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Abstract

Today, the predominant reliance on sugar-based fermentation poses limitations in terms of sus-
tainability and carbon source availability across various industries. In this regard, red seaweed
biomass is abundant and rich in diverse polysaccharides that can potentially be fermented as
sustainable alternative microbial feedstock, as for instance agar. However, the utilization of
agar as carbon source in biotechnology remains unestablished. This master’s thesis aimed
to lay the foundation of agar utilizing cell-factories. Hence, the biotechnology workhorse
Corynebacterium glutamicum was chosen for the production of secreted agarases. A toxic-
ity test was conducted to assess the robustness of C. glutamicum as an expression host for
agar degradating enzymes; results revealed that a concentration of 0.4 g/L agar was unsuit-
able for growth among the tested conditions. Next, C. glutamicum was engineered via tradi-
tional molecular techniques to establish production and secretion of three agarases of interest,
namely AhgA from Zobellia galactanivorans, as well as DagA and DagB from Streptomyces
coelicolor. Microbial growth, protein production, and agar degradation were evaluated, con-
cluding that the supernatant from the C. glutamicum strain overexpressing ahgA and dagA,
namely CgAAopt, exhibited 4.5-fold increase in secreted protein concentration and achieved
successful agar degradation after 24 hours of incubation. Additionally, the strain CgAAopt
was further engineered to enable galactose uptake and utilization by overexpression of the
galETKM operon along with the galactose permease gene galP from Escherichia coli, yield-
ing the strain CgGalAAopt. However, when testing CgGalAAopt with agar as sole carbon
source no growth was observed. The qualitative results of this work suggested low efficiency
of agar degradation and, hence, no agar-derived galactose was formed. Nevertheless, agar
degradation by these strains was visually confirmed. Concluding, the outcomes of this study
pave the way for further research to optimize agar degradation and utilization strategies, ulti-
mately establishing red seaweed alternative and competent microbial feedstock.
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Sammendrag

I dag er mikrobiell fermentering hovedsakelig basert på bruk av sukker som karbonkilde,
hvilket kan virke begrensende når det kommer til bærekraft og konkurrerende bruk av sukker
som kilde for menneske- og dyrenæring. Biomasse fra rødt sjøgress har et rikt og mang-
foldig innhold av polysakkarider, som for eksempel agar, med potensiale for utnyttelse som
et bærekraftig alternativ til mikrobielt råstoff. Imidlertid har potensialet for å bruke agar som
karbonkilde innen bioteknologi ennå ikke blitt realisert. Denne masteroppgaven hadde som
mål å legge grunnlaget for å utvikle cellefabrikker som kan utnytte agar. Derfor ble bakte-
rien Corynebacterium glutamicum, som er mye brukt innen bioteknologi, valgt for produk-
sjon og utskillelse av agar-nedbrytende enzymer. En toksisitetstest ble utført for å vurdere
C. glutamicums evne som vertsbakterie for agaraser. Resultatene viste at en konsentrasjon
på 0.4 g/L agar var uegnet for vekst under de testede forholdene. Videre ble C. glutamicum
modifisert ved hjelp av tradisjonelle molekylære teknikker for å etablere produksjon og utskil-
lelse av de tre utvalgte agarasene: AhgA fra Zobellia galactanivorans samt DagA og DagB
fra Streptomyces coelicolor. Mikrobiell vekst, produksjon av proteiner og nedbrytning av
agar ble evaluert. Resultatene viste at supernatanten fra C. glutamicum-stammen som overut-
trykte ahgA og dagA, kjent som CgAAopt, viste økning på 4.5 i konsentrasjonen av utskilte
proteiner, og oppnådde vellykket nedbrytning av agar etter 24 timers inkubasjon. Dermed
ble stammen CgAAopt videre modifisert for å kunne ta opp og utnytte galaktose ved å over-
uttrykke galETKM-operonet sammen med genet galP for galaktosepermease fra Escherichia
coli. Dette resulterte i stammen ved navn CgGalAAopt. Likevel ble det ikke observert vekst
når CgGalAAopt ble testet med agar som eneste karbonkilde. De kvalitative resultatene fra
dette arbeidet antydet lav effektivitet ved nedbrytning av agar og dermed ingen dannelse av
agar-avledet galaktose. Derimot ble nedbrytning av agar av de konstruerte stammene visuelt
bekreftet. Oppsummert legger resultatene fra denne studien grunnlaget for videre forskning
for å optimalisere strategier for nedbrytning og utnyttelse av agar, og dermed etablering av
rødt sjøgress som et alternativt og kompetent mikrobielt råstoff.
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1 INTRODUCTION

1 Introduction

1.1 New substrates

The rapid advancement of technology worldwide is posing a challenge to the pursuit of sus-
tainable production, as well as the exploration and commercialization of innovative products
derived from biological sources [3]. As a result of unsustainable production processes and
the inefficient origin of ingredients in current products, research efforts have been directed
towards developing alternative methods for producing ecologically-safe products from sus-
tainable processes [4]. Consequently, there is a significant need to thoroughly investigate new
and more environmentally friendly production lines for synthesizing biological-based products
both in the laboratory and at an industrial scale. Microbial production has gained increasing
attention in recent years due to its potential for sustainable and efficient manufacturing pro-
cesses [5]. However, the use of traditional carbon substrates, such as sugars and starches, for
industrial production can be a limiting factor in terms of product diversity, cost, and envi-
ronmental impact [6]. Today, the biotechnological production of valuable compounds, such as
pharmaceuticals and bulk chemicals, primarily depends on the use of glucose [7]. Even though
the production of glucose from starch crops is well developed, the utilization of glucose in
industrial manufacturing competes with the usage of land for the production of human and an-
imal nutrition, forcing a progressive increase in the prices [8]. Additionally, studies show that
the agricultural phase of glucose production has an overall negative climate impact due to the
use of synthetic fertilizer and non-renewable fuels in field operations [9]. Thus, the search for
alternative feedstocks for microbial production has become a research focus [7]. Finding novel
substrates that are cheaper and more readily available can not only provide environmental
benefits but also reduce production costs and enhance the accessibility of microbial products
to consumers. For instance, using substrates e.g., food- and animal waste can help conserve
natural resources while reducing waste [10;11]. Furthermore, the exploitation of new microbial
substrates can accommodate the exploration of novel and diverse products that have not been
previously discovered due to limitations by existing substrate sources [12]. In addition, the
identification of new substrates that can be metabolized by microorganisms allows researchers
to design novel fermentation processes that could lead to better production yields [13].

1.2 Seaweed

Marine macroalgae, widely known as “seaweed,” is an abundant and promising alternative
feedstock for industrial microbial-based production of value-added compounds, owing to its
high growth rate, and chemical and bioactive properties [14;15]. Moreover, seaweeds have a
lower lignin content compared to terrestrial biomass as they do not need the same level of
rigidity to maintain their structure in water. This can provide benefits for biorefinery usage
as intricate processes like lignin removals and detoxification of lignin-originated inhibiting
compounds are not needed [16]. Seaweed cultivation does not require arable land or freshwa-
ter and has a higher production yield than land-based energy crops [17]. Therefore, the use of
seaweed as a feedstock for biomanufacturing has the potential to provide cost-effective and
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1 INTRODUCTION

sustainable solutions for meeting the worlds growing demand for production [14]. Algae culti-
vation exhibits a distinct advantage as it does not necessitate the use of fertilizers, pesticides,
or freshwater resources that could pose environmental risks [18]. Furthermore, the conservation
and restoration of coastal habitats for seaweed cultivation possess significant potential for cli-
mate change adaptation and mitigation [18]. Industrial utilization of seaweed can be optimized
considering composition-specific polysaccharides or bioactive compounds depending on the
intended application. To extract these compounds, various methods such as acid hydrolysis,
enzymatic digestion, and solvent extraction can be employed [19]. The extracted compounds
can serve directly as feedstocks for microbial production or as functional ingredients in the
food and pharmaceutical industries [20]. The by-products of seaweed processing, including
protein-rich biomass and mineral-rich ash, are even more importantly suitable as feedstocks
for microbial production [20].

1.2.1 Composition of seaweeds

Seaweeds are complex and multifarious organisms that contain diverse carbohydrates, pro-
teins, lipids, vitamins, and volatile compounds. The composition varies depending on the
species and growth conditions, and based on pigmentation and structural characteristics, sea-
weed is commonly classified into three groups, i.e., green, red, and brown [21;22]. Further-
more, seaweed harbors an array of bioactive compounds, such as antioxidants (phenolic com-
pounds [23]), pigments (phycocyanin, phycoerythrin [19] and chlorophyll [23]), and phycotoxins
(okadaic acid, gonyautoxins and yessotoxins [24]), that possess potential biomedical applica-
tions in the health and cosmetics sectors. Seaweed is particularly rich in polysaccharides,
which exhibit unique rheological properties and are extensively used in the food and phar-
maceutical industries [25]. The most relevant polysaccharides of significance include alginate
and laminarin, which are present in brown seaweed, and carrageenan and agar, found in red
seaweed [25]. Alginate, the major polysaccharide synthesized by brown seaweed, has become
one of the most widely utilized polysaccharides by various types of industries. For instance,
alginate is extensively applied in the food industry due to exhibiting exceptional qualities as
a thickening and stabilizing agent in processed foods [26]. The composition of alginates varies
depending on the species, ranging from 20% to 60% dry matter, but commonly exist in the
form of gels consisting of a mixture of magnesium, calcium, sodium, and barium ions [27;27].
Laminarin, the primary glucan storage polysaccharide in algae [28], has been found to exhibit
various activities such as antioxidative, anti-tumorigenic, anticoagulant, antiviral, and antibac-
terial activities [29]. It can account for up to approximately 20% of the weight of brown seaweed
at maturity [30] and up to levels of 35% on a dry basis [31]. Research has shown that feeding
laminarin-rich extracts to animals is promising, suggesting that it can be a viable functional in-
gredient for use in food applications [31]. Carrageenan refers to a group of naturally occurring
water-soluble and sulphated galactans that are found in the cell wall and intercellular matrix
of the plant tissue of red seaweeds [32;33]. Seaweeds used in commercial applications usually
contain 30-60% carrageenan dry weight, with some reaching up to 70-80% [34]. Carrageenans
serve as gelling, thickening, and stabilizing agents in a variety of commercial applications,
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particularly in food products, in addition to having applications within experimental medicine,
pharmaceutical and formulation [33]. Agar is an easily accessible polysaccharide found in sev-
eral families of red seaweed such as Gracilariaceae and Gelidiaceae [35], initially employed in
the food industry, biotechnology, and pharmaceuticals besides being utilized as a raw material
for manufacturing bioplastic film [36]. Additionally, agar has applications in microbiology and
molecular biology as the large thermal hysteresis of agar gel makes it suitable for the growth
of culture media for bacteriological use [37]. Furthermore, it can be used as an encapsulating
agent for microorganisms and cells [38]. This polysaccharide is a major component of the cell
walls of red algae and can account for up to 57% of biomass dry weight [39;40].

