strains, the plasmids pVWEx1, pVWEx1-ribM and pVWEx1-ribX were ex-
tracted from different E. coli strains. Afterward, the plasmids were transformed into Cg and
Cg(pSym-riboCg) competent cells, as explained in subsection 2.6. For Antimicrobial test 1, a
precultures of 5.0 mL 2TY, 2.5 µL of kanamycin, and Transport0 from a plate was prepared in
a falcon tube and mixed overnight at 30°C and 225 rpm. Similar was a preculture of Trans-
port1 prepared. Precultures for Antimicrobial test 2 containing either Transport0, Transport1,
or Transport2 were prepared the same way. Additionally, was 2.5 µL of tetracycline added to
the precultures of Transport3, Transport4, and Transport5 in the preparation of the precultures
in Antimicrobial test 3, due to the pSym-riboCg plasmid. When 2TY was used as the growth
media, 300 µL of precultures were mixed with 7.5 mL of 2TY and 3.75 µL of kanamycin. For the
antimicrobial tests where selective media was utilized, the precultures were washed. The precul-
tures were centrifuged 5 minutes at 4500 rpm, the supernatant was removed and the cells were
resuspended in 5 mL of CGVXII (containing no carbon source). The solution was centrifuged with
the same conditions, the supernatant was discarded and 5 mL of CGVXII (containing no carbon
source) was added. 300 µL of the washed cells in CGVXII was mixed with 7,5 mL of CGVXII
selective media. The CGVXII selective media is found in Table 2.18. For Antimicrobial test 3,
ODs of the precultures were measured before the cells were washed, and equal amount of cells
was washed to get similar ODs for all parallels and strains in the test. The selective media used
in Antimicrobial test 2 and Antimicrobial test 3 contained 0.5% of glucose. The selective media
was prepared according to Table 2.19.

Table 2.19: Components and corresponding volume used in the preparation of selective media for Antimicrobial
test 2 and Antimicrobial test 3.

Antimicrobial test 2 Antimicrobial test 3
Components Amount x1 [mL] Amount x 2 [mL] Amount x1 [mL] Amount x 2 [mL]
CGXII 20.000 40.000 20.000 40.000
C-S (glucose 40%) 0.313 0.625 0.313 0.625
Biotein 0.025 0.050 0.025 0.050
TES 0.025 0.050 0.025 0.050
IPTG 0.025 0.050 0.025 0.050
Kanamycin 0.013 0.025 0.013 0.025
Tetracyclin - - 0.013 0.025
Water 4.600 9.200 4.588 9.175
Total volume of media: 25.000 50.000 25.000 50.000
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2.9.2 Preparation of plate and measurements

Plate 1 and Plate 2 were used in the antimicrobial tests illustrated in Figure 2.3 to the left and
right, respectively. Different roseoflavin concentrations and strains were applied in the different
wells on the plates. Only Plate 1 was utilized for Antimicrobial test 1. The plate for Antimicrobial
test 1 was prepared the following way: 160 µL of 2TY was added to the first 7 wells in column 1.
100 µL of 2TY was added to the rest of the columns from row A to G marked yellow in Figure 2.3.
In the first 7 wells in column 1, 40 µL of 0.5 g/L roseoflavin was transferred to a final volume of
200 µL and mixed thoroughly. From the first well in row A, 100 µL was transferred to the second
well in row A, and mixed thoroughly. The transfer of 100 µL from a well to the next well with
a higher column number, and thorough mixing, continued in row A until column 11. When 100
µL was transferred to well 11 and thoroughly mixed, 100 µL was discarded from the well leaving
well 12 to only contain 2TY. This created a dilution series of roseoflavin concentration in a ratio
of 1:2 from one well to another throughout row A, where A1 had the highest concentration of 0.1
g/L. The dilution of 1:2 made the concentration in A2 decrease by half the concentration. From
row B to G, the dilution series of roseoflavin concentrations was repeated. In row A to C 100 µL
of Transport0 was added, and in row D to F, 100 µL of Transport1 was added. In row G, 100 µL
of 2TY was added to each well creating a blank row with different roseoflavin concentrations and
no cells.

Figure 2.3: Plates used for OD measurements during the antimicrobial test. Yellow color marks the well used,
and blue wells were not used wells. Plate 1 is to the left, and Plate 2 is to the right.

For Antimicrobial test 2 and Antimicrobial test 3, Plate 1 was prepared similarly as for Antimi-
crobial test 1, only 2TY was replaced with CGVXII selective media. In addition, three strains
were tested instead of two. Hence, Plate 2 was additionally used for both tests. In Plate 1 for
Antimicrobial test 2, Transport0 was inoculated in row A to C and Transport1 in row D to F.
In Plate 2, Transport2 was inoculated in row A to C. For Antimicrobial test 3, Transport3 was
inoculated in row A to C on Plate 1, and Transport4 was inoculated in row D to F. Transport5
was inoculated in row A to C on Plate 2 of the test.

To collect the OD measurement of the strains, a TECAN machine from Noax Lab AS was used.
ODs were measured at a wavelength of 600 nm. 15 seconds of orbital shaking at 432 rpm of the
plates were performed before the ODs were measured. The plates were of the brand Greiner 96 Flat
Transparent, and the measurements were collected without the lids of the plates. Measurements
were collected after 24 hours when the strains were assumed to have reached the stationary phase.
The raw data and the final biomass calculations are displayed in Appendix F. Picture of the plates
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after 24 hours are shown in Figure 2.4, displaying the dilution series of roseoflavin.

Figure 2.4: Plates after 24 hours. The plates were used in the OD measurements during the antimicrobial tests.
The roseoflavin dilution series are seen.
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3 Results

In this chapter constructed strains of C. glutamicum for optimized roseoflavin production were
analyzed before the strains were evaluated through flask fermentation in growth experiments. Col-
lected samples from the growth experiments were evaluated through HPLC analysis, and the HPLC
results are presented as the roseoflavin- and riboflavin titers produces by each strain. The con-
structed strains Cg(pSym-riboCg)(pVWEx1), Cg(pSym-riboCg)(pVWEx1-rosABC), Cg(pSym-
riboCg)(pVWEx1-rosABC-ribM), and Cg(pSym-riboCg)(pVWEx1-ribF -rosABC-ribM) are named
here Roseo0, Roseo1, Roseo2 and Roseo3, respectively. The strains from Rudberg’s study [1]

are Cg(pSym-riboCg)(pVWEx1-rosAB) named Roseo4 and Cg(pSym-riboCg)(pVWEx1-rosAB-
ribM) named Roseo5. The results look into the effect of overexpressing the genes ribM , rosC,
and ribF for the newly constructed strains for optimized roseoflavin production in comparison
to the strains from Rudberg’s study [1]. Further are the results from the antimicrobial tests, in-
vestigating the toxicity of roseoflavin and the properties of the transporter proteins encoded by
ribM and ribX, presented. Here, the strains utilized were Cg(pVWEx1), Cg(pVWEx1-ribM),
Cg(pVWEx1-ribX), Cg(pSym-riboCg)(pVWEx1), Cg(pSym-riboCg)(pVWEx1-ribM), and Cg-
(pSym-riboCg)(pVWEx1-ribX), and referred to as Transport0, Transport1, Transport2, Trans-
port3, Transport4, and Transport5, respectively.

3.1 Construction of the strains Roseo1 and Roseo2 containing gene in-
serts from the roseoflavin biosynthesis pathway

In order to create the strains Roseo1 and Roseo2, the vectors pVWEx1-rosABC and pVWEx1-
rosABC-ribM were constructed. For constructing the vectors, the genes rosA, rosB, rosC, and
rosM were amplified either from the pVWEx1-rosAB plasmid, constructed in Rudberg’s study [1],
or the genomic DNA of S. davawensis. Gel electrophoresis was performed to verify the presence of
these genes. Figure 3.1 show the gel pictures of the amplified genes. Displayed in A: Well 1 shows
a specific band for the genes rosAB, and well 2 and well 3 display unspecified bands for rosC1 and
rosC2, respectively. Displayed in B: The gene rosC1 is shown in well 1, and the gene was used in
the construction of pVWEx1-rosABC. Displayed in C: The gene rosC2 for the construction of
pVWEx1-rosABC-ribM are shown in well 1. Displayed in D: The presence of ribM is confirmed
in well 5. The length of the amplified genes was 1984 bp for rosAB, 753 bp for rosC1, 777 bp
for rosC2, and 726 bp for ribM . To identify the genes, the Thermo ScientificTM GeneRuler 1 kb
Plus DNA Ladder [70], was used as a size marker to identify the lengths of the DNA fragments.
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Figure 3.1: Gel electrophoresis displayed in A: A specific band for rosAB of 1948 bp are shown in well 1. The genes
rosC1 and rosC2 are shown as unspecified bands in wells 2 and 3, respectively. Gel electrophoresis
displayed in B: A specific band for rosC1 of 753 bp in well 1. Gel electrophoresis displayed in C: A
specific band for rosC2 of 777 bp. Gel electrophoresis displayed in D: A specific band for ribM of
726 bp in well 5. The 1 kb plus ladder (L) is shown next to the samples.

In order to validate the successful construction of the plasmids, pVWEx1-rosABC, and pVWEx1-
rosABC-ribM after cloning and transformation into E. coli, the target genes rosABC and
rosABC-ribM were amplified through colony PCR. The resulting DNA fragments were then
analyzed using gel electrophoresis for verification purposes. The gel images depicting the ampli-
fied genes, rosABC, and rosABC-ribM , are illustrated in Figure 3.2. Display in A: Indication of
an unspecific band of rosABC, with a size of 2701 bp, is shown in wells 3 (at the red arrow) and
18. However, it is worth noting a potential issue with the ladder used as the size marker. Display
in B: An unspecified band of rosABC-ribM , with a size of 3451 bp is shown in well 23.
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Figure 3.2: Gel electrophoresis displayed in A: Indications of rosABC of 2701 bp are shown in well 3 and well
18. The 1 kb plus ladder (L) was suspected of being wrong and is shown next to the samples. Gel
electrophoresis displayed in B: In well 23, an unspecific band of rosABC-ribM of 3451 bp is shown.
The 1 kb plus ladder is shown next to the samples.

To verify the construction of the plasmids pVWEx1-rosABC and pVWEx1-rosABC-ribM , and
to confirm the presence of the genes rosABC in wells 3 and 18, and rosABC-ribM in well 23, two
distinct tests were conducted. The first test was a PCR amplification test. Here, the gene rosC was
amplified from colonies 3 and 18 which were assumed to contain the pVWEx1-rosABC plasmids.
In addition, the ribM gene was amplified from colony 23 presumed to contain pVWEx1-rosABC-
ribM plasmids. The gel images depicting the amplified genes from the PCR test are displayed
in Figure 3.3. Second, a digestion test was conducted. Specific restriction enzymes were used
to digest the pVWEx1-rosABC and pVWEx1-rosABC-ribM , and the resulting fragments were
compared to the expected fragments listed in Table 3.1. The digestion test was performed on
the pVWEx1-rosABC plasmids from colonies 3 and 18, as well as the pVWEx1-rosABC-ribM
plasmids from colony 23. The gel images depicting the results from the digestion tests are shown
in Figure 3.4.
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Figure 3.3: Gel electrophoresis displayed in A: Unspecific bands for rosC of 752 bp are shown in well 4 and well
5. rosC was amplified from pVWEx1-rosABC from colony 3 and 18 from the colony PCR, showing
the band in well 4 and well 5, respectively. Gel electrophoresis displayed in B: ribM of 726 bp are
shown in well 3. The 1 kb plus ladder is shown next to the samples.

In Figure 3.3 bands above 700 bp are shown in well 4 and well 5 displayed in A. The observed bands
indicate the successful amplification of the rosC gene. Specifically, the band in well 4 corresponds
to the amplification of rosC from the pVWEx1-rosABC plasmid from colony 3, whereas the band
in well 5 corresponds to the amplification Displayed in B, a band above 700 bp is observed in well
3. The band indicates that ribM had been successfully amplified from colony 23 containing the
pVWEx1-rosABC-ribM plasmids from the colony PCR.

Figure 3.4: Gel electrophoresis of digested pVWEx1-rosABC plasmids in well 1 and 2, and digested pVWEx1-
rosABC-ribM plasmids in well 3. All plasmids were digested with the restriction enzyme HindIII.
The 1 kb plus ladder is shown next to the samples.

Table 3.1: The plasmids pVWEx1-rosABC and pVWEx1-rosABC-ribM , the restriction enzyme HindIII, and
the expected fragments cut by the restriction enzyme are displayed.