1.3 Red Seaweed

Red seaweed, or Rhodophyta, is a group of marine algae that has gained increasing attention
as a competitive feedstock for microbial fermentation over the last decade due to its remark-
able characteristics that include the absence of lignin, high carbon dioxide fixation properties
as well as high substantial amounts of carbohydrates such as galactan and glucan [41;42;43].
Additionally, complex polysaccharides are abundant in red seaweed, with the most commer-
cialized ones being the galactans agar and carrageenan, both of which have a wide range of
biomedical and industrial applications [36]. Furthermore, red seaweed contains unique bioac-
tive compounds, including phycobiliproteins and polyphenols, which have shown applications
as potential antiviral, anticoagulant, and anti-inflammatory agents [39;44]. The red color of
Rhodophyta is expressed due to the predominance of the pigments phycocyanin and phyco-
erythrin [19]. Moreover, red algae have the added advantage of a high growth rate, which can
be enhanced by elevating the CO2 in the surrounding atmosphere, the nutrient-enriched con-
ditions in the seawater and increasing the availability of nitrogen [45]. Red seaweeds exhibit
a highly diverse nutrient composition across different species, with the composition being
dependent on environmental conditions, and the majority of them are found in cold areas at
greater depths than green and brown seaweed [46]. Additionally, Rhodophyta has the potential
as an efficient feedstock for biofuel production. Studies have reported successful bioconver-
sion of Gelidium amansii to bioethanol [47]. Due to their remarkable properties, red seaweeds
represent an economically important resource accounting for 61% of global seaweed pro-
duction [48]. Other polysaccharides from red seaweed, such as porphyran, have also gained
attention for potential applications in various industries, including exhibiting anti-cancer ac-
tivities [49]. Agar and carrageenan are the major constituents of red alga and have different
chemical compositions and physical properties, which affect their suitability for various appli-
cations, including their use as microbial feedstock [16]. Both are deemed sustainable sources
of biomass suitable as feedstock for manufacturing several fermentation products [50]. How-
ever, it is crucial to consider the specific properties of each substance, as well as the specific
requirements of the microorganism and the desired end product, to determine which is more
promising as a microbial feedstock for a particular application.
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1.4 Agar

The natural polymer agar consists of two types of polysaccharides, namely agarose and agaro
pectin. Agarose is a neutral linear polysaccharide, primarily composed of 1,3-linked β-D-
galactose (G) and 1,4-linked 3,6-anhydro-α-L-galactose (ALG) units, with only a few of
the hydroxyl groups being sulfated. This makes it suitable for gel formation. In contrast,
agaropectin is a more complex polysaccharide that is build up by the same backbone as
agarose, but in addition contains D-gluconic acid, pyruvic acid, methyl esters and a signifi-
cantly higher proportion of sulfate ester groups [51;52]. Hence, the complete digestion of agar
results in the formation of D-galactose and 3,6-anhydro-L-galactose [53] whose chemical struc-
ture is illustrated in Figure 1.1 [51].

Figure 1.1: Chemical structure of the subunits D-galactose and 3,6-anhydro-L-galactose of agar. Picture was
modified from Varshosaz et al. (2015) [51]

Agar is a major component of the cell wall of red seaweeds and is primarily derived from
the species Gracilaria, Gelidium, and Pterocladia [16;54]. The polysaccharide exhibits some
remarkable physical properties that include insolubility in cold water but solubility in boiling
water. Its gelation temperature ranges from 31°C to 36°C and exposed to temperatures below
this, thermally reversible hydrogel is formed. This hydrogel will exist in its gel form and does
not undergo a reversible gel-to-sol transition below its melting point (65-85°C) [51]. Extrac-
tion of agar usually happens by solubilization of red seaweed in hot water, for some species
following an acid/heat or alkali treatment. Due to a multi-step extraction process, producing
agar is a slow and intricate procedure [55]. Optimization of the extraction parameters including
temperature, extraction time, and alkali concentration is necessary for each individual sea-
weed species [19]. Hence, other approaches, such as degradation by enzymatic activity or other
chemical treatments, is important areas for exploration as this can provide a more sustainable
and effective alternative [53].
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1.4.1 Enzymatic degradation

The conversion of carbohydrates from seaweed into sugars by microorganisms for use as feed-
stock in biotechnology encompasses important research areas, given the variety of carbohy-
drates present in macroalgae [16]. Although degradation of agar can be achieved by the use of
chemical treatments involving high temperatures and pH changes, enzymatic processes are fa-
vored as a more sustainable solution that generates fewer toxic by-products [53]. An enzymatic
approach offers the advantage of preserving the bioactive properties of the oligosaccharide
produced, rendering them valuable for a variety of applications [53]. However, general research
utilizing macroalgae-specific enzymes such as alginate lyases, laminarinase and agarase to
saccharify macroalgal biomass is still in its early stages [16], and studies have reached different
outcomes regarding hydrolysis efficiency [56]. Recently, oligosaccharides derived from agar by
the use of different agarases have gained more attention due to their promising biological activ-
ities [54]. Agarases have shown practical applications in industries for saccharification of agar
for example when it comes to the production of neoagarooligosaccharides or agarooligosac-
charides [54]. These oligosaccharides - especially neoagarotetraose and neoagarohexaose - have
demonstrated notable antioxidative properties by effectively scavenging hydroxyl free radicals
and superoxide anion radicals, as well as inhibiting lipid peroxidation [57]. Therefore, novel
and more advanced methods for the degradation of agar are sought to enhance saccharification
efficiency and product yield. Suggested methods to explore are for instance additional pre-
treatment of the algal biomass, the use of multi-enzyme complexes, or genetically engineering
microbial workhorses in biotechnology [56].

1.4.2 Agarases

Due to the complex nature of agar as a polysaccharide, the complete enzymatic hydrolysis
of agar into its constituent monomers, namely β-D-galactose (G) and anhydro-α-L-galactose
(ALG), needs the involvement of multiple enzymes with different catalytic activities [40]. Agar-
ases are glycoside hydrolases (GH) that catalyze the hydrolysis of agarose and besides being
used in the preparation of agar-derived oligosaccharides [54], agarases have been employed to
recover DNA bands from gels made of agarose [40]. Generally, agarases are classified into two
groups, i.e., α-agarase and β-agarase, on the basis of their mode of action. This classification
is due to their ability to recognize and target different repeating units present in agar [54]. β-
agarases specifically recognize and target the (G-ALG) repeating units of agar and cleave the
β-(1,4) glycosidic bonds. This enzymatic depolymerization of agar leads to the production
of neoagaro-oligosaccharides, with G residues present at the reducing ends [40]. In contrast,
α-agarases hydrolyze the α-(1,3) glycosidic linkages in the (ALG-G) repetition moieties of
agarose, resulting in the generation of agaro-oligosaccharides with ALG residues at the reduc-
ing ends [40;54]. The expression and activity of agarases are specifically observed in numerous
microorganisms that utilize agar as sole carbon source, which indicates simultaneous gene
expression and the presence of common regulatory mechanisms [58]. A schematic representa-
tion of α-agarose (to the right) and β-agarose (to the left) hydrolytic pathways is illustrated in
Figure 1.2 [40].
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Figure 1.2: Illustration of the the hydrolytic pathways of α-agarose (on the right) and β-agarose (on the left).
Agarose oligomer is cleaved by either α-agarase or β-agarase producing agarotetraose or neoagarote-
traose, respectively. These saccharides are further broken down to agarobiose or neoagarobiose. Fi-
nally, agarobiose or neoagarobiose is cleaved to produce G or ALG, respectively, by β-agarobiose
hydrolase or α-neoagarobiose hydrolase. The picture was taken from Chi et al. (2012) [40]

1.5 Agarolytic microorganisms

Considerable progress has been made through extensive research on isolating agarolytic mi-
croorganisms and conducting biochemical investigations on agarases. Acquiring a comprehen-
sive understanding of the agar-degrading system of microorganisms is of great significance for
effective utilization of biomass from red seaweed. Despite concerted efforts, several gaps in
our knowledge of the agar-hydrolyzing pathway warrant further research [40]. Agarases have
been successfully isolated from diverse sources including sea- and freshwater, marine sedi-
ments, algae, and soil, demonstrating a wide distribution of agar-degrading enzymes across
different environments [59]. However, it appears that the production of these agarases is pri-
marily attributed to microorganisms that rely on agar as a carbon and energy source. Thus, the
majority of agarolytic organisms have been found in marine habitats [40]. Agarase activity has
been documented in a diverse array of microorganisms such as Bacillus [60], Pseudomonas [61],
Agarivorans [62], Vibrio [63], Pseudoalteromonas [64], Cytophaga [65], Thalassomonas [66], and
Acinetobacter [67], amongst others. While the majority of agarases are produced by Gram-
negative bacteria which predominantly secrete the enzymes into the extracellular environ-
ment [53], some agarases are produced intracellularly [60;61].
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1.5.1 Zobellia galactanivorans

Zobellia galactanivorans is a Gram-negative, non-spore-forming marine bacterium belonging
to the family Flavobacteriacea. It is isolated from the red alga Delesseria sanguinea and rec-
ognized for its proficient degradation of algal polysaccharides in various marine environments,
both in the open ocean and in coastal regions [68;69]. This bacterium produces a repertoire of
agar-degrading enzymes, including both α- and β-agarases, all belonging to the glycoside hy-
drolase family [70]. This enables it to effectively hydrolyze agarose, allowing it to grow in
minimal medium with agar as its sole carbon source [69]. The study of Z. galactanivorans
and its agar-degrading properties has given important insight when it comes to the enzymatic
mechanisms of agar degradation and has contributed to enhancing our understanding of the
microbial utilization of complex polysaccharides in marine environments [68]. For instance,
the two agarases AgaA and AgaB isolated and purified from Z. galactanivorans have been
utilized in developing crystals for X-ray diffraction studies [71].

1.5.2 The novel AhgA agarase from Z. galactinovorans

The α-1,3-(3,6-anhydro)-L-galactosidase AhgA is a β-agarase that is involved in the terminal
step of agar degradation as it cleaves short oligosaccharides releasing individual monosaccha-
rides, particularly 3,6-anhydro-L-galactose, from the non-reducing end of neoagaro- oligosac-
charides [40;70]. AhgA (coded by Zg4663) is a part of the agar degradation system in Z. galac-
tanivorans belonging to the GH-117 family [68]. Its predicted ribbon structure is shown in
Figure 1.3 A. 3D structural analysis of the enzyme has suggested that the transcriptional prod-
uct of the ahgA gene adopts a six-bladed β-propeller fold, which creates a distinctive active
site with a funnel-like shape [40]. This finding endorses the theory that AhgA likely hydrolyzes
the external ends of the substrate molecules [40]. Its catalytic activity is zinc-dependent [72].
AhgA contains a Sec signal peptide with characteristics of lipoprotein which in combination
with its biochemical properties supports the suggestion that it is located in the periplasmic
region of the bacterium [72]. AhgA represents a novel family of glycoside hydrolases that is
particularly prevalent in coastal waters [72].

Figure 1.3: Representative ribbon structures of agar-specific polysaccharidases. A. α-1,3-(3,6-anhydro)-L-
galactosidase AhgA (ZG4663) from Z. galactanivorans. B. β-agarase DagA (SCO3471) from S.
coelicolor. C. β-agarase DagB (SCO3487) from Streptomyces coelicolor. The β-strands and the α-
helices are represented by arrows and ribbons, respectively. Source of figures: UniProt [73].
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1.5.3 Streptomyces coelicolor

Streptomyces coelicolor is a Gram-positive soil bacterium that due to unique characteristics,
such as the ability to undergo complex morphological and physiological differentiation, pro-
duces a variety of secondary metabolites with important applications in medicine and biotech-
nology [40]. It is especially known for its large-scale production of a majority of the natural
antibiotics used in human and veterinary medicine [74]. S. coelicolor has a high GC content
in its genome and has the ability of spore formation [40]. Owing to its importance in medicine
and industrial applications, extensive research has been conducted on the transcriptional reg-
ulation of the primary and secondary metabolism in this bacterium [75]. Based on the analysis
of genome sequence data, it is predicted that approximately 10.5% of S. coelicolor A3(2)’
total protein content is secreted proteins that likely are involved in the utilization of diverse
nutrients present in the soil [74]. The bacterium has developed the metabolic versatility to me-
tabolize a variety of chemicals due to gradual adaptation to soil environment, as a consequence
of rapid fluctuations in nutrition, physical conditions, and biological factors [40]. This ability
allows S. coelicolor to efficiently degrade complex organic compounds, including lignocellu-
lose and chitin, which makes it an important contributor to carbon recycling processes in the
environment [40]. In addition, S. coelicolor is one of few bacterial species capable of degrading
agar and utilizing it as sole carbon source [53]. Its most abundant agarases belong to the gly-
coside hydrolase family GH-16 [71]. This indicates that the agarases originate from a common
ancestor and have diverged substantially in their primary sequence. Hence, the agarases from
S. coelicolor share a similar fold and identical molecular mechanism [71].

1.5.4 Extracellular agarases from S. coelicolor

DagA (coded by SCO3471) is an endo-type extracellular β-agarase that can be isolated from
S. coelicolor. This enzyme belongs to the GH-16 family and catalyzes the degradation of agar
into two neoagaro-oligosaccharides, namely neoagarotetraose and neoagarohexaose [40;76]. Tran-
scription of the dagA gene has a primary translation product of 279 amino acids, in addition
to a 30-amino acid Sec signal peptide which is cleaved at the N-terminus [53]. Figure 1.3 B.
illustrates its ribbon structure with the signal peptide colored in orange. In vitro reconstitu-
tion experiments have revealed that the transcription is regulated by multiple promoters that
is recognized by at least three distinct holoenzymes of the RNA polymerase [53]. Moreover,
the transcription of DagA is induced by agar and repressed by glucose [77]. The β-agarase is
observed to be the most enzymatic active at pH 7.0 and 40°C, and its major reaction product
is neoagarotetraose [53].

Another extracellular β-agarase that also is a part of the agarolytic gene cluster in S. coelicolor
is the putative hydrolase DagB (coded by SCO3487) which together with DagA plays a crucial
role in agar degradation [40]. The dagB gene product DagB encodes a primary translation
product of 798 amino acids that catalyzes the hydrolysis of agarose, neoagarotetraose and
neoagarohexaose, converting agar into neoagarobiose [76]. DagB is a bifunctional agarase that
has two catalytic domains and is the only known agarase to generate neoagarobiose as its
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major product [78]. Figure 1.3 C. illustrates its ribbon structure. DagB exhibits both exolytic
and endolytic activities as it cleaves the non-reducing ends of the polysaccharide chain in
addition to cleaving within the chain [40;79]. It shows similarities to GH-50 β-agarases and
carries a 45 amino acid Sec signal peptide [40]. DagB is observed to be the most enzymatic
active at pH 7.0 and 40°C [67].

1.6 Traditional industrial workhorses

As described, Z. galactanivorans and S. coelicolor are microorganisms with well-developed
metabolic systems for proficient saccharification of agar, a polysaccharide with promising
potential for utilization as microbial feedstock owing to its unique biological activities [54].
Consequently, these bacteria have potential for industrial applications as they produce a va-
riety of agarases that can provide sustainably favored enzymatic approaches for the degrada-
tion of agar [68;53]. However, it is worth considering that there may be certain limitations and
challenges when using marine and soil bacteria for industrial implementations. For instance,
their slow growth rates compared to other microbial workhorses such as Bacillus subtilis, Es-
cherichia coli and Corynebacterium glutamicum pose impediments for large-scale industrial
production, where high throughput and rapid turnaround times are essential [80;81]. Moreover,
implementation in extensive industrial manufacturing will require special equipment as these
bacteria are not considered model organisms and are more difficult to cultivate compared to
mesophilic workhorses. Hence, a more cost-effective and sustainable solution to harness their
unique properties would be to utilize genetically engineered mesophilic organisms for which
industrial equipment and technological advancements initially were developed [82]. In gen-
eral, metabolic engineering aims to establish efficient cell-factories and optimize metabolic
pathways and genetic regulatory elements in order to enhance production, focusing on yield
and productivity [83]. The advancement of recombinant DNA technology has enabled the use
of industrial organisms as biocatalysts, offering a potential for the development of novel and
optimized bioprocesses. Thus, metabolic engineering, in combination with the utilization of
renewable carbon sources as for instance seaweed hydrolysates, can offer a more sus tainable
approach to industrial microbial production [83].

1.6.1 Corynebacterium glutamicum

Ever since its discovery in Japan in 1956, the soil bacterium Corynebacterium glutamicum has
been an important workhorse in industrial biotechnology [84]. It has shown a strong potential
for protein manufacturing and is today primarily utilized for fermentative million-ton-scale
production of L-glutamate and L-lysine due to its native ability to secrete amino acids under
adapted conditions [85]. The interest in the fast-growing bacterium has constantly increased
over the years as such has led to the complete sequencing of its genome as well as extensive
study of its biochemistry and physiology [86;87]. The genomic analyses of C. glutamicum has
revealed an extensive repertoire of pathways, indicating favorable traits for usage in industrial
production [88]. C. glutamicum is a facultative anaerobe Gram-positive rod-shaped bacterium
within the phylum Actinobacteria with a high guanine and cytosine content [89]. A deeper un-
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derstanding of the bacterium combined with the use of novel genome editing techniques and
synthetic biology tools has largely expanded its areas of application [84]. Successful engineer-
ing of the versatile C. glutamicum has made it a suitable host for the production of value-added
chemicals including diamines, carotenoids, organic acids (e.g., lactate and succinate) [85], non-
proteinogenic amino acids, poly(3-hydroxybutyrate), isopropanol and the compatible solutes
ectoine, hydroxyextoine, and mannosylglycerate [90;91;88]. Previous studies have shown that
whenever exposed to stress, the bacterium possesses the remarkable property of remaining
metabolic active by ceasing growth or secreting amino acids [85]. Additionally, C. glutam-
icum has shown to be especially robust when subjected to fluctuations in oxygen and substrate
supply in large-scale fermentation [92]. On top of that, C. glutamicum is considered a GRAS
organism (Generally Recognized As Safe). Hence, it is safe for both genetic engineering and
laboratory work [92]. The extensive study of C. glutamicum has enabled the development of
toolkit of genetic engineering techniques. Therefore, metabolic engineering of C. glutamicum
holds important potential for achieving a promising cell factory for agarase production [88].

1.6.2 Alternative and sustainable carbon sources for C. glutamicum

Today, C. glutamicum primarily utilizes the main sugars derived from agricultural crops i.e.,
glucose, fructose, and sucrose, as feedstocks for industrial amino acid fermentation [93]. How-
ever, in recent years, various corynebacterial strains have exhibited capabilities that extend
beyond the traditional production of amino acids, as it was discovered that these strains can
be genetically engineered to efficiently utilize alternative carbon sources [94;95]. For instance,
C. glutamicum has successfully been modified to utilize alternative substrates such as ligno-
cellulosic pentoses like xylose and arabinose by integration of the xylA and araBAD genes
from Xanthomonas campestris and E. coli, respectively [7;88]. Additionally, C. glutamicum
has a relaxed carbon catabolite repression system, which distinguishes this bacterium from
other commonly used biotechnological organisms such as E. coli and B. subtilis [96]. Unlike
these microorganisms, C. glutamicum is capable of utilizing secondary carbon sources even
in the presence of glucose [96]. The bacterium uses the phosphoenolpyruvate (PEP)-dependent
sugar phosphotransferase system (PTS) to take up and phosphorylate glucose, fructose, and
sucrose [93]. A study by Lindner S. (2011) found that C. glutamicum has the ability to use
glucose even in the absence of the PTS by utilizing inositol permeases to import glucose and
endogenous glucokinases for the phosphorylation of glucose [97].

1.6.3 Galactose utilization

Galactose is a natural aldohexose that commonly exist in its D-configuration found in seaweed
such as carrageenan and agar [98;99]. While C. glutamicum lacks the native capability to use
galactose as carbon source, the introduction of galactose-utilizing genes from E. coli or Lacto-
coccus cremoris can enable this ability [7;100;101;102;103]. For E. coli, galactose can serve as sole
carbon source by the utilization of the galETKM operon in collaboration with the galP gene
that encodes a symporter responsible for the transport of β-D-galactose and protons [7;104]. The
conversion of β-D-galactose into UPD-glucose is controlled by the four genes of the operon:
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galM, which codes for an epimerase that converts β-D-galactose to α-D-galactose; galK, which
codes for a galactokinase that phosphorylates α-D-galactose; galT, which codes for a uridylyl-
transferase that converts galactose-1-P and UDP-glucose into UDP-galactose and glucose-1-P;
and galE, which codes for an epimerase that converts UDP-galactose into UDP-glucose [30].
Subsequently, UDP-glucose can participate in various metabolic pathways within E. coli [30].
An illustration of the pathway for galactose utilization in E. coli by the use of the galactose
operon galMKTE and the galactose symporter gene galP is provided in Figure 1.4 [105]. Com-
parably, L. cremoris exhibit similar genes for galactose utilization as described for E. coli [103].

Figure 1.4: Pathway for galactose utilization in E. coli by the use of the galactose operon galMKTE and the
galactose symporter gene galP. The blue boxes represent the gene products with respective enzymatic
activity indicated by a black arrow. Blue arrows represent substrate movement. UDP: uridine diphos-
phate; P: represents phosphate. Picture was taken from the master thesis of Frøystad M. (2023) [105]
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1.7 The objective of this work

This work seeks to establish recombinant bacterial degradation of agar combined with the
utilization of agar-derived galactose as carbon source utilizing microbial strain engineering
technologies to modify the bacterium C. glutamicum (Figure 1.5).

Figure 1.5: Illustration of C. glutamicum expressiong the genes ahgA from Z. galactanivorans and dagA and
dagB from S. coelicolor to enable secretion of the agarases AhgA, DagA and DagB, respectively, for
degradation of agar [40].

Finally, the goal of this thesis will be reached by fulfilling the following objectives:

• Assessing the specific concentration of agar that inhibits growth of C. glutamicum,
thereby establishing a benchmark for future experiments

• Establishing production and secretion of the three agarases AhgA, DagA and DagB in
C. glutamicum

• Monitoring growth characteristics, extracellular protein secretion patterns and enzy-
matic activity of the constructed strains

• Establishing consumption of galactose derived from external agar degradation in C. glu-
tamicum

By achieving these objectives, this thesis seeks to contribute to the understanding of C. glu-
tamicums’ metabolic capabilities and shed light on the utilization of agar, and ultimately agar
containing red seaweed biomass, as a sustainable carbon source. The findings of this research
could offer practical value for the development of more efficient and eco-friendly bioprocesses
in various industries, including food, pharmaceuticals, and biofuels.
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2 Materials and methods

The material and methods used during this project will be described in the following section.
Specific used methods will be indicated in the corresponding result section.