Plasmids Restriction enzyme Length of expected fragments in bps
PVWEx1-rosABC HindIII 3700, 3400, 2600, 1030
PVWEx1-rosABCM HindIII 3700, 3400, 3300, 1000, 300

The gel electrophoresis results of the digestion test depicted in Figure 3.4 reveal the presence
of four bands in well 3 for the digested pVWEx1-rosABC-ribM plasmid. Three of these bands
fall within the range of 3000-4500 bp, while one band measures 1000 bp. Upon comparison
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with the ladder bands, the results are inconclusive according to Table 3.1. Therefore, it could
not be determined if the construction of pVWEx1-rosABC-ribM was successful. The digested
samples from colonies 3 and 18 exhibits four and five bands in wells 1 and 2, respectively. The
lengths of these bands are 4000 bp and between 1000 and 1500 bp. However, in relation to the
expected fragment lengths listed in Table 3.1, the results remain inconclusive, making it difficult
to ascertain the successful production of pVWEx1-rosABC. Due to the inconclusive findings
from the digestion test, colonies from well 3 and well 18, assumed to contain pVWEx1-rosABC
were subjected to sequencing analysis, subsubsection 2.4.10. Additionally, was the colony from
well 23, assumed to contain pVWEx1-rosABC-ribM , sent to sequencing. The sequencing results
confirmed that the colony in well 3 harbored pVWEx1-rosABC, while the colony in well 23
harbored pVWEx1-rosABC-ribM .

3.2 Evaluation of the behavior of roseoflavin producing C. glutamicum
strains in Growth experiment 1

The performance and behavior of C. glutamicum strains were evaluated during flask fermentation
in Growth experiment 1 shown in Figure 3.5. The strains Roseo0 (blue), Roseo1 (yellow), and
Roseo2 (red) showed similar behavior in terms of growth with 1% of glucose as the sole carbon
source. All strains entered the exponential phase from the beginning, coinciding with the inocula-
tion of the initial strains at an OD600 of 1. After the genes were induced after 6 hours, the trends
of the exponential phase did not change. All strains had depleted glucose after 22 hours, showing
a decrease in the graphs from the 22nd to the 24th hour. From the steepness of the exponential
phase, the growth rate in Table 3.2, of the strains were found to be similar due to the standard
deviations. The exponential phase is defined from the 2nd to 10th hour. The growth rate of Roseo0
was found to be 0.308 ± 0.023 µ�1, whereas the growth rate was 0.283 ± 0.006 µ�1 for Roseo1
and 0.280 ± 0.022 µ�1 for Roseo2. As for the final biomass yield, Roseo0 had a final biomass yield
of 0.420 ± 0.029 g/g, Roseo1 had a final biomass yield of 0.488 ± 0.050 g/g, and Roseo2 had a
final biomass yield of 0.456 ± 0.012 g/g. Here, the standard deviations are overlapping, making
the final biomass yields equal for all strains.

Table 3.2: Growth rate, biomass and biomass yield for Roseo0, Roseo1 and Roseo2.

Strain name Growth rate [µ�1] Biomass [g/L] Biomass yield [g/g]
Roseo0 0.308 ± 0.023 4.20 ± 0.29 0.420 ± 0.029
Roseo1 0.283 ± 0.006 4.88 ± 0.50 0.488 ± 0.050
Roseo2 0.280 ± 0.022 4.56 ± 0.12 0.456 ± 0.012
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Figure 3.5: Growth experiment 1 was performed for the strains Roseo0 in blue, Roseo1 in yellow, and Roseo2
in red. The genes were induced after 6 hours. The x-axis displays the time in hours, and the y-axis
display OD600 data given in a logarithmic scale. Means and standard deviations of the triplicates are
shown.

3.3 Roseoflavin and riboflavin production in flask fermentation of dif-
ferent C. glutamicum strains in Growth experiment 1

In order to quantify the levels of roseoflavin and riboflavin produced by Roseo0, Roseo1, and
Roseo2 in Growth experiment 1, samples were collected at 6, 24, and 72 hours for the HPLC
analysis. The highest titer of roseoflavin was achieved by Roseo2 at 72 hours, as displayed in
Table 3.3 and Figure 3.6. The roseoflavin titer of Roseo2 was 1.4 folds higher than for Roseo1
and had a titer of 0.045 ± 0.001 g/L. Roseo1 yielded the second highest titer of 0.033 ± 0.002
g/L. In Figure 3.6, the roseoflavin titers of Roseo2 obtained from the samples collected after 24
and 72 hours are both higher than the titers achieved by Roseo1, indicating higher production of
roseoflavin in strains overexpressing ribM .

Regarding the riboflavin titers in Table 3.3, Roseo1 had the highest titers of 0.099 ± 0.006 from
the sample collected after 72 hours. However, standard deviations made the highest riboflavin
titer overlap with the third highest titer of 0.090 ± 0.006 collected at 24 hours for strain Roseo1.
It was 1.1 fold higher than the second highest riboflavin titer of 0.090 ± 0.002, belonging to
Roseo2 at 72 hours. The riboflavin titers from Table 3.3 are displayed as histograms in Figure 3.7.
The histogram illustrate higher riboflavin titers for Roseo1 than for Roseo2. It is worth noticing
that higher roseoflavin titers in Figure 3.6 coincide with lower riboflavin titers in Figure 3.7, as
riboflavin serves as the precursor for roseoflavin biosynthesis. However, Figure 3.7 displays that
the riboflavin titers produced by Roseo1 and Roseo2 are higher than the titer produced by the
control strain Roseo0, which is a contradiction to the expectations.
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Table 3.3: Titers of roseoflavin and riboflavin in Growth experiment 1. The titers are from samples collected from
Roseo0, Roseo1, and Roseo2, after 6 hours, 24 hours, and 72 hours.

Time sample Strains Titer of Titer of
was collected [h] roseoflavin [g/L] riboflavin [g/L]

6 Roseo0 0.000 ± 0.000 0.018 ± 0.001
24 Roseo0 0.000 ± 0.000 0.062 ± 0.003
72 Roseo0 0.000 ± 0.000 0.067 ± 0.002
6 Roseo1 0.006 ± 0.001 0.025 ± 0.001
24 Roseo1 0.026 ± 0.001 0.090 ± 0.006
72 Roseo1 0.033 ± 0.002 0.099 ± 0.006
6 Roseo2 0.003 ± 0.001 0.020 ± 0.001
24 Roseo2 0.044 ± 0.002 0.086 ± 0.003
72 Roseo2 0.045 ± 0.001 0.090 ± 0.002

Figure 3.6: Titers of roseoflavin produced by Roseo0, Roseo1 and Roseo2. Titers from samples collected after 6
hours are light pink, samples collected after 24 hours are pink, and samples collected after 72 hours
are dark pink. N. D means not detected. The triplicate means and standard deviations are shown.
Y-axis shows the titers in g/L.
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Figure 3.7: Titers of riboflavin produced by Roseo0, Roseo1 and Roseo2. Titers from samples collected after 6
hours are light yellow, samples collected after 24 hours are yellow, and samples collected after 72
hours are dark yellow. The triplicate means and standard deviations are shown. Y-axis shows the
titers in g/L.

The roseoflavin titers obtained by the strain Roseo4 and Roseo5 in Rudberg’s study [1] are presented
in Table 3.4. Comparing the highest titer in Growth experiment 1 of Roseo2 with the titer achieved
in Rudberg’s study [1], Roseo4 and Roseo5 had a 6.5 fold and an 8.9 fold higher titer, respectively.
The titer of Roseo4 was 0.296 ± 0.026 g/L and the titer of Roseo5 was 0.401 ± 0.008 g/L, achieved
after 72 hours.

To show the different roseoflavin titers yielded by the strains in the two studies, the titers are dis-
played as histograms in Figure 3.8. The titer was higher for ribM overproducing strains, compared
to strains without the gene. These results suggest that Roseo2 produced more roseoflavin than
Roseo1, and Roseo5 produced more roseoflavin than Roseo4. Overproduction of rosC suggested
that the roseoflavin titers of Roseo1 and Roseo2 were less than for Roseo4 and Roseo5.

Table 3.4: Titers of roseoflavin and riboflavin from Rudberg’s study [1]. The titers are from samples collected
from Roseo4, and Roseo5, after 6 hours, 24 hours, and 72 hours.

Time sample Strains Titer of
was collected [h] roseoflavin [g/L]

6 Roseo4 0.000 ± 0.000
24 Roseo4 0.039 ± 0.002
72 Roseo4 0.296 ± 0.026
6 Roseo5 0.013 ± 0.003
24 Roseo5 0.210 ± 0.007
72 Roseo5 0.401 ± 0.008

35



TBT4900 Biotechnology, Master Thesis
Rosa Jodalen Rudberg June 18, 2023

Figure 3.8: Titers of roseoflavin produced by Roseo0, Roseo1, Roseo2, Roseo4 and Roseo5. Roseo4 and Roseo5
show the values from Rudberg’s study [1]. Titers from samples collected after 6 hours are light pink,
samples collected after 24 hours are pink, and samples collected after 72 hours are dark pink. N. D
means not detected. The triplicate means and standard deviations are shown. Y-axis shows the titers
in g/L.
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3.4 Connecting the riboflavin and roseoflavin pathways via expression
of ribF gene

To construct the plasmids pVWEx1-ribF -rosABC and pVWEx1-ribF -rosABC-ribM , the genes
ribF was amplified from the genomic DNA of C. glutamicum. Additionally, the genes rosABC

and rosABC-ribM were amplified from the plasmids, pVWEx1-rosABC, and pVWEx1-rosABC-
ribM , which were present in Roseo1 and Roseo2, respectively. Gel electrophoresis images of the
amplified genes are shown in Figure 3.9. In A, a saturated band of ribF with a size of 1117 bp
is observed. In B, a weak band of rosABC with a size of 2619 bp is displayed at the red arrow.
Despite multiple attempts, it was not possible to obtain a saturated band for rosABC with the
primers utilized. In C a saturated band of rosABC-ribM with a size of 3290 bp is displayed.
Due to the challenges encountered in amplifying rosABC, further work focused on the cloning
and construction of pVWEx1-ribF -rosABC-ribM in Roseo3.

Figure 3.9: Gel electrophoresis displayed in A: A saturated band for ribF of 1117 bp are shown in well 1. Gel
electrophoresis displayed in B: Several unspecific bands are shown in well 1. The weak band for
rosABC of 2619 bp is shown at the red arrow. Gel electrophoresis displayed in C: A saturated
specific band for rosABC-ribM of 3290 bp is shown in well 3. The 1 kb plus ladder (L) is shown next
to the samples.

To verify the cloning of pVWEx1-ribF -rosABC-ribM , colony PCR was performed to amplify the
genes ribF -rosABC-ribM . The gel electrophoresis results are presented in Figure 3.10. In well 9,
an unspecific band with a size of 4407 bp is observed for ribF -rosABC-ribM .
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Figure 3.10: Indications of ribF -rosABC-ribM of 4407 bp are shown in well 9. The 1 kb plus ladder (L) is
displayed next to the samples.

To confirm the presence of the pVWEx1-ribF -rosABC-ribM plasmid in the colony from well 9 in
Figure 3.10, a PCR amplification test was conducted. Here the genes ribF , ribM , rosABC, and
rosABC-ribM were amplified and the gel electrophoresis image is displayed in Figure 3.11. ribF

are displayed in well 1 with the size of 1117 bp, ribM are displayed in well 2 with the size of 726
bp, rosABC are displayed in well 3 with the size of 3290 bp, and rosABC-ribM are displayed in
well 4 with the size of 4407 bp.

Figure 3.11: Unspecific bands for ribF of 1117 bp, ribM of 726 bp, rosABC-ribM of 3290, and ribF -rosABC-
ribM of 4407 bp are shown in well 1, well 2, well 3, and well 4, respectively. All genes were amplified
from pVWEx1-ribF -rosABC-ribM from the colony in well 9 displayed in the gel picture of the
colony PCR. The 1 kb plus ladder is shown next to the samples.
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The PCR amplification test from well 9 in Figure 3.10 was assumed to contain the pVWEx1-ribF -
rosABC-ribM plasmid. However, in order to obtain conclusive evidence, the plasmid was sub-
jected to sequencing analysis. The sequencing results revealed that the pVWEx1-ribF -rosABC-
ribM plasmid was incomplete. Instead, it was determined that the plasmid contained the genes
ribF, ribM, and most likely the genes rosAB. Due to the presence of ribF , the plasmid pVWEx1-
ribF -rosAB-ribM was transformed into C. glutamicum, and is further named Roseo3.