2.1 Media and buffers

Recipes and procedures for the preparation of all media used in this work are given in Ap-
pendix A. All the chemical components that were used were purchased at Sigma-Aldrich.

2.2 Biological material

Various expression plasmids for different combinations of the genes dagA, dagB and ahgA en-
coding the three agarases were constructed. E. coli DH5α was used as a general cloning host
for the construction of plasmids while C. glutamicum ATCC 13032 was used as the expression
host. For the PCR amplification of genes, genomic DNA from S. coelicolor and codon opti-
mized synthetic DNA from S. coelicolor and Z. galactanivorans was used as template. The
gene dagA was amplified from both genetic and synthetic DNA from S. coelicolor. The dagB
gene was amplified from two synthetic sequences of codon optimized DNA from S. coelicolor
because cloning from genomic DNA was unsuccessful. The ahgA gene was amplified from
codon optimized synthetic DNA from Z. galactanivorans. The plasmids and bacterial strains
used and constructed in this study are listed in Table 2.1 and Table 2.2, respectively. The DNA
was obtained from IDT (Integrated DNA Technologies).

Table 2.1: Plasmids constructed in this work. TetR: tetracycline resistance

Name of plasmid Description Source
pECXT99a TetR, C. glutamicum/E. coli shuttle plasmid (Ptrc, Kirchner and Tauch 2003 [106]

lacI, pGA1, OriVCg)
pECXT99a-dagA TetR, pECXT99a plasmid carrying the dagA gene This work

from S. coelicolor
pECXT99a-dagAopt TetR, pECXT99a plasmid carrying C. glutamicum This work

codon optimized dagA gene from S. coelicolor
pECXT99a-dagB TetR, pECXT99a plasmid carrying the dagB gene This work

from S. coelicolor
pECXT99a-dagA-ahgA TetR, pECXT99a plasmid carrying dagA gene from This work

S. coelicolor and C. glutamicum codon optimized ahgA
gene from Z. galactanivorans

pECXT99a-dagAopt-ahgA TetR, pECXT99a plasmid carrying C. glutamicum This work
codon optimized dagA gene from S. coelicolor and ahgA
gene from Z. galactanivorans

pECXT99a-dagAopt-ahgA-dagB TetR, pECXT99a plasmid carrying C. glutamicum This work
codon optimized dagA and dagB gene from S. coelicolor
and ahgA gene from Z. galactanivorans
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Table 2.2: Name of bacterial strains constructed in this work

Name of bacterial strain Description Source
Corynebacterium glutamicum wild type strain ATCC 13032, auxotrophic for biotin Abe et al., 1967 [107]

Escherichia coli DH5α ∆lacU169 (ϕ80lacZ ∆M15), supE44, hsdR17, recA1, Hanahan, 1983 [108]

endA1, gyrA96, thi-1, relA1
Corynebacterium glutamicum C. glutamicum carrying the plasmid (pVWEx1-galETKM-galP) Frøystad, 2023 [105]

(pVWEx1-galETKM-galP) which enables galactose uptake and utilization
EcEmpty E. coli (pECXT99a) This work
EcA E. coli (pECXT99a-dagA) This work
EcAopt E. coli (pECXT99a-dagAopt) This work
EcB E. coli (pECXT99a-dagB) This work
EcAA E. coli (pECXT99a-dagA-ahgA) This work
EcAAopt E. coli (pECXT99a-dagAopt-ahgA) This work
EcAABopt E. coli (pECXT99a-dagAopt-ahgA-dagB) This work
CgEmpty C. glutamicum (pECXT99a) This work
CgA C. glutamicum (pECXT99a-dagA) This work
CgAopt C. glutamicum (pECXT99a-dagAopt) This work
CgB C. glutamicum (pECXT99a-dagB) This work
CgAA C. glutamicum (pECXT99a-dagA-ahgA) This work
CgAAopt C. glutamicum (pECXT99a-dagAopt-ahgA) This work
CgAABopt C. glutamicum (pECXT99a-dagAopt-ahgA-dagB) This work
CgGalEmpty C. glutamicum (pVWEx1-galETKM-galP)(pECXT99a) This work
CgGalAAopt C. glutamicum (pVWEx1-galETKM-galP)(pECXT99a-dagAopt-ahgA) This work
CgGalAABopt C. glutamicum (pVWEx1-galETKM-galP)(pECXT99a-dagAopt-ahgA-dagB) This work

2.3 Primers

Table 2.3: Overview of the origin of the genes and the sizes of the fragments along with the primers used to
construct the plasmids of this work. cDNA: codon optimized DNA; gDNA: genomic DNA.

Gene Template DNA Length PCR product Plasmid Annealing temperature [°C] Primer name
dagA S. coelicolor gDNA 1001 pECXT99a-dagA 59 dagAFw1

59 dagARv1
dagAopt S. coelicolor cDNA 1001 pECXT99a-dagAopt 59 dagAoptFw1

59 dagAoptRv1
dagB1 S. coelicolor cDNA 1272 pECXT99a-dagB 62 dagB1

62 dagB2
dagB2 S. coelicolor cDNA 1252 60 dagB3

60 dagB4
dagA S. coelicolor gDNA 1001 pECXT99a-dagA-ahgA 59 dagAFw2

59 dagARv2
ahgA Z. galactanivorans cDNA 1306 56 ahgAFw1

56 ahgARv1
dagAopt S. coelicolor cDNA 1001 pECXT99a-dagAopt-ahgA 59 dagAoptFw2

59 dagAoptRv2
ahgA Z. galactanivorans cDNA 1306 56 ahgAFw3

56 ahgARv3
dagAopt-ahgA pECXT99a-dagAopt-ahgA 2229 pECXT99a-dagAopt-ahgA-dagB 62 dagoptAahgAFw1

62 dagoptAahgARv1
dagB pECXT99a-dagB 2488 63 dagBoptFw1

63 dagBoptRv1

Primers were used for amplification of genes via PCR. An overview of the amplification tem-
plates, the sizes of the amplified fragments, annealing temperatures along with the name of
the primers used in this work to construct the plasmids is listed in Table 2.3. The name of
the primers together with their respective sequence from 5’ to 3’ are listed in Table 2.4. The
upmost primers in the table were used for HiFi PCR and the bottommost, for colony PCR. The
different colors are used as a tool to distinguish the purpose of the different parts of the primer
sequence. The black regions are the plasmid overlapping sequence, the red regions are the
ribosomal binding site, the blue regions are the annealing sequence, the green regions are the
linker sequence when multiple genes are cloned, and the brown regions are parts that overlap
with another gene. All primers were ordered from Invitrogen by ThermoFisher Scientific and
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resuspended with ionized water to gain a concentration of 100 µM followed by a 1:10 dilution
before use. Clone Manager V9 (Bioinformatics tool, Scientific & Educational Software) was
used for primer design.

Table 2.4: The sequence (5’ −→ 3’) of the primes used for HiFi PCR (top) and for colony PCR (bottom) in
this work given with their respective annealing temperature. Black region: the plasmid overlapping
sequence. Red region: the ribosomal binding site. Blue region: the annealing sequence. Green region:
linker sequence between genes. Brown region: overlapping sequence between two genes.

Name Sequence (5’ −→ 3’)
dagAFw1 ATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGGTCAACCGACGTGATCTCATC

dagARv1 GATCCTCTAGAGTCGACCTGCAGGCATGCTCACCTGTTGAGCACCAGAAG

dagAoptFw1 ATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGGTGAACCGCCGCGATCTGATC

dagAoptRv1 GATCCTCTAGAGTCGACCTGCAGGCATGCCTACACTGCCTGGTAGGTGCGCAC

dagAFw2 ATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGGTCAACCGACGTGATCTCATC

dagARv2 AACTGGGAGTACTTGTTCATCTGAAGGGCCTCCTTTCGGGGCGTTCGAA

CTACACGGCCTGATACGTCCTGAC

ahgAFw1 GGACGTATCAGGCCGTGTAGTTCGAACGCCCCGAAAGGAGGCCCTTCAG

ATGAACAAGTACTCCCAGTTCCT

aghARv1 TGCATGCCTGCAGGTCGACTCTAGAGGATCCTACTGCTTCTTCACGCCCTTTGC

dagAoptFw2 ATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGGTGAACCGCCGCGATCTGATC

dagAoptRv2 AACTGGGAGTACTTGTTCATCTGAAGGGCCTCCTTTCGGGGCGTTCGAA

CTACACTGCCTGGTAGGTGCGCAC

ahgAFw3 GCACCTACCAGGCAGTGTAGTTCGAACGCCCCGAAAGGAGGCCCTTCAG

ATGAACAAGTACTCCCAGTTCCTG

ahgARv3 TGCATGCCTGCAGGTCGACTCTAGAGGATCCTACTGCTTCTTCACGCCCTTTGC

dagB1 ATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGACCGTGCACAAGCGCGCATGC

dagB2 CTGTGCCACTGGGCCTGCCAGGGTATCTGGTGCGTAGCCGAAGCCTTCGCCTG

dagB3 ACCCGCGCAGGCGAAGGCTTCGGCTACGCACCAGATACCCTGGCAGGCCCAG

dagB4 GCCTGCAGGTCGACTCTAGAGGATCCTATTCTGCGGAGCGGCGGCCGG

dagBoptFw1 ATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGATGACCGTGCACAAGCGCGCATGC

dagBoptRv1 AGATCGCGGCGGTTCACCACCTGAAGGGCCTCCTTTCGGGGCGTTCGAA

CTATTCTGCGGAGCGGCGGCCGG

dagoptAahgAFw1 CCGGCCGCCGCTCCGCAGAATAGTTCGAACGCCCCGAAAGGAGGCCCTTCAG

GTGGTGAACCGCCGCGATCTGATC

dagoptAahgARv1 TGCATGCCTGCAGGTCGACTCTAGAGGATCCTACTGCTTCTTCACGCCCTTTGC

pECFw TTTGCGCCGACATCATAACG
pECRV TACTGCCGCCAGGCAAATTC

2.4 Cultivation

E. coli and C. glutamicum strains were routinely cultivated in the complex media LB or 2TY.
Media was prepared according to the recipes given in Appendix A. Either LB or 2TY was
used for liquid overnight cultivation, while plates were prepared using 2TY. When needed, the
media was supplemented with 0.5 µ/mL of the appropriate antibiotics. Overnight incubation
was performed at 37°C for E. coli and 30°C for C. glutamicum and S. coelicolor. The rotation
was set to 225 rpm. For strains containing the pECXT99a plasmid, tetracycline was used,
while for strains containing the pVWEx1 plasmid, kanamycin was used. In case of strains
containing both plasmids, both antibiotics were added to the cultivation media.
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2.5 Storage of bacterial strains

Glycerol stocks were prepared for storage of the bacterial strains constructed during this work.
Freezing organisms in glycerol will stabilize the bacterial culture and prevent damage to the
cell membrane, in addition to avoiding the formation of ice crystals that can dehydrate the bac-
teria [109]. For the preparation of glycerol stocks, colonies of the relevant bacterial strain were
picked, inoculated in appropriate media, and incubated overnight. 670 µL of the overnight cul-
ture was mixed with 330 µL of 89% glycerol in 1 mL aliquots. All glycerol stocks were stored
in the -80°C freezer of the model New BrunswickTM Innovae C769 Ultra-Low temperature.

2.6 Sequencing

To validate the accuracy of DNA fragments assembled in the pECXT99a plasmid, they were
sent for sequencing analysis. Plasmids isolated from successfully transformed E. coli DH5α
cells were prepared for sequencing, following the prescribed guidelines for "LightRun Tubes"
(Eurofins Genomics and GATC). In each sample tube, it was added 5 µL of DNA (50-100
ng/µL) to be sequenced along with 2.5 µL of sequencing primer and 2.5 µL MQ water. The
sequencing process was conducted by Eurofins Genomics and GATC, utilizing the Sanger
sequencing method. To evaluate the sequencing results, a multi-alignment of the DNA se-
quences against its template sequence was done in Clone Manager V9. In cases where specific
mutations were identified in the inserted fragment, a BLASTp analysis of the translated pro-
tein sequence was carried out to identify if the mutation would impact the protein sequence.
Furthermore, the integrity of promoter and ribosome binding site motifs was verified.

2.7 Molecular genetic techniques and strain construction

Standard molecular genetic techniques were carried out as described below. Molecular cloning
uses a set of techniques to amplify and express DNA fragments. The fragment in question must
be located, amplified, and purified before it can be ligated into the desired plasmid. In advance,
the plasmid needs to be extracted, digested, and purified. Construction of the recombinant
plasmid takes place inside the cloning host. After cloning, the recombinant plasmid can be
transformed in an expression host and production can be evaluated. For the cloning, E. coli
was used as the host. C. glutamicum was used as the expression host.

2.7.1 Isolation of genomic DNA

gDNA was isolated from S. coelicolor to have a genetic template for PCR amplification. For
this purpose, the bacterium was cultivated in 5 mL liquid LB overnight, followed by centrifu-
gation at 8000 rpm for 5 minutes. The NEB’s monarch® Genomic DNA Purification was used
to isolate the genomic DNA by following the Genomic DNA Purification Kit Protocol. All the
solutions needed for the isolation were provided by the kit. To digest proteins and deactivate
nucleases, the cell suspension was treated with Proteinase K before Ribonuclease was added
to facilitate the degradation of RNA. Cell lysis buffer was added to lyse the cells, followed by
binding the gDNA by introducing gDNA binding buffer. In a gDNA purification column, the
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gDNA was washed with gDNA wash buffer and then eluted using 35-100 µL of gDNA elution
buffer, which had been preheated to 50°C to enhance the yield of extracted gDNA.

2.7.2 Plasmid extraction

The E. coli strain containing the pECXT99a plasmid was cultivated overnight in 10 mL 2TY
supplemented with 5 µL of tetracycline with a concentration of 5 mg/mL. The next day the
culture was centrifuged at 8000 rpm for 5 minutes. Further, the ZR Plasmid miniprepTM

from Zymo research was used for extraction of the plasmid DNA according to the Classic,
Quick protocol. All the solutions needed for the extraction were provided by the kit. The
sample was eluted with 30 µL MQ water. The concentration and purity of the sample contain-
ing the extracted plasmid was measured using the Microvolume UV-Vis Spectrophotometer
NanoDropTM One from ThermoFisher Scientific [110] where MQ water was used as blank.

2.7.3 Plasmid restriction

After extraction, the pECXT99a was linearized by the BamHI High Fidelity restriction enzyme
as preparation for ligation with DNA fragments by Gibson assembly. A standard restriction
mixture is shown in Table 2.5. Appropriate buffer and incubation temperature was found on
a Performance Chart for NEB® Restriction Enzymes (NEB) to be the CutSmartTM Buffer and
37°C. The components of the mixture were mixed together, and the restriction enzyme was
added lastly. The mixture was incubated at 37°C for 1.5 hour. Results after linearization was
verified by gel electrophoresis.

Table 2.5: Reaction mixture for BamHI plasmid restriction of the pECXT99a plasmid.

Chemical component Volume [µL]
CutSmart® Buffer 5
BamHI HiFi restriction enzyme 2
Plasmid DNA 10
MQ water 33
Final volume of the solution 50

2.7.4 Amplification of DNA fragments by Polymerase Chain Reaction (PCR)

Two different protocols were used, and both will be explained in the following section. All
PCR programs were executed in a Mastercycler Nexus GX2 (Eppendorf). This method is
based on the principle of repeated cycles of DNA denaturation, primer annealing, and DNA
synthesis using a heat-stable DNA polymerase. This process exponentially amplifies a specific
target DNA sequence, which enables the production of large quantities of DNA from a minimal
starting amount [111]. The generated products were confirmed by gel electrophoresis after both
cases of PCR procedures were performed.

High fidelity PCR

High-fidelity PCR is employed for applications that demand precise DNA amplification, such
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as cloning, sequencing, and mutagenesis. In this study, the ColoneAmpTM HiFi PCR premix
Protocol-At-A-Glance from Takara [1] was followed. The recipe for the PCR tube solution and
the thermal cycling conditions for this protocol is presented in Table 2.6. The CloneAmpTM

HiFi PCR Premix was premade. The duration of the extension step is dependent on the number
of base pairs of the DNA sequence desired to amplify. Table 2.3 gives an overview of the origin
of the genes, the sizes of the PCR products and annealing temperatures of the primers used in
the HiFi PCR.

Table 2.6: Volume of the components in the reaction mix and the thermal cycle program for HiFi PCR according
to the ColoneAmpTM HiFi PCR premix Protocol-At-A-Glance from Takara [1] with a few adaptations in
volume.

Reaction mixture component Volume [µL]
CloneAmpTM HiFi PCR Premix 12.5
Forward primer 0.5
Reverse primer 0.5
DNA template 1.0
MQ water 10.5
Total Volume 25
Step Temperature [°C] Time [sec] Number of cycels
Denaturation 98 10 30-35
Annealing 55 15 30-35
Extention 72 5/kb 30-35
Soak 4 Indefinite 1

Colony PCR

Table 2.7: Volume of the components in the reaction mix and the thermal cycle program for colony PCR according
to the GoTaq® PCR protocol from Promega [2].

Reaction mixture component Volume [µL]
5x Green or colorless GoTaq® Reaction Buffer 5.0
Forward primer 0.5
Reverse primer 0.5
dNTPs 0.5
GoTaq®DNA Polymerase 0.2
MQ water 18.3
DNA template -
Total Volume 25
Step Temperature [°C] Time [min] Number of cycles
Initial denaturation 95 2 1
Denaturation 95 1 25-35
Annealing 55 1 25-35
Extention 72 1/kb 25-35
Final extention 72 5 1
Soak 4 Indefinite 1

Colony PCR offers the benefits of rapid and accurate detection and amplification of specific
DNA or RNA fragments. In this study, the colony PCR was performed following the GoTaq®

PCR protocol from Promega [2], ensuring reliable and efficient results.The procedure for the
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PCR tube solution and the thermal cycling conditions for this protocol is presented in Ta-
ble 2.7. The ingredients were mixed all together before being aliquoted in the PCR tubes. The
duration of the extension step is dependent on the number of base pairs of the DNA sequence
desired to amplify. The PCR tubes containing the reaction mix were inoculated with the DNA
template by a sterile pipette tip.

2.7.5 Agarose gel electrophoresis

To evaluate and determine the length of DNA fragments, agarose gel electrophoresis was per-
formed. Agarose gel electrophoresis is a technique for the separation of DNA or RNA frag-
ments based on their size by using an electric field applied to an agarose gel matrix. Since
DNA is negatively charged due to the phosphate backbone, the fragments migrate through the
gel matrix towards the anode (positively charged electrode). Smaller DNA fragments expe-
rience less resistance and therefore move more quickly, resulting in their migration closer to
the positive electrode. The electrophoresis was done as a checking point for PCR, DNA and
plasmid extraction, plasmid restriction, Gibson assembly, cloning and transformations. The
mobile and stationary phases consist of Tris-Acetate-EDTA (TAE) buffer and Agarose 0.8%
with 20 µL GelRed and, respectively. 3 µL loading dye was mixed with 3 µL of the sample
containing the DNA fragment to be evaluated by gel electrophoresis and loaded onto wells in
the gel. To determine the size of the visual bands, the bands were compared to the standard
DNA ladder Thermo ScientificTM O’Generuler 1 kb DNA ladder, Ready-to-use-250-10,000
bp [112]. The resistance was set to 400 mA and the voltage 100 V. The gel electrophoresis was
run for either 30 or 37 minutes depending on the size of the gel.

2.7.6 Purification of DNA fragments

To obtain pure DNA products, chemical components such as enzymes and buffers used in PCR
and digestion of plasmids were removed by following a purification protocol. Both the PCR
gene products and the restricted plasmids was purified following the QIAqick® PCR Purifica-
tion Kit protocol from Qiagen. All solutions needed for the purification were provided by the
kit. After purification, the concentration and purity of the sample was measured using the Mi-
crovolume UV-Vis Spectrophotometer NanoDropTM One from ThermoFisher Scientific [110].
MQ water was used as the blank for the NanoDrop and the samples were stored in the fridge
until use.

2.7.7 Gibson assembly

To construct the expression plasmids the method of Gibson assembly was used. The DNA
fragments of interest were assembled into linearized plasmids according to the protocol of
Gibson et al. [113]. This protocol allows in vitro assembly of overlapping DNA regions which
is created during PCR by DNA-specific primers. Precalculated volumes of plasmid and genes
were added to 15 µL Gibson assembly Master-Mix containing the relevant enzymes, and the
assembly is conducted in one isothermal reaction step at 50°C and 1 hour for optimal enzyme
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activity. 5’ exonuclease discloses the overlapping region to the complementary strand by
hydrolyzing one DNA strand on each fragment. The complementary strands are annealed
together by DNA ligase and gaps id filled by the action of DNA polymerase. The amount
of plasmid and genes that need to be added to the Master-Mix depends on their respective
concentration, as well as equimolar masses and length of the sequence in base pairs. The
equimolar masses were calculated according to Equation 2.1. The isothermal cycle program
was executed in a Mastercycler Nexus GX2 (Eppendorf).

Insert quantity (ng) = Plasmid quantity (ng) · Insert size (bp)
Plasmid size (bp)

(2.1)

2.8 Construction of recombinant strains

In the field of molecular cloning, bacteria with high growth rates and efficient transformation
capabilities are commonly employed as cloning hosts. E. coli DH5α, a genetically modified
strain, is frequently utilized for this purpose. In this study, E. coli DH5α served as the general
cloning host, and subsequently, the constructed plasmids were transformed into competent C.
glutamicum cells through electroporation. Electroporation involves the application of an elec-
trical pulse to transiently create pores in the cell membrane, enabling the uptake of exogenous
DNA.

2.8.1 Preparation of competent E. coli cells

The preparation of chemically competent E. coli DH5α followed a protocol from Green and
Rogers (2013), involving the use of media and buffers containing positive ions [114]. E. coli
DH5α cells were cultured in 10 mL of Psi media overnight at 37°C and 225 rpm. From the
pre culture, 1 mL was transferred to 100 mL of Psi media and grown until the optical density
at 600 nm (OD600) reached 0.40-0.43. The cells were then chilled on ice for 15 minutes
and centrifuged at 8,000 rpm and 4°C for five minutes. After discarding the supernatant, the
cell pellet was resuspended in 20 mL of Transformation buffer I (Tfb I) and incubated on ice
for five minutes. Subsequently, the solution was centrifuged at 4,000 rpm and 4°C for five
minutes. The resulting cell pellet was resuspended in 6 mL of Transformation buffer II (Tfb
II) and divided into 100 µL aliquots. For long-term storage, the aliquots were flash-frozen
using liquid nitrogen (N2) and stored at -80°C.