3.5 Evaluation of the behavior of all constructed roseoflavin producing
C. glutamicum strains in Growth experiment 2

Growth experiment 2, was performed by flask fermentation to analyze the behavior of the newly
constructed strain Roseo3 and the effect of overexpressing the ribF gene. In addition, all con-
structed strains in both Rudberg’s study [1] and this Master’s were evaluated. Figure 3.12 shows
the growth curves in Growth experiment 2 at two different time intervals. On top is an excerpt of
the measurements collected until the 24th hour, and on the bottom is the whole time interval until
the 72th hour. The trends in Figure 3.12 display that Roseo0 initiated a lag phase the two first
hours, before it entered the exponential phase, from the 2nd to the 10th hour. After, it entered
the stationary phase. Similarly, Roseo4 and Roseo5 both entered the stationary phase at the
10th hour. Conversely, they initiated the exponential phase immediately after cell inoculation.
The trends of Roseo1 and Roseo2 are similar. Both strains were in the lag phase until the 6th

hour, when they initiated exponential growth. From the measurements collected at the 22nd and
24th hours, the curves show that Roseo1 and Roseo2 were in the stationary phase. The trends of
Roseo3 is unclear, due to high standard deviations. The strain was slow growing and stayed long
in the lag phase. First after the measurement at the 22nd hour, the strain was in the exponential
phase.

From the steepness of the exponential phase, the growth rates in Table 3.5 were found. Due to
standard deviations, the growth rates 0.225 ± 0.026 µ�1 and 0.207 ± 0.014 µ�1 were found similar
for Roseo1 and Roseo2, respectively. For the same reason, the growth rates, 0.256 ± 0.030 µ�1

and 0.274 ± 0.014 µ�1, of Roseo4 and Roseo5 were similar, respectively. Roseo0 achieved the
highest growth rate, 0.325 ± 0.020 µ�1. High standard deviations were calculated for the biomass
yield, giving overlapping biomass yields. The highest biomass yield of 0.651 ± 0.088 g/g, achieved
by Roseo2 overlapped with the biomass of Roseo1 of 0.592 ± 0.148 g/g. In addition, the biomass
yield of Roseo1 overlaps with Roseo0, Roseo3, and Roseo5, with the biomass yields of 0.502 ±
0.023 g/g, 0.478 ± 0.040 g/g, and 0.434 ± 0.096 g/g, respectively.

Table 3.5: Growth rate, biomass and biomass yield for Roseo0, Roseo1, Roseo2, Roseo3, Roseo4, and Roseo5.

Strain name Growth rate [µ�1] Biomass [g/L] Biomass yield [g/g]
Roseo0 0.325 ± 0.020 5.02 ± 0.23 0.502 ± 0.023
Roseo1 0.225 ± 0.026 5.92 ± 1.48 0.592 ± 0.148
Roseo2 0.207 ± 0.014 6.51 ± 0.88 0.651 ± 0.088
Roseo3 0.114 ± 0.119 4.78 ± 0.40 0.478 ± 0.040
Roseo4 0.256 ± 0.030 3.36 ± 0.82 0.336 ± 0.082
Roseo5 0.274 ± 0.014 4.34 ± 0.96 0.434 ± 0.096
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Figure 3.12: Growth experiment 2 was performed for the strains Roseo0 in blue, Roseo1 in yellow, Roseo2 in red,
Roseo3 in green, Roseo4 in orange, and Roseo5 in grey. The genes were induced after 6 hours. The
x-axis displays the time in hours, and the y-axis display OD600 data given in a logarithmic scale.
Means and standard deviations of the triplicates are shown.
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3.6 Roseoflavin and riboflavin production in flask fermentation of dif-
ferent C. glutamicum strains in Growth experiment 2

Similar to Growth experiment 1, samples for HPLC were collected after 6, 24, and 72 hours
for Growth experiment 2 to analyze the titers of roseoflavin and riboflavin. Table 3.6 presents
the measured roseoflavin and riboflavin titers achieved by all strains. To show the trends of
the roseoflavin and riboflavin titers, histograms of the titers are displayed in Figure 3.13 and
Figure 3.14, respectively. Roseo3 exhibited the highest roseoflavin titer of 4.065 ± 0.901 g/L in
the sample collected at 72 hours. The titer was 3.0 fold higher than the second highest titer of
1.349 ± 0.322 g/L and 5.7 higher than the third highest titer of 0.719 ± 0.156 g/L produced by
Roseo5 and Roseo4 after 72 hours, respectively.

The three highest riboflavin titers were produced by Roseo3, Roseo4, and Roseo5, and the titers
are overlapping due to the standard deviations. The titers are 0.193 ± 0.031 g/L, 0.181 ± 0.002
g/L, and 0.171 ± 0.014 g/L, respectively. For Roseo3, the riboflavin titer was 1.6 higher than
Roseo1 and 1.9 fold higher than Roseo2. The final riboflavin titer of Roseo1 and Roseo2 were
0.123 ± 0.003 g/L, and 0.103 ± 0.002 g/L, respectively.

All strains were constructed using competent cells of the C. glutamicum riboflavin overproducing
strain, Cg(pSym-riboCg). As the maximum riboflavin titer Cg(pSym-riboCg) produces is 0.6
g/L [5], and roseoflavin is derived from riboflavin, it is impossible to measure roseoflavin titers as
high as 4.065 ± 0.137 g/L. The too high roseoflavin titers will be discussed later in the Discussion,
section 4.

Observed from Figure 3.13 and Figure 3.14, Roseo3, Roseo4 and Roseo5, producing the highest
roseoflavin titers, also produces the highest riboflavin titers. An explanation is antimetabolite-
resistance, further explained in the Discussion, section 4.

Table 3.6: Titers of roseoflavin and riboflavin in Growth experiment 2. The roseoflavin titers are from samples
collected from Roseo0, Roseo1, Roseo2, Roseo3, Roseo4, and Roseo5 after 6 hours, 24 hours, and 72
hours.

Time sample Strains Concentration of Concentration of
was collected [h] roseoflavin [g/L] riboflavin [g/L]

6 Roseo0 0.000 ± 0.000 0.006 ± 0.002
24 Roseo0 0.000 ± 0.000 0.070 ± 0.001
72 Roseo0 0.000 ± 0.000 0.076 ± 0.002
6 Roseo1 0.000 ± 0.000 0.005 ± 0.000
24 Roseo1 0.014 ± 0.001 0.109 ± 0.002
72 Roseo1 0.000 ± 0.000 0.123 ± 0.003
6 Roseo2 0.000 ± 0.000 0.005 ± 0.000
24 Roseo2 0.048 ± 0.016 0.084 ± 0.003
72 Roseo2 0.082 ± 0.011 0.103 ± 0.002
6 Roseo3 0.041 ± 0.013 0.030 ± 0.007
24 Roseo3 0.677 ± 0.137 0.093 ± 0.016
72 Roseo3 4.065 ± 0.901 0.193 ± 0.031
6 Roseo4 0.014 ± 0.002 0.011 ± 0.001
24 Roseo4 0.069 ± 0.003 0.096 ± 0.005
72 Roseo4 0.719 ± 0.156 0.181 ± 0.002
6 Roseo5 0.011 ± 0.002 0.008 ± 0.000
24 Roseo5 0.142 ± 0.020 0.076 ± 0.003
72 Roseo5 1.349 ± 0.322 0.171 ± 0.014
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Figure 3.13: Titers of roseoflavin produced by Roseo0, Roseo1, Roseo2, Roseo3, Roseo4 and Roseo5. Roseo4 and
Roseo5 show the values from Rudberg’s study [1]. Titers from samples collected after 6 hours are
light pink, samples collected after 24 hours are pink, and samples collected after 72 hours are dark
pink. N. D means not detected. The triplicate means and standard deviations are shown. Y-axis
shows the titers in g/L.

Figure 3.14: Titers of riboflavin produced by Roseo0, Roseo1, Roseo2, Roseo3, Roseo4 and Roseo5. Roseo4 and
Roseo5 show the values from Rudberg’s study [1]. Titers from samples collected after 6 hours are
light yellow, samples collected after 24 hours are yellow, and samples collected after 72 hours are
dark yellow. N. D means not detected. The triplicate means and standard deviations are shown.
Y-axis shows the titers in g/L.
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3.7 Antimicrobial tests exploring the transporter proteins ribM and
ribX in C. glutamicum strains

3.7.1 Antimicrobial test 1

The performance of C. glutamicum overexpressing ribM was studied in nutrient and vitamin-rich
complex media of 2TY [78] with varying concentrations of roseoflavin. All roseoflavin in the test
is from the supplemented roseoflavin. In Figure 3.15, the final biomass of Transport1 exceeds
the final biomass for Transport0 for each of the different dilutions of roseoflavin, indicating it
coding for an exporter protein of roseoflavin. The trend in the histogram shows that as the
roseoflavin concentrations decrease, the final biomass of Transport0 and Transport1 increases.
From the roseoflavin dilution of 1:64 and higher, the final biomass for Transport1 is stable at 0.38
g/L, due to the standard deviations, observed in Table 3.7. Half the stable biomass is defined
as the inhibitory constant, giving the inhibitory constant of 0.19 g/L. Transport1 achieved this
biomass at a roseoflavin dilution of 1:2, with a biomass of 0.23 ± 0.01 g/L. The critical level of
roseoflavin is 0.05 g/L, which corresponds to a roseoflavin dilution of 1:2. Hence, to support the
growth of Transport1, roseoflavin concentrations must be maintained below 0.05 g/L. Because of
the standard deviations, Transport1 cultivated in the absence of roseoflavin (0 in Figure 3.15)
exhibits a biomass of 0.42 ± 0.02 g/L, which is similar to the biomass of Transport1 grown on the
dilutions 1:128 and 1:512. However, the highest biomass is of those strains.

Figure 3.15: The final biomasses of Transport0 and Transport1 growing on different roseoflavin concentrations in
Antimicrobial test 1 are displayed. In turquoise is Transport0 and in green is Transport1. Along the
x-axis are the dilution series of roseoflavin, starting on a roseoflavin concentration of 0.1 g/L. The
growth media used was 2TY complex media. The y-axis display OD600 data. Means and standard
deviations of the triplicates are shown.
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Table 3.7: Final biomasses for Transport0 and Transport1 calculated from the measurements after 24 hours in
Antimicrobial test 1.

Transport0 Transport1
Dilution series Biomass [g/L] Biomass [g/L]

1:1 0.08 ± 0.01 0.09 ± 0.01
1:2 0.18 ± 0.01 0.23 ± 0.00
1:4 0.20 ± 0.01 0.24 ± 0.02
1:8 0.21 ± 0.00 0.27 ± 0.02
1:16 0.21 ± 0.04 0.33 ± 0.00
1:32 0.24 ± 0.02 0.36 ± 0.01
1:64 0.24 ± 0.02 0.38 ± 0.02
1:128 0.24 ± 0.02 0.38 ± 0.03
1:256 0.28 ± 0.05 0.39 ± 0.01
1:512 0.31 ± 0.01 0.40 ± 0.01
1:1024 0.29 ± 0.02 0.37 ± 0.02

0 0.29 ± 0.03 0.42 ± 0.02

3.7.2 Antimicrobial test 2

The transporter protein encoded by ribM , which enhances the roseoflavin tolerance of Transport1
in Antimicrobial test 1, was further investigated in Antimicrobial test 2 to explore its properties.
Transport0 and Transport1 were grown in CGVXII selective media, which lacks vitamins but
provides essential nutrients for cell growth of C. glutamicum. The objective was to determine
whether the transporter protein required vitamins for cell growth. If vitamins were necessary, it
was hypothesized that ribM encoded an antiporter protein that simultaneously imported vitamins
while exporting roseoflavin. Conversely, if the cells could grow without vitamins in minimal media,
ribM was suspected to be a uniporter only responsible for roseoflavin export.

Additionally, was Transport2 constructed in Antimicrobial test 2. Transport2 overexpressed ribX

from the genome of C. glutamicum, which was encoding another transporter protein with un-
known properties. To clearer depict the trends of the final biomass from Antimicrobial test 2
in Figure 3.16, Transport1 and Transport2 were separately displayed with Transport0 in two his-
tograms. The trends of Transport0, Transport1, and Transport2 show limited growth for all strains
in all roseoflavin dilutions up to 1:128, with biomass fluctuating around 0.1 g/L. For all strains,
the final biomass increased from the dilutions 1:256 and higher. Compared to Antimicrobial test
1, the absence of vitamins decreased the roseoflavin tolerance of the strains. Due to standard de-
viations, the biomass in Table 3.8 are similar for Transport0, Transport1, and Transport2. Only
at the dilution 1:1024, the final biomass of 0.85 ± 0.03 g/L for Transport1 is 1.4 fold higher than
0.61 ± 0.04 g/L of Transport0. High standard deviations of Transport2 make the biomass of the
strains not comparable at the 1:1024 dilution.
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Figure 3.16: The final biomasses in Antimicrobial test 2 produced by Transport0, Transport1, and Transport2
growing on different roseoflavin concentrations are displayed. For better comparability, the control
strain Transport0 in turquoise and Transport1 in green are shown on top, and the control strain
Transport0 in turquoise and Transport2 in red are shown on the bottom. Along the x-axis are the
dilution series of roseoflavin, starting on a roseoflavin concentration of 0.1 g/L. The growth media
used was CGVXII selective media. The y-axis display OD600 data. Means and standard deviations
of the triplicates are shown.
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Table 3.8: Biomass for Transport0, Transport1, and Transport2 calculated from the measurements after 24 hours
in Antimicrobial test 2.