2.8.2 Transformation of E. coli DH5α cells

Heat shock was done to enable the transformation of plasmids constructed by Gibson assem-
bly in E. coli DH5α cells before further verification of the plasmids could be done. 10 µL of
Gibson assembly reaction mix was added and mixed with competent E. coli DH5α cells that
were thawed on ice. The cells were incubated on ice for 15 minutes before being heat shocked
at 42°C for 1.5 minutes in an Eppendorf comfort thermomixer. After the heat shock, the cells
were immediately transferred back to the ice to incubate for 1 minute. Further, 500 µL of LB
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media was added to the cell cultures, before they were placed back in the thermomixer to in-
cubate for 1 hour at 37°C and 450 rpm. After incubation, 100 µL of the culture was plated out
on selective medium. The rest of the culture was centrifuged at 6000 rpm for 3 minutes before
the supernatant was discarded and the pellet was plated out on selective medium. The plates
were incubated overnight at 37°C. Single colonies from the plates were chosen for cloning
verification via colony PCR and gel electrophoresis. The constructed plasmids were later sent
to sequencing for confirmation before transformation in the expression host C. glutamicum
took place.

2.8.3 Preparation of competent C. glutamicum cells

C. glutamicum competent cells were prepared to be used for strain construction as compe-
tent cells have a higher membrane permeability enabling the uptake of plasmids [114]. To make
component cells, 5 mL of BHI was inoculated with wild type ATCC 13032 C. glutamicum cells
and incubated overnight at 30°C. The morning after, 2 mL of the overnight culture was used
to inoculate two 500 mL shake flasks containing 50 mL of BHIS solution. The cultures were
further incubated at 30°C until an optical density (OD600) of approximately 0.6 was reached.
Then, 15 µL of ampicillin at a concentration of 5 mg/mL was added to the cultures, followed
by further incubation at 30°C for 1-1.5 hours. After incubation, the cultures were centrifuged
at 4000 rpm and 4°C for 7 minutes. The supernatant was then discarded, and the pellet was
resuspended in 30 mL of EPB1 buffer. This centrifugation and resuspension process was re-
peated 3 times following the same procedure. Finally, the competent C. glutamicum cells were
resuspended in 750 µL EPB2 buffer and 150 µL was aliquoted into 1.5 mL microcentrifuge
tubes, which were stored at -80°C until further use.

2.8.4 Transformation of competent C. glutamicum

The constructed plasmids were transformed in competent C. glutamicum cells. One aliquot of
the competent cells was thawed on ice before being mixed with 800 ng isolated plasmid DNA.
The mix was transferred into a cold and dry electroporation cuvette before electroporation was
executed in a single pulse at 2.5 kV, 25 Fv and 200Ω using GenePulser XcellTM (Bio-Rad).
The suspension was then transferred to 46°C preheated 1 mL 2TY medium. The cultures
were incubated at 46°C for 6 minutes, further one hour incubation at 30°C and 450 rpm in
Eppendorf comfort thermomixer was followed. Lastly, the cells were plated out on selective
medium and incubated for 1-2 days at 30°C.

2.9 Cultivation for experiments with the expression host

Experiments for evaluation of the growth of the constructed strains under different condi-
tions were conducted to investigate three aspectes: the limiting concentration of agar in which
CgEmpty is not able to grow; assessment of protein production and activity; the constructed
strains’ ability to degrade agar and utilize galactose as carbon source. For all experiments,
minimal medium CGXII was used as flask media with different concentrations of glucose as

21



2 MATERIALS AND METHODS

sole carbon source. To induce the cloned genes, the flask medium was supplemented with 1
mM IPTG. For overnight cultivation, each strain was cultivated in 500 mL shake flasks with
50 mL 2TY and 0.5 µL/mL of the appropriate antibiotics. The next day, OD600 measurements
were taken to determine how much preculture was needed to inoculate three replicates of each
strain with a starting OD600 of 1 approx. Before inoculation of flask media, the cells were
washed in CGXII without carbon source in the following way. The measured amounts of cells
were centrifugated at 4500 rpm for five minutes before the supernatant was removed and the
cultures were resuspended and washed in 20 mL of CGXII. The cells were then centrifugated
once more under the same conditions before the supernatant was removed and the inoculation
of the flask media took place. The initial OD measurements were taken after inoculation be-
fore the flasks were placed on incubation. In all cases, growth experiments were performed
in shake flasks in the New BrunswickTM Innovae 42® shaker incubator (Eppendorf) at 30°C
and 150 rpm. The growth of the cells was tracked by preforming OD600 measurements. Af-
ter ended growth experiment, all biomass calculations were done using the correlation: g/L
biomass = 0.343 · OD600 and growth rate calculation was done calculated in the exponential
growth phase by construction an exponential fitted trend line [115]. Example calculations of
this parameters is presented in Appendix B.

2.9.1 Toxicity test

CgEmpty strain was cultivated overnight and CGXII flask media with the following seven
different concentrations of agar was prepared: 0.000 g/L, 0.025 g/L, 0.050 g/L, 0.075 g/L,
0.100 g/L, 0.200 g/L and 0.400 g/L. Three replicates of each of the strains was inoculated in
the different agar concentrations aiming to reach a starting OD of 1. OD600 measurements was
taken every second hour for the first ten hours of the experiments. The final OD600 samples
were taken 24 and 26 hours. For the measurements, dilutions of the respective media were
used as blank for the optical density measurements.

2.9.2 Protein activity assessment

The six constructed C. glutamicum strains containing the pECXT99a plasmid with inserted
genes encoding for agarases in addition to a control strain with the empty plasmid (Table 2.2),
were cultivated overnight. This was namely CgEmpty, CgB, CgA, CgAopt, CgAA, CgAAopt
and CgAABopt. Three replicates of each strain inoculated different shake flasks containing
CGXII flask media with 1% glucose. The cultures were then incubated at 30°C and 150 rpm
for 26 hours with OD600 measurements taken every second hour for the first eight hours of
the experiments. The final OD600 samples were taken at 24 and 26 hours. After 26 hours of
growth in the flask media, the supernatants were collected after centrifuging the cultures in
falcon tubes for 5 minutes at 8000 rpm to be used for further assessments.

2.9.3 Agar degradation test

To investigate the activity of the agarases produced by the constructed stains of C. glutamicum,
an in vivo agar degradation assay was performed. Test tubes were filled with water containing
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0.6% agar when the solution was warm. This was set to solidify with the test tubes tilted so that
the agar would make an angled gel. 5 mL of the supernatants collected for protein assessments
were added to the test tubes in order to assess the degradation of agar. The test tubes were
placed in a Grant-bio PTR-35 Multi_Rotator at 30°C, which was set to reciprocal rotation
with a 70° angle. The tubes were monitored for the first 10 minutes, but as no degradation was
detected, they were checked every hour for three hours before being left to incubate overnight.
After 24 hours, the supernatants were removed, and the visible degradation of the agar was
visually assessed and photographed.

2.9.4 Bradford assay for the quantification of proteins

Bradford assay was used to evaluate the concertation of secreted proteins in the supernatants.
A 1:10 dilution with Protein Assay Dye Reagent Concentrate (Bio-Rad) and MQ water was
prepared and mixed with six different concentrations (0.0625;0.125;0.25;0.5;1;2 mg/ml) of
Bovine Serum Albumin (BSA) in a 1:50 dilution to construct a standard curve for calculating
the protein content of the collected supernatants. The cuvettes were incubated for 15 minutes
in the dark at room temperature before optical density measurements (OD595) of the known
concentrations were performed. A linear trend line was fitted using the standard curve mea-
surements as data points to calculate the protein concentrations in the supernatant extract,
as demonstrated in Appendix B. Supernatants were mixed with the diluted Protein Assay
Dye Reagent Concentrate in a 1:50 dilution followed by 15 minutes incubation on the dark.
The optical density (OD595) was measured using the Microvolume UV-Vis Spectrophotometer
NanoDropTM One from ThermoFisher Scientific [110]. The secreted protein concentration was
calculated as shown in Appendix B.
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3 Results

3.1 Evaluating C. glutamicum growth in the presence of agar

An agar toxicity assay was conducted to evaluate the growth of C. glutamicum on glucose-
based minimal medium supplemented with different concentrations of agar. For this experi-
ment, C. glutamicum transformed with plasmid pECXT99a, namely CgEmpty, was utilized.
The objective was to ascertain the specific concentration of agar that would inhibit growth of
the bacterium, providing a benchmark for future experiments. Figure 3.1 illustrates the growth
curve of CgEmpty in CGXII flask media supplemented with 1% glucose, while employing
seven different agar concentrations varying from 0.000 to 0.400 g/L.

Figure 3.1: Growth of C. glutamicum (pECXT99a) in CGXII medium containing 1% glucose and varying con-
centrations of agar at 30°C. Values are presented as mean OD600 independent triplicates. Standard
deviations are displayed as error bars.

Results of the calculated growth rates, final biomasses and biomass yields for the toxicity
experiment are presented in Table 3.1. Example calculations of these parameters can be found
in Appendix B.

Table 3.1: Growth rate, biomass and biomass yield calculated for growth of C. glutamicum (pECXT99a) in CGXII
with 1% glucose and varying concentrations of agar. Final measurements for biomass calculations was
taken after 26 h.

Agar concentration [g/L] Growth rate [1/h] Biomass [g/L] Yield [g/g]
0.000 0.21 ± 0.00 6.07 ± 0.42 0.61 ± 0.04
0.025 0.21 ± 0.00 5.54 ± 0.12 0.55 ± 0.01
0.050 0.22 ± 0.00 5.73 ± 0.05 0.57 ± 0.01
0.075 0.22 ± 0.01 5.51 ± 0.29 0.55 ± 0.03
0.100 0.23 ± 0.02 5.94 ± 0.01 0.59 ± 0.00
0.200 0.24 ± 0.00 5.89 ± 0.00 0.59 ± 0.00
0.400 - - -
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Based on the results obtained in this experiment, it is evident that CgEmpty strain is not able
to grow when exposed to agar concentrations of 0.400 g/L and above in the growth medium. A
notable observation, when considering standard deviation, it can be observed that the growth
rates coincide for all lower agar concentrations, indicating that CgEmpty is able to thrive
in media containing agar concentration of up to 0.200 g/L. The same overlapping trend is
observed when examining the calculated biomasses, where all concentrations below 0.400 g/L
exhibit overlapping within the standard deviations. At 0.400 g/L of agar, the cells did not show
any growth following inoculation, and it was infeasible to detect any growth at four hours after
inoculation. The media in the flask of 0.400 g/ agar was observed to have a remarkably high
viscosity compared to the one at 0.200 g/L. As the cells did not grow at this concentration,
this can indicate that the agar hindered even distribution of nutrients in the media. Out of
the conditions tested in this experiment, 0.400 g/L was not a suitable concentration for C.
glutamicum to grow. Therefore, it was decided to use 0.200 g/L for further experiments.