Transport0 Transport1 Transport2
Dilution series Biomass [g/L] Biomass [g/L] Biomass [g/L]

1:1 0.11 ± 0.01 0.10 ± 0.00 0.11 ± 0.01
1:2 0.12 ± 0.04 0.14 ± 0.02 0.11 ± 0.01
1:4 0.11 ± 0.02 0.10 ± 0.01 0.11 ± 0.01
1:8 0.10 ± 0.01 0.10 ± 0.01 0.12 ± 0.01
1:16 0.11 ± 0.05 0.14 ± 0.03 0.09 ± 0.01
1:32 0.11 ± 0.02 0.13 ± 0.02 0.10 ± 0.02
1:64 0.12 ± 0.02 0.14 ± 0.02 0.10 ± 0.01
1:128 0.15 ± 0.03 0.18 ± 0.04 0.12 ± 0.03
1:256 0.26 ± 0.05 0.32 ± 0.07 0.18 ± 0.04
1:512 0.61 ± 0.04 0.64 ± 0.01 0.44 ± 0.08
1:1024 0.61 ± 0.04 0.85 ± 0.03 0.79 ± 0.17

0 0.96 ± 0.05 0.99 ± 0.04 1.00 ± 0.06

3.7.3 Antimicrobial test 3

The decrease in roseoflavin tolerance observed in the absence of vitamins provided evidence that
the transporter protein encoded by ribM functions as an antiporter. To further investigate the
properties of ribM as an antiporter, and the properties of ribX, Antimicrobial test 3 was con-
ducted. In this test, strains that overexpress the riboflavin operon riboCg were utilized to promote
the production of riboflavin. The riboflavin-producing strains Transport3, Transport4, and Trans-
port5 were constructed, where Transport3 served as the control strain, Transport4 harbored the
ribM gene, and Transport5 harbored the ribX gene. Similar to Antimicrobial test 2, the strains
were cultured in CGVXII selective media devoid of vitamins.

Figure 3.17 illustrates that all final biomass of Transport4 exceed all final biomasses of Transport3
and Transport5, while all final biomass of Transport3 is higher than all final biomass of Transport5.
The trend observed in Transport4 shows a continuous increase in biomass from the 1:1 dilution
up to a roseoflavin dilution of 1:32. After it stabilizes at a biomass of 0.84 g/L. The inhibitory
constant, defined as half of the stable biomass, was determined to be 0.42 g/L. At the 1:2 dilution,
Transport4 reaches the inhibitory constant, indicating a critical roseoflavin level of 0.05 g/L,
considering the initial concentration of 0.1 g/L.

Table 3.9 presents the highest biomass of 0.86 ± 0.01 g/L achieved by Transport4 at a roseoflavin
dilution of 1:256. For Transport3, the final biomass increases up to a roseoflavin dilution of 1:128.
The high standard deviations observed for Transport5 result in similar final biomass values for
the strains cultivated in dilutions ranging from 1:16 to 1:512.

The results suggested that ribM encodes an antiporter. Moreover, ribX decreased the roseoflavin
tolerance indicating that roseoflavin was import into the cells. These findings will further be
discussed in the forthcoming Discussion, section 4.
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Figure 3.17: The final biomasses in Antimicrobial test 3 of Transport3, Transport4, and Transport5 growing on
different roseoflavin concentrations are displayed. In blue is the control strain Transport3, in green
is Transpor4, and in pink is Transport5. Along the x-axis are the dilution series of roseoflavin,
starting on a roseoflavin concentration of 0.1 g/L. The growth media used was CGVXII selective
media. The y-axis displays OD600 data given in a logarithmic scale. Means and standard deviations
of the triplicates are shown.

Table 3.9: Biomasses for Transport3, Transport4, and Transport5 calculated from the measurements after 24
hours in Antimicrobial test 3.

Transport3 Transport4 Transport5
Dilution series Biomass [g/L] Biomass [g/L] Biomass [g/L]

1:1 0.09 ± 0.00 0.22 ± 0.07 0.05 ± 0.01
1:2 0.23 ± 0.03 0.44 ± 0.04 0.08 ± 0.01
1:4 0.41 ± 0.04 0.58 ± 0.01 0.13 ± 0.01
1:8 0.50 ± 0.01 0.68 ± 0.01 0.18 ± 0.06
1:16 0.61 ± 0.01 0.76 ± 0.02 0.20 ± 0.04
1:32 0.65 ± 0.01 0.83 ± 0.01 0.20 ± 0.06
1:64 0.69 ± 0.01 0.85 ± 0.02 0.22 ± 0.06
1:128 0.72 ± 0.01 0.82 ± 0.03 0.25 ± 0.05
1:256 0.71 ± 0.01 0.86 ± 0.01 0.25 ± 0.05
1:512 0.70 ± 0.03 0.84 ± 0.01 0.25 ± 0.06
1:1024 0.69 ± 0.02 0.83 ± 0.03 0.27 ± 0.03

0 0.62 ± 0.05 0.82 ± 0.03 0.18 ± 0.01
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4 Discussion

4.1 Assessment of roseoflavin production via microbial bioprocesses

Recently, C. glutamicum has been engineered for the production of riboflavin. In the study of
Taniguchi and Wendisch (2015) [6], riboflavin was produced by overexpressing the sigH gene. C.
glutamicum was engineered to utilize a mixture of mannose and xylose as the carbon sources, yield-
ing the highest riboflavin titer of 0.027 g/L [36]. Another study by Pérez-García et al. (2022) [5],
achieved a riboflavin titer of 1.291 g/L by overexpressing the riboflavin operon riboCg. The ri-
boflavin production was achieved in combination with mannitol and glucose consumption from
the sustainable feedstock of brown seaweed extract from Laminaria hyperborea. Riboflavin is
the precursor of the antimicrobial compound roseoflavin, making antimicrobial fermentation of
roseoflavin a possible production method [45]. The current production method is chemical synthe-
sis [79]. The low molar yield of 5% makes the market price of roseoflavin high, depending on the
supplier approximately 20-30 Eur per mg [45]. Hence, it is of great interest to study the possibility
of roseoflavin production through fermentation. S. davawensis is a natural roseoflavin-producing
bacteria, which contains the roseoflavin biosynthesis genes of ribF , rosA, rosB, and rosC in the
bacterial genome. Mora-Lugo et al. (2019) [45] found out in their study that overexpression of the
biosynthesis genes rosAB and RFK in C. glutamicum gave a maximum titer of 0.0007 g/L of
roseoflavin. Additionally, a roseoflavin titer of 0.0014 g/L was obtained in S. davawensis overex-
pressing the endogenous genes rosAB. The roseoflavin titer of 0.0014 g/L was 78% higher than
stains of S. davawensis not overexpressing the roseoflavin biosynthesis genes [45].

From Rudberg’s study [1], roseoflavin biosynthesis genes rosA and rosB were tested, together
with the transporter protein ribM , in a C. glutamicum riboflavin overproducing strain. In sub-
section 3.3 it was found that the C. glutamicum strain Roseo5 yielded the highest titer of 0.401
± 0.008 g/L, 1.4 fold higher than the titer of Roseo4 and 286 fold higher than from the study of
Mora-Lugo et al. In this Master’s thesis, the maximum roseoflavin titer was obtained from Roseo3
containing all the genes in the roseoflavin biosynthesis pathway and a flavin transporter, seen in
subsection 3.6. The roseoflavin titer of 4.065 ± 0.901 g/L was 10.1 fold higher than the highest
titer in Rudberg’s study [1] of Roseo5. This means that overexpressing ribF increased the titer
by 914%. However, the high titers produced by Roseo3 in this study are possibly overestimated
considering that the maximum riboflavin titer produced by Cg(pSym-riboCg), named CgRibo2
in the study of Pérez-García et al. (2022) [5], is 0.06 g/g. Therefore, as the strain CgRibo2 was
utilized as a background for genetic engineering in this Master’s thesis, and roseoflavin is derived
from riboflavin, it is impossible to obtain a titer exceeding 0.06 g/g (0.6 g/L). Hence, the rose-
oflavin titers measured by means of HPLC must be a mixture of roseoflavin and another analyte
with a similar retention time. As all obtained roseoflavin titers are likely affected by this unknown
analyte, the absolute production values remain unknown.

The achieved riboflavin titers were not as anticipated, and did not meet the expected levels, sub-
section 3.3 and subsection 3.6. Despite using CgRibo2 [5], it was expected that the control strain,
Roseo0, would exhibit similar riboflavin titers as CgRibo2, of 0.6 g/L in both growth experiments.
Instead, a titer of 0.067 ± 0.002 g/L and 0.076 ± 0.002 g/L were obtained from Growth experiment
1 and Growth experiment 2, respectively. Thus, the observed riboflavin concentrations were 9.0
and 7.9 times lower than the expected values. Furthermore, Figure 3.7 and Figure 3.14 indicate
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that all the other strains, namely Roseo1, Roseo2, Roseo3, Roseo4 and Roseo5, produced more
riboflavin than Roseo0. Notably, the highest riboflavin titers were achieved by the strains Roseo3,
Roseo4, and Roseo5, which additionally produce the highest roseoflavin titers. This finding is
a contradiction to the assumption that riboflavin titers decrease as roseoflavin titers increase,
due to roseoflavin being converted from riboflavin. A possible explanation is the presence of an-
timetabolite resistance in the strains [50]. This means that the strains are able to withstand the
inhibitory effects of roseoflavin [50]. As a result, the trends in Figure 3.14 and Figure 3.13 display
that when more roseoflavin is produced, the cells try to compensate and produce more riboflavin.
In a related study by Dubey et al. (2021) [80], the authors investigated the impact of naturally
occurring antimetabolites, namely L-thialysin and L-canavanine, shedding light on the effects of
antimetabolites in strain engineering.

Similar methods for constructing the different C. glutamicum strains were conducted in the study
by Mora-Lugo et al. (2019) [45] and our study. However, another shuttle plasmid pMKEx2, and
the different gene insert RFK were utilized. Additionally, the C. glutamicum strains did not
overexpress the riboflavin operon riboCg, which most likely affected the final roseoflavin titers in
the two studies. The gene RFK encoding the human riboflavin kinase was used instead of ribF
encoding the bifunctional riboflavin kinase/FAD synthetase of C. glutamicum [81] [45]. While ribF

produces riboflavin-5’ phosphate (RP) and processes RP further to FAD, RFK only produces RP
due to it being a monofunctional enzyme [45] [82]. Additionally, the C. glutamicum genome natu-
rally contains a bifunctional riboflavin kinase/FAD synthetase (GenBank WP_011014798.1) [81].
Hence, in this study, we explored roseoflavin production with and without the overexpression of
ribF from the genome of C. glutamicum. It is worth mentioning that in the growth experiment
conducted by Mora-Lugo et al., the C. glutamicum strains were cultivated in a minimal medium
containing 4% glucose, allowing the strains to grow longer reaching higher biomass, whereas our
study employed a medium with a glucose content of 1% [45]. As to determine the maximum expres-
sion level of roseoflavin biosynthetic genes, Northern Blot analysis was employed. Mora-Lugo et al.
(2019) [45] found that the highest expression level was achieved when the genes were induced at 5
hours when the strains had reached the exponential phase. This support the findings in Rudberg’s
study [1] where optimal gene induction was in the exponential phase, after 6 hours [1]. For flask
fermentation during growth experiments, all the strains in both studies were cultivated in minimal
CGVXII media. The HPLC samples from the supernatant were collected after 18 hours in the
study of Mora-Lugo et al. (2019) [45], whereas our study shows higher roseoflavin titers from HPLC
samples collected after 72 hours in comparison to samples collected after 24 hours. An important
difference in the studies is the result of increased roseoflavin production in all strains containing
the ribM gene, where the study of Mora-Lugo et al. (2019) [45] obtained decreased roseoflavin titer
in the C. glutamicum strain overexpressing the ribM gene. The roseoflavin titer of 0.0007 g/L
decreased by 14% to 0.0006 g/L in the strain overexpressing ribM . Analysis of the remaining cell
pellet indicated that less than 5% of the total produced roseoflavin remained. Hence, Mora-Lugo
et al. (2019) [45] suggested that the export of roseoflavin was not primarily facilitated by the ribM

gene, likely due to the hydrophobic isoalloxazine ring system present in roseoflavin. This ring sys-
tem may enable roseoflavin to diffuse across the cytoplasmic membrane, leading to the detection
of roseoflavin in the supernatants of C. glutamicum [45]. Another possible explanation based on
our findings is that the strains did not overexpress any riboflavin operon. Our findings that ribM
requires riboflavin import while exporting roseoflavin are explained later in the discussion, and
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are a possible explanation why ribM did not increase the roseoflavin production in the study of
Mora-Lugo et al. (2019) [45].

4.2 Closing the roseoflavin biosynthetic pathway via the expression of
the ribF and rosC genes

Both studies of Mora-Lugo et al. (2019) [45] and our study, demonstrated increased roseoflavin
production in strains where RFK or ribF , from C. glutamicum, was overexpressed. The genes
encode enzymes involved in phosphorylating riboflavin to RP. While ribF produces RP and pro-
cesses RP further to FAD, RFK only produces RP due to it being a monofunctional enzyme [45] [82].
Therefore, overexpression of RFK is expected to lead to higher RP levels, thereby benefiting the
roseoflavin pathway [83] [84] [82].

A possible explanation for the presence of the unknown compound affecting our high roseoflavin
titer of 4.065 ± 0.901 g/L obtained by Roseo3 may lie in the overexpression of ribF from C.
glutamicum. As displayed in Figure 4.1, ribF converts RF to FAD which is not a part of the
roseoflavin biosynthesis pathway [34]. Consequently, as FAD levels increase, the titers of roseoflavin
decrease. To analyze this possibility, it would be necessary to obtain FAD standards and perform
HPLC analysis, as the retention time of FAD is currently unknown to us.

Figure 4.1: Biosynthetic pathway from riboflavin to either roseoflavin or FAD. The compounds are displayed in
black bold writing, enzymes are displayed in blue. Red color display the molecular changes from
riboflavin through the roseoflavin biosynthesis pathway. The abbreviated name, RF: Riboflavin, RP:
FMN which is also called riboflavin-5�phosphate, FAD: Flavin adenine dinucleotide, and OHC-RF:
8-dimethyl-8-formyl FMN.

Furthermore, in the study of Pérez-García et al. (2022) [5], the detected riboflavin titer of Cg(pSym-
riboCg) utilizing 1% of glucose, was found to be 0.6 g/L. Since both roseoflavin and FAD are
products of riboflavin, the total amount of roseoflavin and FAD cannot exceed 0.6 g/L. Therefore,
the unknown compound affecting the roseoflavin titer values in this study is likely another com-
pound, and it cannot be any of the intermediates in the roseoflavin biosynthesis pathway. To find
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the unknown compound, and to detect that roseoflavin was produced, nuclear magnetic resonance
spectroscopy (NMR) should be conducted [85].

A multiple alignment analysis was carried out to look at the differences and similarities in the
FASTA sequences of the three enzymes riboflavin kinase/FAD synthetase, riboflavin biosynthesis
protein, and human riboflavin kinase, encoded by the three genes ribF from C. glutamicum, ribF
from S. davawensis, and RFK synthetically constructed, respectively. In the GenBank riboflavin
kinase/FAD synthetase is listed as WP_011014798.1 [81], riboflavin biosynthesis protein is listed as
CCK27094.1 [86], and human riboflavin kinase is listed as QDM39061.1 [87]. The multiple alignment
analysis is displayed in Figure 4.2.

Figure 4.2: A multiple alignment analysis of ribF from the genome of S. davawensis, ribF from the genome of C.
glutamicum and RFK synthetically constructed [88]. Query_10001 is Riboflavin biosynthesis protein
RibF [S. davawensis JCM 4913] (GeneBank CCK27094.1), Query_10002 is riboflavin kinase [Syn-
thetic construct] (GenBank QDM39061.1), and Query_10003 is bifunctional riboflavin kinase/FAD
synthetase [C. glutamicum] (GenBank WP_011014798.1). Query_10001 was set as the anchor se-
quence and Query_10002 and Query_10003 were compared with Query_10001. Red color illustrates
the differences in the sequences, whereas the grey color shows similarities.

In Figure 4.2, The FASTA sequence of ribF from S. davawensis was set as the anchor sequence.
The comparison revealed variations, indicated by red regions, in both ribF from C. glutamicum
and the synthetic construct of RFK, in contrast to the anchor sequence. Moreover, they all
catalyze the enzymatic conversion of riboflavin to RP [45]. However, the alignment verifies that
the FASTA sequences of the enzymes are different making it clear that further research should
focus into overexpressing RFK instead of ribF from C. glutamicum. As ribF from the native
roseoflavin producer S. davawensis has a different FASTA sequence than ribF from C. glutamicum,
overexpressing ribF from S. davawensis should also be considered as a potential research direction.

The researchers Schneider et al. (2020) [53] discovered and identified the last unknown gene rosC

(BN159_8033) in the roseoflavin biosynthetic pathway encoding an AFP phosphatase, Figure 1.5.
rosC was discovered immediately downstream of rosA belonging to the same gene cluster of 10
genes as rosA. Through deletion of rosC in the genome of S. davawensis, reduced roseoflavin
production was observed and AFP was not dephosphorylated [53]. Besides was rosC determined
to be the fastest enzyme in the roseoflavin biosynthesis, (kcat 31.3 ± 1.4 min1) [53]. No previous
study has investigated overexpressing of rosC for roseoflavin production. This Master’s thesis
showed decreased roseoflavin production in all strains harboring rosC expression, compared to
strains without rosC. The results contradict the assumed prediction that rosC would optimize
and increase the roseoflavin titers. The sequencing results, in subsection 3.1 and subsection 3.4,
verified the correct gene sequences of Roseo1 and Rosoe2 and showed an inconclusive gene sequence
of Roseo3. Hence, Roseo1 contained rosABC, Roseo2 contained rosABC-ribM , whereas Roseo3
missed rosC, and contained ribF -rosAB-ribM . In subsection 3.3, the roseoflavin titer of Roseo1
was measured to 0.033 ± 0.002 g/L, which was lower than 0.296 ± 0.026 g/L obtained by Roseo4
containing rosAB. Similarly, was the roseoflavin titers of 0.045 ± 0.001 g/L from Roseo2 lower
than the titer of 0.401 ± 0.008 g/L from Roseo5 overexpressing rosAB-ribM . Rudberg’s study [53]

performed a BLASTp search of rosC (BN159_8033) in the genome of C. glutamicum, and uncov-
ered a phosphoglycerate mutase/fructose-2,6-bisphosphatase and a histidine phosphatase protein
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with the same catalytic function as AFP phosphatase has in S. davawensis. As C. glutamicum is
able to convert AFP to AF, the roseoflavin biosynthetic pathway is fulfilled. However, in some
cases, the gene order of the operon has an impact on the final product, as exemplified in the study
of Goldbeck et al. (2021) [89]. Here, the order of the genes played a crucial role in the production
of the antimicrobial compound the bacteriocin pediocin in C. glutamicum strains. The potential
influence of gene order on production yield should not be overlooked, as rearranging the gene order
in our study has the potential to improve roseoflavin production for strains containing rosC. Based
on the discovery that rosC is located directly downstream of rosA [53], a proposed reordering of
the genes could be rosACB instead of rosABC. Sometimes the gene expressions in a synthetic
operon have to be modulated to achieve better production values as in the studies of Henke et
al. (2016) [90] and Gießelmann et al. (2019) [91]. Henke et al. (2016) [90] balanced the expression
of crtW and crtZ by using different ribosome binding sites, spacing, and translational start codon
to produce the carotenoid astaxanthin [90]. As a result, a volumetric productivity of 0.0004 g/Lh
was achieved. The research of Gießelmann et al. (2019) [91] achieved an ectoine titer of 65 g/L
by using transcriptional balancing of the ectoine pathway taken from Pseudomonas stutzeri in C.
glutamicum strains. 19 synthetic promotors and three linker elements were randomly combines
for the purpose [91]. Therefore, different expressions of the genes in the roseoflavin biosynthetic
pathway should be considered.

4.3 Insights on the transporter proteins encoded by ribM and ribX

The properties of the transporter proteins encoded by ribM and ribX have been investigated in
the study by Schneider et al. (2021) [49]. Through deletion of the riboflavin biosynthetic operon
ribE1MAB5H containing ribM , a second riboflavin transport system encoded by ribXY Z was
found in the genome of S. davawensis. Hence, ribXY was discovered to be a riboflavin importer
and not a roseoflavin transporter, which it previously was suspected of. The genes ribXY Z were
encoding an ABC transporter, which is in the superfamily of membrane proteins that converts the
energy gain from ATP hydrolysis into substrate export or import through the transmembrane [92].
Different parts of the transmembrane are encoded by ribXY Z, as explained in subsubsection 1.3.3.
In the study, ribM was also found to be a riboflavin importer, and the transporter protein only
protected the cells from roseoflavin in the presence of riboflavin. They concluded that ribM

could not be a roseoflavin exporter since it did not protect cells in the absence of riboflavin.
Riboflavin was suggested as being an agonist, accumulating and protecting the cells from rose-
oflavins toxic effects. Contrarily, in the study of Hemberger et al. (2011) [54], ribM was classified
as a riboflavin/roseoflavin transporter and was proven to increase riboflavin uptake in E. coli
and in B. subtilis. In this Master’s thesis, the gene ribM from the genome of S. davawensis and
ribX from the genome of C. glutamicum were overexpressed in different C. glutamicum strains.
Through Antimicrobial test 1, subsubsection 3.7.1, carried out in vitamin-rich 2TY media, the
strain Transport1 containing ribM was more tolerant of the different roseoflavin concentrations
than the control strain Transport0. At the roseoflavin dilution of 1:64, Transport1 was stable, and
the critical roseoflavin level was found to be 0.05 g/L. Due to better survival in a vitamin-rich
media, ribM was suspected of being a roseoflavin exporter and a vitamin importer. Antimicro-
bial test 2, subsubsection 3.7.2, assayed the growth of Transport0, Transport1, and Transport2
strains in minimal media without vitamins, resulting in low roseoflavin tolerance for all the strains.
Transport2 was constructed to contain the ribX gene and the growth of the strains, Transport0,
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Transport1, and Transport2 in Antimicrobial 2, was equal for all the strains. Low roseoflavin
tolerance and equal growth indicated that the transporter protein encoded by ribM required vi-
tamins in order to export roseoflavin. Additionally, it is an indication that the vitamins were
imported into the cytoplasm of the cells when roseoflavin was exported. Due to the findings in
Antimicrobial test 2 and the findings by Schneider et al. (2021) [49], that ribM could not en-
code a roseoflavin exporter, it is suggested a hypothesis that ribM encodes an antiporter. An
antiporter is a transmembrane protein transporting two molecules at the same time in opposite
directions [93], meaning through cotransport, one molecule is imported to the cytoplasm and one
molecule is exporter to the exterior of the cell. To further test the hypothesis, the strains Trans-
port3, Transport4, and Transport5 were constructed and further tested in Antimicrobial test 3,
subsubsection 3.7.3. In addition for the control strain Transport3 to contain the empty plasmid,
Transport4 to overexpress ribM , and Transport5 to overexpress ribX, all strains were constructed
to overexpress the riboflavin operon riboCg. The highest roseoflavin tolerance was observed in
Transport4, followed by Transport3 and Transport5. The stable biomass measured for Transport4
was 0.84 g/L. The findings support the hypothesis that ribM is an antiporter exporting roseoflavin
at the same time as riboflavin is imported. Additionally, the observed trends in the growth ex-
periments revealed that strains overexpressing ribM exhibited higher roseoflavin titers compared
to those without, supporting the proposed hypothesis. Another finding from Antimicrobial test 3
was the efficiency of the transporter protein encoded by ribX from the genome of C. glutamicum.
Decreased roseoflavin tolerance in the riboflavin overproducing strain Transport5, suggested rose-
oflavin import into the cytoplasm. Roseoflavin import increased the toxic conditions, yielding less
biomass. Similar structures of riboflavin and roseoflavin make riboflavin importers able to import
roseoflavin [46] [2]. Comparing the roseoflavin tolerance of Transport5 to Transport2 in Antimi-
crobial test 2, the roseoflavin tolerance was higher for Transport5 which overproduces riboflavin.
Hence, ribX from the genome of C. glutamicum was suspected of both being a riboflavin and
roseoflavin importer in our study.

The tested ribX gene from the genome of C. glutamicum, differed from the ribX gene (BN159_7987)
from the genome of S. davawensis utilized in the research of Schneider et al. (2021) [49]. The Gen-
Bank listed the FASTA sequence of ribX in C. glutamicum as QYO73792.1, encoding a putative
membrane protein-C [94]. This gene is also associated with an ABC transporter where only ribX is
known. The FASTA sequence of ribX (BN159_7987) from the genome of S. davawensis is denoted
as CCK32366.1 and encode a binding-protein-dependent transport systems inner membrane com-
ponent [95]. A multiple alignment analysis of the FASTA sequences was conducted to compare the
sequences, and the resulting alignment is illustrated in Figure 4.3. Query_10001 is the putative
membrane protein in C. glutamicum, and Query_10002 is the binding-protein-dependent trans-
port systems inner membrane component in S. davawensis. Conserved amino acids are highlighted
in red, while blue amino acids display the differences.
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Figure 4.3: Compared fasta sequences of ribX from the genome of C. glutamicum (on top) and S. davawensis (on
the bottom), respectively [88]. Red color display conserved amino acids, blue are different residues, and
grey residues contain gaps in the sequencing compaction. Query_10001 are the putative membrane
protein, RibX-family [C. glutamicum], and Query_10002 is the riboflavin ABC transporter permease
[S. davawensis].