3.2 Establishment of agarases production in C. glutamicum

In order to establish production of agarases by C. glutamicum, the genes for the three agarases
DagA, DagB and AhgA, namely dagA, dagB and ahgA, were assembled in the pECXT99a
plasmid to create six different expression plasmids (Table 2.1). The tetracycline resistant
pECXT99a plasmid was chosen as a shuttle plasmid as it can replicate in both E. coli and
C. glutamicum. pECXT99a has an IPTG inducible promoter that ensures simultaneous ex-
pression of the cloned genes.

3.2.1 Amplification of agarase genes from S. coelicolor and Z. galactanivorans

Figure 3.2: Agarose gel electrophoresis displaying PCR products obtained by performing HiFi PCR according
to ColoneAmpTM HiFi PCR premix Protocol-At-A-Glance from Takara [111]: A. dagA (1001 bp) and
dagAopt (1001 bp) in well 1A and 1B, respectively. B. ahgA (1306 bp) in well B1. C. dagB1 (1272
bp) and dagB2 (1252 bp) in well 1C and 2C, respectively. The wells denoted “L” contains the Thermo
Scientific™ O’Generuler 1 kb DNA ladder [112].
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The genes encoding for the three agarases were PCR amplified with primers that generated
overlapping regions with other genes and the restricted pECXT99a plasmid (Table 2.4). The
gene dagA (1001 bp) was amplified from genomic DNA while dagAopt (1001 bp) was am-
plified from codon optimized synthetic DNA. Amplified dagA and dagAopt are shown in Fig-
ure 3.2 A. in wells 1A and 2A, respectively. ahgA (1306 bp) is shown in Figure 3.2 B. in
well 1B, while the two fragments of dagB, named dagB1 (1272 bp) and dagB2 (1252 bp), are
displayed in Figure 3.2 C. in wells 1C and 2C. “L” is the symbol for the ladder. Despite the
inability to achieve a single band for ahgA, due to the presence of a correctly sized concen-
trated band, further efforts were made to conduct colony PCRs. This yielded success which
was subsequently validated through sequencing analysis.

3.2.2 Verifying the successfully constructed plasmids carrying agarases genes

Six plasmids (Table 2.1) were assembled by Gibson Assembly before being transformed to
competent E. coli DH5α cells. Plasmid maps can be found in Appendix D. Successful trans-
formation of the respective plasmids was verified by colony PCR. The pECXT99a-(dagB)
plasmid was expected to show a 2524-sized band and the verified positives are shown in Fig-
ure 3.3 A. A band of 1001 bp was expected for both the pECXT99a-(dagA) and pECXT99a-
(dagAopt) plasmids which can be seen in Figure 3.3 B. and C., respectively. The pECXT99a-
(dagA-ahgA-dagB) was expected to show a band of the size of 4717 bp while bands mea-
suring 2307 bp indicated the presence of both the pECXT99a-(dagA-ahgA) and pECXT99a-
(dagAopt-ahgA) plasmids. These observations are illustrated in Figure 3.4 A., B., and C.,
respectively.

Figure 3.3: Agarose gel electrophoresis displaying colony PCR products representing positive clones of: A. E.
coli (pECXT99a-dagB) of 1001 pb (well 8A), B. E. coli (pECXT99a-dagA) of 1001 bp (well 2B and
6B), C. E. coli (pECXT99a-dagAopt) of 1001 bp (well 1C and 6B). The wells denoted “L” contains
the Thermo Scientific™ O’Generuler 1 kb DNA ladder [112].
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Figure 3.4: Agarose gel electrophoresis displaying colony PCR products representing positive clones of: A. E.
coli (pECXT99a-dagA-ahgA-dagB) of 4717 pb (well 1A, 9A and 10A), B. E. coli (pECXT99a-dagA-
ahgA) of 2307 bp (well 1B and 9B), C. E. coli (pECXT99a-dagAopt-ahgA) of 2307 bp (well 6C). The
wells denoted “L” contains the Thermo Scientific™ O’Generuler 1 kb DNA ladder [112].

Sequencing analysis was employed to assess the sequences of the cloned agarase genes and
to evaluate the presence of any deleterious mutations that could hinder gene expression or
compromise protein functionality. After verification, a selected clone of each plasmid was
transformed into competent C. glutamicum and C. glutamicum (pVWEx1-galETKM-galP)
cells. The constructed bacterial strains were further used in experiments described in the fol-
lowing sections to study the expression of agarases for degradation of agar and for utilization
of agar-derived galactose as carbon source in C. glutamicum.

3.3 C. glutamicum is able to produce and secrete agarases as well as digest agar
under certain conditions

After the construction of C. glutamicum strains harboring plasmids expressing the cloned
agarase genes was accomplished, a comprehensive analysis was performed to assess the growth
characteristics of the strains, and the extracellular protein secretion patterns and enzymatic ac-
tivities of the expressed and secreted proteins. This was performed by conducting growth ex-
periments as outlined in subsection 2.9 on the seven strains, namely CgEmpty, CgA, CgAopt,
CgB, CgAA, CgAAopt and CgAABopt.

3.3.1 Testing the growth performance of newly constructed strains

The strains were cultivated in CGXII medium supplemented with 1% glucose. After 26 hours
of growth, the supernatants were collected for further experimentation. The growth curve of
the seven strains is shown in Figure 3.5.
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Figure 3.5: Growth of seven different C. glutamicum strains engineered for the production of agarases with genes
from S. coelicolor and Z. galactanivorans at 30°C in CGXII medium supplemented with 1% glucose.
Values are presented as mean OD600 of independent triplicates and standard deviations are displayed
as error bars.

The calculated growth rate, final biomasses and biomass yields are presented in Table 3.2. The
growth rate calculations were performed based on the exponential phase. An example of how
these parameters were calculated is provided in the Appendix B.

Table 3.2: Growth rate, biomass and biomass yield calculated for seven different C. glutamicum strains harbouring
genes encoding agarases from S. coelicolor and Z. galactanivoras. The parameters was calcuated after
conducting an agar growth experiment in CGXII flask media suppelementet with 1% glucose. Final
measurements for biomass calculations was taken after 26 h.

Name of strain Growth rate [1/h] Biomass [g/L] Yield [g/g]
CgEmpty 0.28 ± 0.00 4.51 ± 0.02 0.41 ± 0.00

CgA 0.29 ± 0.02 3.70 ± 0.33 0.37 ± 0.03
CgAopt 0.35 ± 0.02 3.88 ± 0.24 0.39 ± 0.02

CgB 0.30 ± 0.01 4.39 ± 0.15 0.44 ± 0.01
CgAA 0.30 ± 0.05 3.08 ± 0.35 0.31 ± 0.03

CgAAopt 0.31 ± 0.03 4.04 ± 0.01 0.40 ± 0.00
CgAABopt 0.11 ± 0.01 0.36 ± 0.05 0.04 ± 0.00

With the exception of CgAABopt, the growth characteristics of the agarase expressing strains
closely resembled those of the control, CgEmpty. The growth behavior of the stains harbor-
ing dagA or dagAopt alone, or in combination with ahgA, did not deviate significantly from
CgEmpty. The same was the situation for CgB, carrying only dagB. However, combining all
three genes in CgAABopt clearly impaired its growth, resulting in a reduced growth rate of
0.11 ± 0.01 h−1, which is 2.5-fold lower than the growth rate of the negative control at 0.28
± 0.00 h−1 (Table 3.2). CgAABopt displayed a shortened exponential phase and a noticeable
decline in biomass after 26 hours of growth of 44%. In contrast, all other strains, exhibited
higher growth rates compared to the control strain, albeit with a lower final biomass. Notably,
CgB is the only strain showing overlapping biomass values with the control when considering
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standard deviations. For the strains overexpressing optimized or non-optimized dagA alone
or together with ahgA, there is a decrease in the biomass which can be an indication of a
redirection of the carbon flux towards protein production, in this case, agarases.

3.3.2 Measuring secreted proteins by the engineered C. glutamicum strais

The Bradford assay method (Section 2.9.4) was employed to examine the secreted protein con-
centration in the collected supernatants of the strains CgEmpty, CgA, CgAopt, CgB, CgAA,
CgAAopt, and CgAABopt. The findings of this analysis are presented in Figure 3.6, depicting
the secretion of proteins in milligrams per milliliter relative to grams of cell dry weight [mg/ml
· gCDW].

The Bradford assessment showed that the control CgEmpty, with a secreted protein level of
0.007 ± 0.001 mg/ml · gCDW protein secretion, exhibited a lower level of secreted protein in
the supernatant compared to the engineered strains, except for CgAABopt. When accounting
for standard deviations, CgAABopt displayed a similarly low quantity of secreted proteins in
its supernatant with a level of 0.005 ± 0.001 mg/ml · gCDW. In contrast, all other strains
demonstrated significantly higher concentrations of secreted proteins, with CgB exhibiting the
lowest value among them at 0.023 ± 0.002 mg/ml · gCDW. According to the assessment, the
strains CgA, CgAopt, CgAA and CgAAopt, show a 4.5-fold more secreted proteins than the
control. This was also the strains that had a decrease in biomass.

Figure 3.6: Measurement of secreted proteins of C. glutamicum strains engineered for agarase production by
Bradford assay. Supernatant was collected after 24 hours of growth in CGXII supplemented with
1% glucose. Values are presented as mean OD600 independent triplicates and standard deviations are
displayed as error bars.
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3.3.3 Agar viscosity test for detecting in vivo extracellular agar-degrading activity

An in vivo viscosity test was executed to evaluate agar degradation activity. After 24 hours of
growth at 30°C in CGXII media supplemented with 1% glucose, three replicates of each strain
were examined by adding their respective supernatants to test tubes containing 0.6% agar that
had been solidified in an angle of approximately 30°. If agar depolymerization was insufficient
the solidified agar remained in the constructed shape; conversely, upon agar depolymerization,
the gel would start to decompose, and a viscous solution would be found in the bottom of the
tube. The findings are presented in Figure 3.7 with the control strain placed to the left, and
Table 3.3 provides an assessment of the degradation for each test tube.

Figure 3.7: Extracellular degradation of agar by C. glutamicum containing the pECXT99a plasmid with different
combinations of the agarases DagA and DagB from S. coelicolor, and AhgA from Z. galactanivo-
rans. Supernatants of the strains was collected 26 h after inoculation: A. Control strain with empty
pECXT99a plasmid, B. DagB, C. DagA, D. DagAopt, E. DagA and AhgA, F. DagAopt and AhgA,
G. DagAopt, DagB and AhgA.

Table 3.3: Results of the agar viscosity test for detecting in vivo extracellular agar degrading activity where (-)
means no degradation observed, (+) indicates some observed degradation and (++) signifies enough
degradation observed for the agar to lose the jellified shape.