In the research of Schneider et al. (2021) [49] both genes ribXY , being part of the ABC transporter
genes ribXY Z, were investigated and expressed simultaneously in the findings which revealed that
ribXY functions as a riboflavin importer. As this Master�s thesis only explores ribX from the
genome of a different bacteria, and the FASTA sequences showed dissimilarities in the alignment,
the trends displayed in Antimicrobial test 3 are not comparable with the results of Schneider et
al.(2021) [49].

4.4 C. glutamicum resilience against antimicrobial agents.

Based on the research conducted by Mora-Lugo et al. (2019) [45], the study revealed that a re-
combinant strain of S. davawensis exhibited favorable characteristics for roseoflavin production.
In comparison to both its wild-type strains and the recombinant C. glutamicum strains, the re-
combinant S. davawensis strain demonstrated a substantial increase in productivity. Notably, the
overproduction of roseoflavin did not affect the growth of S. davawensis which can be attributed to
the presence of specialized elements within its genetic makeup. These include a RoFMN-insensitive
FMN riboswitch [96], a dedicated roseoflavin exporter [54] [97], and the enzymes rosA and rosB that
serve as a protective system against toxic riboflavin analogs [98] [55] [45]. Nevertheless, in larger-scale
industrial production, it is worth considering that C. glutamicum emerge as a favorable host for
roseoflavin production due to its simpler cultivation requirements in contrast to the filamentous
nature of S. davawensis. S. davawensis exhibits surface adhesion and forms aggregates, posing
challenges for cultivation in vessels [45]. Consequently, processing the metabolites becomes chal-
lenging, making bacteria such as C. glutamicum more advantageous for industrial production.
Additionally, Mora-Lugo et al. (2019) [45] observed C. glutamicum reached maximum roseoflavin
titers faster compared to S. davawensis. After 1 day, the maximum roseoflavin level was reached
in C. glutamicum whereas S. davawensis required a duration of 10 days. With the high repertoire
of genetic engineering tools available for C. glutamicum [99] [10], it is a favorable bacteria to utilize.
Contrary to the study of Mora-Lugo et al. (2019) [45], our research using C. glutamicum demon-
strates considerable resilience against roseoflavin as an antimicrobial compound. The roseoflavin
titer achieved by the C. glutamicum strain Roseo3 was higher than that of C. glutamicum strains
in the study of Mora-Lugo et al. (2019) [45]. However, the high roseoflavin concentration in our
study made the growth of Roseo3 slower as compared to the other strains in Growth experiment 2.
However, after 72 hours the final biomass reached similar values as the other constructed strains,
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displayed in Figure 3.12. Another antimicrobial compound studied as a novel production com-
pound of C. glutamicum, is violacein. Violacein properties are antibacterial [18], antitumoral [19],
antiviral [100], and antioxidant [101]. Fermentation of violacein in natural producers was limited
and difficult on a large scale [102]. Hence, violacein production in C. glutamicum has been stud-
ied, due to C. glutamicum being used for the production of tryptophan, and tryptophan is the
precursor of violacein. Hongnian et al. (2016) [10] found in their study the highest violacein titer
and productivity ever reported. The violacein titer was 5.436 g/L and achieved in a bioreactor of
3 L [10]. This high titer together with our collected data indicates that C. glutamicum is a robust
bacterial host for the production of antimicrobial compounds.

4.5 Outlook

Several avenues for further investigation can be pursued based on the findings of this study.
Firstly, considering the observed toxicity of roseoflavin toward C. glutamicum cells, the RoFMN
non-sensitive FMN riboswitch in the genome of S. davawensis can be investigated for implemen-
tation in roseoflavin producing C. glutamicum strains [45]. The toxicity of roseoflavin was seen in
Growth experiment 2, due to the slow growth of the highest roseoflavin producer strain Roseo3.
The high roseoflavin titer of 4.065 ± 0.901 g/L produced by Roseo3 was contaminated by an un-
known compound which resulted in a masked titer. After further optimization of the method, and
after the improvement in the roseoflavin titers, the production can be scaled up in bioreactors. C.
glutamicum is a highly robust bacterium that is commonly employed in bioreactors for the syn-
thesis of innovative compounds. Noteworthy achievements in terms of compound production have
been reported in studies conducted by Rohles et al. (2016) [103], Pérez-García et al. (2017) [104],
and Jorge et al. (2016) [105]. Specifically, these studies have demonstrated the successful generation
of 28.0 g/L of 5-aminovalerate, 22.0 g/L of ectopine, and 63.2 g/L of gamma-aminobutyric acid
(GABA), respectively. Moreover, the antimicrobial tests exploring the function of ribM revealed
an inhibitory constant of 0.05 g/L roseoflavin. And the roseoflavin level should be kept below this
level for growth in bioreactors.

The production of compounds can be enhanced through the application of evolutionary engi-
neering. Adaptive Laboratory Evolution (ALE), a method that utilizes natural selection, allows
for the optimization of a specific characteristic in a production strain without the need for prior
knowledge of its genetic background [106]. This approach becomes more feasible when there are
options available to enhance growth advantages [107]. For instance, the increased tolerance to-
wards a particular compound, such as roseoflavin in our case, provides a significant advantage
in optimizing the growth rate [108]. ALE has been successfully employed in various studies with
C. glutamicum, including enhancing tolerance to higher temperatures [109], improving methanol
utilization and wild-type growth rate [106], enhancing consumption of xylose and cellobiose, and
increasing the production of ornithine and glutarate [110] [106]. Hence, ALE should be investigated
to increase the roseoflavin titer and increase the roseoflavin tolerance of C. glutamicum.

The production method should further be optimized by expressing ribF from the genome of S.
davawensis or the synthetically constructed RFK gene. As we saw the roseoflavin titer increased
with the strain overexpressing ribF . However, ribF from C. glutamicum catalyzes the intermediate
RB of the roseoflavin biosynthesis pathway to FAD, which may have affected the roseoflavin
titer. RFK should in theory produce more RP, since RFK encodes the monofunctional enzyme
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only producing RB [45]. Hence, overexpression of RFK should be a priority for further process
optimization.

To fulfill the roseoflavin biosynthetic pathway and optimize the roseoflavin production, rosC en-
coding AFP phosphatase was overexpressed [53]. The finding of decreased roseoflavin production
in strains overexpressing rosC was surprising. A BLAST search revealed native enzymes in C.
glutamicum sharing up to 34% similarity with the protein encoded by rosC, making the rose-
oflavin biosynthetic pathway complete without the overexpression of rosC. This gene is located
immediately downstream of rosA in the genome of S. davawensis [53]. As the rosC gene was diffi-
cult to amplify, an alternative approach could be to amplify rosA and rosC simultaneously from
S. davawensis as one block [53]. Previous studies in C. glutamicum has discovered that gene order
in synthetic operons play an important role in production yield [89] [91]. Therefore, is rearranging
the gene order from rosABC to rosACB interesting for further research.

A main focus for investigation should involve identifying the unknown compound that elutes at
the same retention time as roseoflavin and affects the measured roseoflavin titers. For this, NMR
spectroscopy should be employed. With NMR analysis, the chemical structure of the unknown
compound can be evaluated, leading to a better understanding of its role in the observed roseoflavin
titers [85]. Additionally, an HPLC analysis of a FAD sample should be conducted. The analysis
aims to determine whether the unknown compound could be FAD.

Furthermore, glucose serves as a native carbon source for common biotechnological microorgan-
isms such as B. subtilis [111], E. coli [112], and C. glutamicum [113]. However, glucose in commonly
used in human food industry, making the utilization of glucose for biobased metabolite production
a competition [22]. Hence, other non-food sustainable carbon sources can be utilized, and sustain-
able feedstocks from agriculture, industrial waste, and seaweed are optional carbon sources that
should be utilized [113]. Seaweed is a promising sustainable feedstock for C. glutamicum [5]. The
advantages of seaweed biomass are that it provides a transition towards circular and low fossil
carbon economies because of such as cultivation does not require arable land, minimal freshwater
is needed for cultivation, and the composition contains fermentable carbohydrates [114] [5]. The
research conducted by Pérez-García et al. (2022) demonstrated the potential of Norwegian brown
seaweed L. hyperborea as a microbial substrate for C. glutamicum. Thus, coupling the genes
responsible for roseoflavin production with specific C. glutamicum strains that utilize alternative
feedstocks, such as the sugar alcohol mannitol or the glucose-based polymer laminarin derived
from brown seaweed, hold promise for further optimization [5].

The antimicrobial tests examined the function of ribX from the genome of C. glutamicum as a
transporter protein. ribX is a part of a ABC transporter, where ribY and ribZ remain unidentified.
In the genome of S. davawensis the ABC transporter genes ribXY Z were found and investigated in
the research of Schneider et al. (2021) [49]. Throughout our study, ribX was found to be a riboflavin
and roseoflavin importer. Further antimicrobial tests can explore the genes ribXY Z from the
genome of S. davawensis, to test their functions as both riboflavin and roseoflavin importers.

Lastly, the application of RNA sequencing can prove valuable in identifying secretion systems that
could serve as potential metabolic targets for enhancing roseoflavin production. By elucidating
the underlying mechanisms and pathways involved, this approach offers insights for maximizing
the production of roseoflavin. In the research conducted by Pérez-García et al. (2019) [115],
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they employed RNA sequencing to identify the proline permease ProP as a potential system for
pipecolic acid uptake, thus demonstrating the practical application of this sequencing technique
in their study.
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5 Conclusion

This Master’s thesis successfully reached production of roseoflavin using engineered strains of C.
glutamicum. The overexpression of the rosAB genes from S. davawensis was sufficient for rose-
oflavin production in a riboflavin-producing C. glutamicum strain. Furthermore, co-expression of
the ribF gene increases the roseoflavin titer, as did co-expression with the ribM gene. Additionally,
overexpression of ribM reduced the toxicity of roseoflavin and was found through antimicrobial
tests to be an antiporter co-transporting roseoflavin out of the cells while importing riboflavin.
Moreover, it was indicated from the antimicrobial tests that ribX, from the genome of C. glutam-
icum, encodes a riboflavin importer. Due to the similar structures of roseoflavin and riboflavin, the
transporter also functions as a roseoflavin importer, worsening the environment for cell growth.
The antimicrobial tests obtained a roseoflavin inhibitory constant of 0.05 g/L.

The highest roseoflavin titer was obtained by the strain Roseo3, yielding the roseoflavin titer of
4.065 ± 0.9006 g/L. The high titer was obtained through optimization of the strains, and Roseo3
was constructed to overexpress the genes ribF , rosAB, and ribM . However, an unknown com-
pound influenced that titer, making the exact value of pure roseoflavin unknown. Nevertheless,
the production method of microbial fermentation for roseoflavin shows to be promising, and fur-
ther optimization of the process will hopefully render it a viable alternative to the costly and
energy-inefficient chemical synthesis. This study opens doors for future work on the production
of roseoflavin by C. glutamicum, as well as in efforts for sustainable production by means of
alternative feedstocks.
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Appendices

A Media-, buffer-, antibiotic-, salt solution- and gelRed- prepa-
ration

A.1 Media preparation

2TY media

2TY media was prepared by adding the components in Table A.1 to water while stirring. The
antibiotic kanamycin (0.5 mL/L), was added to the 2TY media if the cells contained pVWEx1
plasmids, and the antibiotic tetracyclin (0.5 mL/L) was added if the cells contained pSym plasmids.
The media was sterilized by autoclaving at 121°C for 15 min. 2TY agar plates were prepared by
adding agar (15 g/L) to the 2TY media during preparation.

Table A.1: Chemicals with concentrations used in 2TY media.

Components Concentration [g/L] Volume [mL]/ Mass [g]
Deionized water 500 mL
Yeast extract 10.0 5.0 g
Tryptone 16.0 8.0 g
NaCl 5.0 2.5 g
Total volume 500 mL

LB media

LB media was prepared by adding the components in Table A.2 to water while stirring. The an-
tibiotic kanamycin (0.5 mL/L), was added if cells contained pVWEx1 plasmids, and the antibiotic
tetracyclin (0.5 mL/L) was added if the cells contained pSym plasmids. The media was sterilized
by autoclaving at 121°C for 15 min. LB agar plates were prepared by adding agar (15 g/L) to the
LB during the preparation.

Table A.2: Chemicals with concentrations used in LB media.

Components Concentration [g/L] Volume [mL]/ Mass [g]
Deionized water 500 mL
Yeast extract 5.0 2.5 g
Tryptone 8.0 4.0 g
NaCl 5.0 2.5 g
Total volume 500 mL

BHI media

LB media was prepared by adding the component in Table A.3 to water while stirring. The media
was sterilized by autoclaving at 121°C for 15 min.

Table A.3: Chemical with concentration used in BHI media.

Components Concentration [g/L] Volume [mL]/ Mass [g]
Deionized water 400 mL
BHI 37.0 14.8 g
Total volume 400 mL
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Sorbitol media

While stirring, sorbitol media was prepared by adding the component in Table A.4 to water. The
media was sterilized by autoclaving at 121°C for 15 min.

Table A.4: Chemical with concentration used in Sorbitol media.

Components Concentration [g/L] Volume [mL]/ Mass [g]
Deionized water 100 mL
Sorbitol 455 45.5 g
Total volume 100 mL

A.1.1 BHIS media

BHIS media was prepared by mixing BHI media and sorbitol media in the ratio 1:5, four parts of
BHI media and one part of sorbitol media.

A.2 Antibiotics preparation

Tetracyclin stock solution

Tetracyclin was diluted in ethanol (EtOH) to get the tetracyclin stock solution, Table A.5. The
tetracyclin stock solution was sterilized by filtration and stored at -20°C.

Table A.5: Chemicals with concentrations used in tetracyclin stock solution.

Components Concentration Volume [mL]/ Mass [g]
Tetracyclin 10 g/L 0.1 g
EtOH 70 % 10 ml
Total volume 10 mL

Kanamycin stock solution

Kanamycin was diluted in EtOH to get the kanamycin stock solution, Table A.6. The kanamycin
stock solution was sterilized by filtration and stored at -20°C.

Table A.6: Chemicals with concentrations used in kanamycin stock solution.

Components Concentration Volume [mL]/ Mass [g]
Kanamycin 50 g/L 0.5 g
EtOH 70 % 10 mL
Total volume 10 mL

A.3 Components in selective media

CGXII salt solution

CGXII media was prepared by adding the components in Table A.7 to water. pH was adjusted to
7 with KOH (1M) before the solution was sterilized by autoclaving at 121°C for 15 min.
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Table A.7: Chemicals with concentrations used in CGXII salt solution.

Components Concentration Volume [mL]/ Mass [g]
Deionized water 400 mL
(NH4)2SO4 10 g/L 5.0 g
KH2PO4 1 g/L 0.5 g
K2HPO4 1 g/L 0.5 g
UREA 5 g/L 2.5 g
MOPS 42 g/L 21.0 g
Ca-stock 1000X 1 mL/L 0.5 mL
Mg-stock 1000X 1 mL/L 0.5 mL
Total volume 400 mL

Ca-stock 1000X

The Ca-stock 1000X solution was prepared after Table A.8. The solution was sterilized by filtra-
tion.

Table A.8: Chemicals with concentrations used in Ca-stock 1000X solution.

Components Concentration Volume [mL]/ Mass [g]
Deionized water 10 mL
CaCl2 x 2 H2O 13.25 g/L 0.6625 g
Total volume 50 mL

Mg-stock 1000X

The Mg-stock 1000X solution was prepared after Table A.9. The solution was sterilized by filtra-
tion.

Table A.9: Chemicals with concentrations used in Mg-stock 1000X solution.

Components Concentration Volume [mL]/ Mass [g]
Deionized water 10 mL
MgSO4 7 H2O 250 g/L 12.5 g
Total volume 50 mL

Biotin solution

The biotin solution was prepared after Table A.10. The solution was sterilized by filtration and
stored at -20°C.

Table A.10: Chemicals with concentrations used in the biotin solution.

Components Concentration Volume [mL]/ Mass [g]
Biotin 0.2 g/L 0.002 g
NaOH 1 M 10 mL
Total volume 10 mL

Protocatechuic acid or 3,4-dihydroxybenzoic acid (PCA) solution

The PCA solution was prepared after Table A.11. The solution was sterilized by filtration and
stored at -20°C.
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Table A.11: Chemicals with concentrations used in the PCA solution.

Components Concentration Volume [mL]/ Mass [g]
PCA 30 g/L 0.3 g
NaOH 1 M 10 mL
Total volume 10 mL

Isopropyl �-D-1-thiogalactopyranoside (IPTG) solution

The IPTG solution was prepared after Table A.12. The solution was sterilized by filtration and
stored at -20°C.

Table A.12: Chemicals with concentrations used in the IPTG solution.

Components Concentration Volume [mL]/ Mass [g]
Deionized water 10 mL
IPTG 238.31 g/L 2.38 g
Total volume 10 mL

Trace element solution

The trace element solution was papered after Table A.13. pH was adjusted to 1 with 0.5 M HCL.
The solution was sterilized by filtration and stored at 4°C.

Table A.13: Chemicals with concentrations used in the trace element solution.

Components Concentration [g/L] Volume [mL]/ Mass [g]
(FeSO4) x7 H2O 16.40 1.640 g
MnSO4 x H2O 10.00 1.000 g
ZnSO4 x7 H2O 1.00 0.100 g
CuSO4 x5 H2O 0.31 6 0.031 g
NiCl2 x6 H2O 0.02 0.002
Total volume 100 mL

Glucose stock solution 40%

The 40 % glucose stock solution was prepared following Table A.14.

Table A.14: Chemical with concentrations used in glucose stock.

Components Concentration[g/L] Volume [mL]/ Mass [g]
Deionized water 500 mL
Glucose 0.4 200 g
Total volume 500 mL

A.4 EPB buffers

The EPB buffers used in the production of competent cells were produced after the recipe in
Table A.15 and Table A.16. NaOH (1 M) was used to adjust the pH to 7.2 before the media was
sterilized by autoclaving.

73



TBT4900 Biotechnology, Master Thesis
Rosa Jodalen Rudberg June 18, 2023

Table A.15: Chemicals with concentrations used in EPB1 buffer.

Components Concentration [g/L] Volume [mL]/ Mass [g]
Deionized water 800.00 mL
HEPES 5.05 4.04 g
Glycerin 89 % 36.60 mL
Total volume 836.60 mL

Table A.16: Chemicals with concentrations used in EPB2 buffer.

Components Concentration [g/L] Volume [mL]/ Mass [g]
Deionized water 50.00 mL
HEPES 1.2 0.06 g
Glycerin 89 % 6.85 mL
Total volume 56.85 mL

A.5 GelRed

Agarose and Tris- Acetate- EDTA (1xTAE) in Table A.17 were mixed and dissolved by heating
it in the microwave. GelRed was added. The solution was stored in a heating cabinet at 60� C.

Table A.17: Chemicals with concentrations used in gelRed.

Components Volume [mL]/ Mass [g]
Agarose 3.2 g
1xTAE 400 mL
GelRed 20.0 µL
Total volume 400 mL

A.6 Ammonium acetate, solvent for HPLC

The ammonium acetate solvent used for the HPLC was prepared following Table A.18. pH of the
solvent was adjusted to 6 by acetic acid before the solvent was filtrated.

Table A.18: Chemical with concentrations used in ammonium acetate solvent used in the HPLC.

Components Concentration[g/L] Volume [L]/ Mass [g]
Dionized water 1 L
Ammonium acetate 0.385 0.385 g
Total volume 1 L
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B OD600 measurements- raw data from growth experiments

The initial concentrations after the measured ODs were multiplied with the dilution factor of 40,
and initial volumes are shown for Growth experiment 1 in Table B.1 and Growth experiment 2
in Table B.2. The initial volumes were calculated using the equation Equation 2.1 in subsubsec-
tion 2.7.3.

Table B.1: Initial ODs and initial volumes for the precultures of Roseo0, Roseo1 and Roseo2 in Growth experiment
1 after the raw data was multiplied by the dilution factor 40.

Pre-cultures Roseo0 Roseo1 Roseo2
Initial concentrations (Ci) 3.76 2.48 1.52
Initial volumes (Vi) [mL] 6.65 10.08 16.45

Table B.2: Initial ODs and initial volumes for the precultures of Roseo0, Roseo1, Roseo2, Roseo3, Roseo4 and
Roseo5 in Growth experiment 2 after the raw data was multiplied by the dilution factor 40.

Pre-cultures Roseo0 Roseo1 Roseo2 Roseo3 Roseo4 Roseo5
Initial concentrations (Ci) 8.72 3.64 2.60 3.80 1.60 2.04
Initial volumes (Vi) [mL] 2.87 6.87 9.62 6.58 15.63 12.25

The values of the OD measurements during Growth experiment 1 and Growth experiment 2 are
shown in Table B.3, and Table B.4, respectively.

Table B.3: OD measurement values of independent triplicates of the strains Roseo0, Roseo1 and Roseo2 in Growth
experiment 1. The time of the measurement during the growth experiment is given.

Time [h] Roseo0 Roseo1 Roseo2
I II III I II III I II III

0 0.65 0.62 0.65 0.59 0.60 0.67 0.67 0.67 0.52
2 0.94 1.02 1.24 1.56 1.42 1.48 1.86 1.20 1.34
4 2.28 2.28 2.50 2.48 2.48 2.50 2.95 2.70 2.68
6 6.04 5.40 5.68 5.44 4.40 4.68 4.96 4.84 5.52
8 8.70 7.80 7.50 8.20 8.50 8.40 9.50 9.10 10.00
10 13.30 11.80 12.60 13.70 13.80 13.50 13.60 13.30 11.50
22 15.97 14.16 15.25 16.09 16.70 15.61 16.21 18.51 15.97
24 12.9 11.30 12.50 15.60 12.70 14.40 13.40 12.90 13.60
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Table B.4: OD measurement values of independent triplicates of the strains Roseo0, Roseo1, Roseo2, Roseo3,
Roseo4 and Roseo5 in Growth experiment 2. The time of the measurement during the growth exper-
iment is given.

Time [h] Roseo0 Roseo1 Roseo2
I II III I II III I II III

0 0.50 0.42 0.40 0.40 0.39 0.39 0.47 0.47 0.50
2 0.60 0.62 0.42 0.52 0.58 0.56 0.46 0.52 0.50
4 1.18 1.14 0.98 0.68 0.72 0.50 0.48 0.62 0.64
6 1.84 2.1 1.72 0.86 0.86 0.72 0.78 0.78 0.78
8 4.00 4.68 2.96 1.24 1.22 0.96 1.32 1.22 1.00
10 6.70 9.20 6.80 1.88 2.28 1.84 1.88 1.80 1.68
22 15.1 15.3 15.1 21.2 15.9 15.5 18.2 19.7 15.9
24 14.40 25.40 14.10 14.20 15.40 22.20 21.40 16.30 19.20
72 15.90 15.90 12.40 10.90 12.60 13.40 15.70 12.20 11.70

Time [h] Roseo3 Roseo4 Roseo5
I II III I II III I II III

0 0.41 0.48 0.45 0.45 0.47 0.40 0.56 0.51 0.45
2 0.34 0.66 0.70 0.86 0.92 0.78 0.76 0.74 0.76
4 0.46 0.80 0.64 1.20 1.50 1.46 1.20 1.22 1.46
6 0.52 0.78 0.70 1.64 2.46 2.92 2.02 2.14 2.18
8 0.44 0.70 0.70 2.96 4.28 4.40 4.00 4.24 4.72
10 0.56 1.00 1.04 6.30 5.80 8.30 6.00 5.70 7.70
22 1.30 2.30 3.10 8.60 8.80 12.20 12.10 10.70 11.00
24 1.60 3.70 3.10 7.90 9.00 12.50 10.40 11.80 15.80
72 14.40 12.60 14.80 4.80 4.30 5.30 5.40 5.70 10.10

The average and standard deviation was calculated for the three triplicates of each strain in
Table B.3 and Table B.4. The average, x̄, was calculated using

x̄ =
NX

i=1

xi

N
. (B.1)

xi represents a specific OD measurement i. For one strain at a specific time, N is the number of
OD measurements. Hence, N is 3. To measure the spread of the measured values, the standard
deviation, �x, was calculated,

�x =

rP
(xi � x̄)2

N
. (B.2)

In Table B.5 and Table B.6 the calculated averages and standard deviations are given for Growth
experiment 1 and Growth experiment 2, respectively.
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Table B.5: The average and standard deviation of the triplicate OD measurements carried out on the strains
Roseo0, Roseo1, and Roseo2 in Growth experiment 1. The time the measurements were carried out is
shown.

Time [h] Roseo0 Roseo1 Roseo2
0 0.64 ± 0.02 0.62 ± 0.04 0.62 ± 0.09
2 1.07 ± 0.16 1.49 ± 0.07 1.47 ± 0.35
4 2.35 ± 0.13 2.49 ± 0.01 2.78 ± 0.15
6 5.71 ± 0.32 4.84 ± 0.54 5.11 ± 0.36
8 8.00 ± 0.62 8.30 ± 0.26 9.53 ± 0.45
10 12.56 ± 0.75 13.67 ± 0.15 12.80 ± 1.14
22 15.13 ± 0.91 16.13 ± 0.55 16.90 ± 0.55
24 12.23 ± 0.83 14.23 ± 1.46 13.30 ± 0.36

Table B.6: Average and standard deviation of the triplicate OD measurements carried out of the strains Roseo0,
Roseo1, Roseo2, Roseo3, Roseo4, and Roseo5 in Growth experiment 2. The time the measurements
were carried out is shown.

Time [h] Roseo0 Roseo1 Roseo2
0 0.44 ± 0.05 0.39 ± 0.00 0.48 ± 0.02
2 0.55 ± 0.11 0.55 ± 0.03 0.49 ± 0.03
4 1.10 ± 0.10 0.63 ± 0.12 0.58 ± 0.09
6 1.89 ± 0.19 0.81 ± 0.08 0.78 ± 0.00
8 3.88 ± 0.87 1.14 ± 0.16 1.18 ± 0.16
10 7.56 ± 1.42 2.00 ± 0.24 1.79 ± 0.10
22 15.17 ± 0.12 17.53 ± 3.18 17.93 ± 1.91
24 14.63 ± 0.68 17.27 ± 4.31 18.97 ± 2.56
72 14.73 ± 2.02 12.3 ± 2.18 13.20 ± 2.18

Time [h] Roseo3 Roseo4 Roseo5
0 0.45 ± 0.03 0.44 ± 0.04 0.50 ± 0.06
2 0.57 ± 0.20 0.85 ± 0.07 0.75 ± 0.01
4 0.63 ± 0.17 1.39 ± 0.16 1.29 ± 0.15
6 0.67 ± 0.13 2.34 ± 0.65 2.11 ± 0.08
8 0.61 ± 0.15 3.88 ± 0.80 4.32 ± 0.37
10 0.87 ± 0.27 6.80 ± 1.32 6.47 ± 1.08
22 2.23 ± 0.90 9.87 ± 2.03 11.27 ± 0.74
24 2.80 ± 1.08 9.80 ± 2.40 12.67 ± 2.80
72 13.93 ± 1.17 4.80 ± 0.50 7.07 ± 2.63

For the growth curves in Figure 3.5 in subsection 3.2, the values in Table B.5 are the plotted
values, and for the growth curves in Figure 3.12 in subsection 3.5, the values in Table B.6 are the
plotted values. The y-axis values are the average OD measurement values of the strains and the
x-axis values are the time of the measurements.
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C Growth rates, biomass and biomass yields

To find the growth rate of Roseo0, Roseo1, and Roseo2 in Growth experiment 1, the OD values
in Table B.5 of the exponential phase were converted to logarithmic values and plotted against
the time. Similarly, was the values in Table B.6 for Roseo0, Roseo1, Roseo2, Roseo3, Roseo4, and
Roseo5 in Growth experiment 2 converted to logaritimic values. From the slope of each graph,
the growth rate was found. The OD values in the exponential phase were defined from the 2nd

to the 10th hour in Growth experiment 1. In Growth experiment 2, the exponential phase varied.
To convert the OD values to logarithmic values the equation Equation C.1 was used.

y = log(OD(t)) (C.1)

y is the logarithmic values, and OD(t) is the measured OD values at time t, where t varied from
the 2nd to the 10th hour in Growth experiment 1. t varied in Growth experiment 2. In Figure C.1
and Table C.1 the graphs and equations for each graph are shown for Growth experiment 1,
respectively. For growth experiment 2, the graphs and equations are displayed in Figure C.2 and
Table C.2. The value before the x in each equation is the slope value, which also is the growth
rate.

Figure C.1: The average logarithmic values of the OD measurements are plotted against time for Growth exper-
iment 1. The equation for Roseo0 in blue is y = 0.68e0.31x, the equation for Roseo1 in orange is y =
0.84e0.28x and the equation for Roseo2 in grey is y = 0.90e0.28x.

Table C.1: The equation for the average logarithmic value for Roseo0, Roseo1 and Roso2 in Growth experiment
1. The growth rate is the slope value before x in each equation.

Roseo0 Roseo1 Roseo2
y = 0.68e0.31x y = 0.84e0.28x y = 0.90e0.28x
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Figure C.2: The average logarithmic values of the OD measurements are plotted against time in Growth experi-
ment 2. The equation for Roseo0 in blue is y = 0.29e0.33x. The equation for Roseo1 in orange is y =
0.29e0.22x. The equation for Roseo2 in grey is y = 0.26e0.21x. The equation for Roseo3 in yellow is
y = 0.19e0.11x. The equation for Roseo4 in red is y = 0.50e0.26x. The equation for Roseo5 in green
is y = 0.43e0.28x.

Table C.2: The equation for the average logarithmic value for Roseo0, Roseo1, Roso2, Roseo3, Roseo4, and Roseo5
in Growth experiment 2. The growth rate is the slope value before x in each equation.

Roseo0 Roseo1 Roseo2 Roseo3 Roseo4 Roseo5
y = 0.29e0.33x y = 0.29e0.22x y = 0.26e0.21x y = 0.19e0.11x y = 0.50e0.26x y = 0.43e0.28x

The OD values measured at the 24th hour in Table B.3 were used to calculate the biomass and
biomass yield for both growth experiments. An exception was the strain Roseo3 in Growth
experiment 2, due to slow growth. Here, the final biomass and biomass yield were calculated after
the 72nd hour. The final biomass of the strains was reached when the cells had reached stationary
phase at the 24th or the 72nd hour. The average, ŌD600(24h), of the OD values for each triplicates
were calculated,

ŌD600(24h) =
NX

i=1

OD600(24h)i

N
. (C.2)

OD600(24h)i represents a specific OD measurement i at the 24th or the 72nd hour. N is the number
of OD measurements at a specific time for one strain, making N equal to 3, due to 3 triplicates.
The biomass was calculated by multiplying the average, ŌD600(24h), with a correlation factor,

Biomass = Correlation factor · ŌD600(24h). (C.3)

The correlation factor was 0.343, found by Dr. Pérez-García [5]. The biomass yield was calculated
from equation,

Biomass yield =
Biomass
Cglucose

. (C.4)
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1% of glucose was utilized during the two growth experiments, equalling 10 g/L, as the concen-
tration of glucose, Cglucose.
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D HPLC calculations

To find the retention time of roseoflavin and riboflavin, 5 standards with known titers of each
compound were analyzed with HPLC. From the chromatogram of the HPLC standards, the heights
of the peaks were plotted against the known titers of the roseoflavin and riboflavin standards,
shown in Figure D.1 and Figure D.2. To calculate the roseoflavin and riboflavin titers in the
samples, collected during Growth experiment 1, the slope of the graphs in Figure D.1 were used
together with the heights of the peaks of the samples chromatograms. For the samples in Growth
experiment 2, the slope of the graphs in Figure D.2 were used. Table D.1 and Table D.2 show the
titer and heights of the chromatogram of the standards used for samples collected during Growth
experiment 1 and Growth experiment 2, respectively.

Table D.1: The heights of the peaks and titers of the roseoflavin and riboflavin standards used for samples collected
in Growth experiment 1.

CRoseoflavin [g/L] HRoseoflavin [EU] CRiboflavin [g/L] HRiboflavin [EU]
0.500 4360 0.00500 181274
0.250 2404 0.00250 86779
0.125 1428 0.00125 43490
0.063 650 0.00063 21843
0.000 - 0.00000 -

Figure D.1: The titers of the standards (x-values) were plotted against the heights of the peaks of the chro-
matogram of the standards (y-values). The standards were used for the samples collected in Growth
experiment 1. The roseoflavin graph is displayed to the left with function y = 8261x + 274. To the
right is the riboflavin graph displayed with function y = 4e+7x � 2210.

Table D.2: The heights of the peaks and titers of the roseoflavin and riboflavin standards used for samples collected
in Growth experiment 2.

CRoseoflavin [g/L] HRoseoflavin [EU] CRiboflavin [g/L] HRiboflavin [EU]
0.500 2312 0.0500 1029833
0.250 1292 0.0250 530705
0.125 630 0.0125 264307
0.063 494 0.0063 139953
0.000 - 0.0000 -
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Figure D.2: The titers of the standards (x-values) were plotted against the heights of the peaks of the chro-
matogram of the standards (y-values). The standards were used for the samples collected in Growth
experiment 2. The roseoflavin graph is displayed to the left with function y = 4282x + 178. To the
right is the riboflavin graph displayed with function y = 2e+7x � 12920.

For the samples collected during Growth experiment 1 and Growth experiment 2, all raw data
from the HPLC analysis and calculations are found in Appendix E.

For each sample i, collected during the two growth experiments, the titer, Ci, was calculated by
the equation,

Ci =
Heighti
Sloper

. (D.1)

For each chromatogram of sample i, Heighti was the height of the peaks. Sloper was the slope
found in Figure D.1 or Figure D.2 for either the roseoflavin- or riboflavin standards, r. For
roseoflavin in Growth experiment 1, sloper was 8261, and the sloper was 4e+7 for riboflavin. For
roseoflavin and riboflavin, the sloper was 4282 and 2e+7 in Growth experiment 2, respectively.
All Ci and Heighti values for the samples for Growth experiment 1 are found in Figure E.3 in
Appendix E in the columns "Concentration [g/L]" and "Height [EU]", respectively. For Growth
experiment 2, the Ci and Heighti values are found in Figure E.9 in Appendix E. The average titers
and standard deviations were calculated for the triplicates of the strains collected at the 6th, 24th,
and 72th hour. The average titer is shown in the column "titer Average [g/L]" in Figure E.3 and
Figure E.9. Roseo0 contained the empty vector pVWEx1 and was used as the reference strain.
Hence, the average titers of Roseo0 from the samples collected at the 6th, 24th and 72th were
subtracted from the values of the other strains collected at the same time, resulting in the titers
in Figure E.4 and Figure E.10.
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E HPLC raw data

E.1 Growth experiment 1

Figure E.1: Roseoflavin raw data for Growth experiment 1.
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Figure E.2: Riboflavin raw data for Growth experiment 1.
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Figure E.3: Calculations and concentrations of roseoflavin and riboflavin samples for Growth experiment 1.
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Figure E.4: Final roseoflavin concentrations for Roseo0, Roseo1 and Roseo2 for Growth experiment 1. The
concentration values were used for the histograms in the Results.
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E.2 Growth experiment 2

Figure E.5: Roseoflavin raw data for Growth experiment 2.
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Figure E.6: Roseoflavin raw data for Growth experiment 2.
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Figure E.7: Riboflavin raw data for Growth experiment 2.
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Figure E.8: Riboflavin raw data for Growth experiment 2.
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Figure E.9: Calculations and concentrations of roseoflavin and riboflavin samples for Growth experiment 2.
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Figure E.10: Final roseofavin concentrations for Roseo0, Roseo1, Roseo2, Roseo3, Roseo4 and Roseo5 for Growth
experiment 2. The concentration values were used for the histograms in the Results.
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F Raw data and calculations for the antimicrobial tests

The raw data for Antimicrobial test 1, Antimicrobial test 2, and Antimicrobial test 3 is displayed
in Figure F.1, Figure F.2, and Figure F.3, respectively. To calculate the final biomass in the
figures, the raw data of the blank row G was subtracted from all the reminding rows, yielding the
values in Figure F.4 for Antimicrobial test 1, Figure F.5 for Antimicrobial test 2, and Figure F.6
for Antimicrobial test 3. After, the average and standard deviations were calculated from each
triplicate in Figure F.4-Figure F.6, to determine the final biomass for a strain at a specific rose-
oflavin dilution. One triplicate is defined as the values of one of the columns and either row A-C
or D-F. The final biomass and standard deviations of Antimicrobial test 1, Antimicrobial test 2,
and Antimicrobial test 3 are displayed in Figure F.7, Figure F.8, and Figure F.9, respectively.
The equations for average and standard deviations are shown in Appendix B in Equation B.1 and
Equation B.2, respectively.

Figure F.1: Raw data for Antimicrobial test 1.

Figure F.2: Raw data for Antimicrobial test 2.

Figure F.3: Raw data for Antimicrobial test 3.
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Figure F.4: Values after subtraction of row G in Antimicrobial test 1.

Figure F.5: Values after subtraction of row G in Antimicrobial test 2.

Figure F.6: Values after subtraction of row G in Antimicrobial test 3.

Figure F.7: Biomass [g/L] and standard deviation of Antimicrobial test 1.

Figure F.8: Biomass [g/L] and standard deviation of Antimicrobial test 2.
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Figure F.9: Biomass [g/L] and standard deviation of Antimicrobial test 3.
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