Strain Replicate
1 2 3

Control - - -
C. glutamicum (pECXT99a-dagA) - - +
C. glutamicum (pECXT99a-dagAopt) - + +
C. glutamicum (pECXT99a-dagB) - - -
C. glutamicum (pECXT99a-dagA-ahgA) + + +
C. glutamicum (pECXT99a-dagAopt-ahgA) ++ ++ ++
C. glutamicum (pECXT99a-dagAopt-ahgA-dagB) - - -
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CgAAopt exhibited the highest level of successful agar degradation, with high level of degra-
dation in all three test tubes after 24 hours. Among the strains containing optimized or non-
optimized dagA alone, or in combination with ahgA, all displayed at least one replicate with
notable levels of degradation. It is evident that the optimized version of the gene dagA demon-
strates enhanced efficiency compared to the non-optimized version, as it exhibits greater visi-
ble degradation capacity in both cases. Conversely, supernatants collected from strains harbor-
ing dagB showed no signs of degradation and closely resembled the control test tube. Even the
combination of dagB with dagAopt-ahgA failed to exhibit any degradation. This observation
may suggest potential issues with the dagB-gene, such as possible interference with the secre-
tion system due to misfolding or improper folding. On account of showing the most efficient
agar degradation, the combination same combination of genes as inn CgAAopt was used in
further experiment for galactose utilization. Even though CgAABopt did not show any signs
of degradation, this gene combination was also included in further experiments.

3.4 Establishment of galactose consumption in C. glutamicum as degradation
product from agar

The strain C. glutamicum (pVWEx1-galETKM-galP) was engineered to enable galactose uti-
lization by C. glutamicum. This strain, constructed by Frøystad M. (2023), was used as a
platform strain in this work [105]. Consequently, the plasmids (pECXT99a-dagAopt-ahgA) and
(pECXT99a-dagAopt-ahgaA-dagB) in addition to the empty pECXT99a plasmid were trans-
formed into this strain yielding the strains C. glutamicum (pVWEx1-galETKM-galP)(pECXT-
99a-dagAopt-ahgA), C. glutamicum (pVWEx1-galETKM-galP) (pECXT99a-dagAopt-ahgaA-
dagB) and C. glutamicum (pVWEx1-galETKM-galP)(pECXT99a), namely CgGalAAopt, Cg-
GalAABopt and CgGalEmpty, respectively. To assess the newly constructed strains for agar
utilization, the growth performance was monitored, and the concentration of secreted proteins
was measured.

To analyze the growth behavior of CgGalEmpty, CgGalAAopt and CgGalAABopt, they were
cultivated in CGXII flask media supplemented with 0.2% agar as primary carbon source and
varying concentrations of glucose as supportive carbon source. The glucose concentrations
used were 0%, 0.2% and 1%, and the growth curve for each experiment is shown in Figure 3.8
A., B., and C., respectively.

In the case of growth on agar without glucose, the absence of observable growth suggests an
inability of the constructed strains to utilize agar as sole carbon source. The slight increase
in optical density observed might be attributed to evaporation rather than metabolic activ-
ity. When cultured CGXII media supplemented with 0.2% glucose, all three strains display
a similar growth behavior. However, their growth is primarily owing to glucose consumption
rather than agar utilization, as the strains CgGalAAopt and CgGalAABopt exhibit behavior
akin to the control strain, CgGalEmpty. Notably, during the exponential growth, CgGalAAopt
demonstrates a potentially higher growth rate. Due to logistical and temporal constraints, fur-
ther measurements were not conducted in the following hours of the exponential phase.
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Figure 3.8: Growth curves of CgGalEmpty, CgGalAAopt and CgGalAABopt in CGXII media supplemented with
0.2% agar and different amount of glucose for evaluation of galactose utilization in C. glutamicum: A.
0% glucose B. 0.2% glucose C. 1% glucose.

Nevertheless, based on the predicting data point prior to reaching the stationary phase, it ap-
pears that CgGalAAopt may exhibit a higher growth rate. Under condition with 1% glucose
supplemented to the flask media, the growth performance show similarities to the 0.2% glu-
cose conditions. The three strains exhibit comparable growth behavior, making it challenging
to conclusively determine whether galactose is being utilized or not. Likewise, CgGalAAopt
show a tendency to have a higher growth rate, yet lack of optical density measurements pre-
cludes drawing definitive conclusions. In the absence of glucose supplementation, the strains
show overlapping biomass values of approximately 0.5 g/L, taking into consideration the cal-
culated standard deviations. This is a 2-fold lower than biomass values obtained under 0.2%
glucose supplementation with values of 1.04 ± 0.06 g/L, 0.90 ± 0.46 g/L and 0.96 ± 0.48
g/L for CgGalEmpty, CgGalAAopt and CgGalAABopt, respectively. Furthermore, growth in
the absence of glucose is more than a 10-fold lower in biomass compared to growth under the
presence of 1% glucose, with biomass values of 5.17 ± 0.70 g/L, 4.30 ± 1.30 g/L and 7.44 ±
1.22 g/L, presented in the same order as previously stated. Under the latter conditions, the con-
structed strains exhibit a remarkably high standard deviation. Based on these assessments, it
remains inconclusive whether successful construction of C. glutamicum strains that can utilize
agar as carbon source has been achieved.

After cultivation of the strains CgGalEmpty, CgGalAAopt and CgGalAABopt in CGXII media
containing 0.2% glucose, supernatants were collected for measurement of protein concentra-
tion by Bradford assay. Figure 3.9 depicts the results presented as secretion of proteins in
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milligrams per milliliter relative to grams of cell dry weight [mg/ml · gCDW].

Figure 3.9: Measurement of secreted proteins of C. glutamicum strains engineered for agarase production by
Bradford assay. Supernatant was collected after 24 hours of growth in CGXII supplemented with
1% glucose. Values are presented as mean OD600 independent triplicates and standard deviations are
displayed as error bars.

Taking into consideration the standard deviations, the quantity of secreted proteins is similar
in all three cases, with values of 0.090 ± 0.009 mg/ml · gCDW, 0.105 ± 0.007 mg/ml ·
gCDW and 0.114 ± 0.024 mg/ml · gCDW for CgGalEmpty, CgGalAAopt and CgGalAABopt,
respectively. Hence, based on this assessment, it was not observed any indication of agarases
being secreted.

The carbon source that was available in the culture conditions tested was not enough to observe
significant differences between secreted protein concentrations. Nevertheless, the digestion of
agar was visually confirmed. After a cultivation period of 48 hours in CGXII media sup-
plemented with 0.2% glucose, culture samples of 1 mL of each replicate were transferred to
an Eppendorf tube and centrifuged for 5 minutes at 4.500 rpm. Figure 3.10 illustrates the
isolated cultures in the following order: A. the control condition, B. CgGalAAopt, and C.
CgGalAABopt.

Figure 3.10: Collected supernatants after cultivation of C. glutamicum strains engineered to degrade and utilize
agar as sole carbon source in CGXII supplemented 0.2% agar and 0.2% glucose. The supernatants
were centrifuged at 4.500 rpm for 5 minutes. A. CgGalEmpty B. CgGalAAopt C. CgGalAABopt.
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A higher volume of pellet and higher turbidity was observed in the culture obtained from
the control replicates. In this case, the pellet consists of agar and cell mass. The volume of
the pellet is observed to be approximately half the size of the strains constructed for agarase
degradation and consumption. Due to the differences, one can conclude that degradation of
agar took place, but the utilization of agar as carbon source could not be demonstrated in this
work. Furthermore, this test supports the fact that the strain constructed to overexpress dagB
seems to work despite previously collected data. Nevertheless, as the volume extracted from
the cultures was equal and and the biomass values overlap in all three cases, one can conclude
that the volume difference of the supernatants in Figure 3.10 is due to agar degradation.

34





4 DISCUSSION

4 Discussion

4.1 C. glutamicum as host for production of agarases

In the field of contemporary industrial biotechnology, glucose-based feedstocks stand as the
predominant choice for production of value-added compounds [7]. However, the utilization of
sugars in bacterial fermentations requires further assessment as exploitation of alternative car-
bon sources has the promising potential to provide a broader production diversity, minimize
costs, and improve sustainability [6;7]. Furthermore, the use of sugars derived from terrestrial
crops for biotechnology processes such as glucose, fructose or sucrose directly competes with
the usage of resources for the production of human and animal nutrition, resulting in increased
prices and lower availability of those resources [7;8]. Consequently, it is necessary to identify
and employ non-food compounds as alternative fermentation substrates, thereby addressing
the objectives of sustainability, economic efficiency, and production yields and hence, com-
plying with several Sustainable Development Goals defined by the United Nations [116].

Seaweeds, as the third generation of feedstocks, represent a promising alternative to land-
derived sugars as renewable substrates for microbial-based production owing to its abundance,
high growth rate, low lignin content and environmentally friendly nature [117;14;39]. The multi-
farious macroalgae contain diverse polysaccharides that possess novel chemical and bioactive
properties to be exploited. The most commercialized ones include alginate and laminarin, from
brown seaweed, and carrageenan and agar, found in red seaweed [25]. The latter is an easily
accessible polysaccharide that holds promising industrial applications in the food and phar-
maceutical industry [36], besides being used for biotechnological purposes due to its gelling
properties [37]. The chemical structure of agar is mainly built up of 1,3-linked β-D-galactose
(G) and 1,4-linked 3,6-anhydro-α-L-galactose (ALG). Therefore, the complete degradation
of agar results in the formation of D-galactose and 3,6-anhydro-L-galactose that can be uti-
lized by specialized microorganisms [51;53]. For instance, organisms such as Lactococcus lac-
tis subsp. cremoris, Zymomonas mobilis and Escherichia coli have the ability to metabolize
galactose [7;40;103], and the genus Saccharophagus and Streptomyces accommodate an array
of microorganisms such as Saccharophagus degradans and Streptomyces coelicolor that can
degrade agar [40;118]. To develop sustainable production lines of value-added chemicals from
seaweed-based feedstocks, metabolic engineering can be applied to commonly used industrial
workhorses. This will prevent the need to develop new knowledge, equipment and methodol-
ogy for non-commonly used bacteria harboring native abilities for agar utilization, in addition,
to secure effectivity in the form of yield and cost.

The microbial host of this project, C. glutamicum is typically used in large-scale production of
amino acids, especially L-lysine and L-glutamate, whose market surpasses 6 million tons per
year [119]. With the applications of novel genome editing techniques and the advancement in
system and synthetic biology tools, the repertoire of C. glutamicum has expanded significantly
from food and feed to include the chemical industry, cosmetics, and healthcare [119]. However,
despite its versatility, C. glutamicum, lacks the inherent capability of utilizing seaweed-based
carbohydrates which includes agar. Nevertheless, it was chosen as the expression host for this
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project as it has proven to be a robust workhorse that easily allows genetic engineering neces-
sitating to enable this property. C. glutamicum has been extensively metabolically engineered
in numerous studies for several purposes as for instance to establish the expansion of its prod-
uct portfolio towards bio-based industrial production and to enable non-traditional substrates
as alternative carbon sources [120;115;7;88]. For instance, C. glutamicum has been engineered
to utilize the plant-based carbohydrate starch as sole carbon source to produce L-lysine by
heterologous expression of the α-amylase gene from Streptococcus bovis [121]. C. glutamicum
has also been modified for growth on lignocellulosic pentoses such as xylose and arabinose
by the implementation of xylA and araBAD genes from Xanthomonas campestris and E. coli,
respectively [7]. Additionally, metabolically engineered C. glutamicum strains have success-
fully degraded cellulosic compounds such as cellulose and cellobiose by insertion of the cpbA
gene from Clostridium cellulovorans [7]. Glucose, galactose, xylose, and arabinose are sugar
monomers can be found in various seaweed species [122]. Previous research has also success-
fully introduced both lactose- and galactose-metabolizing genes from lactic acid bacteria into a
L-lysine-overproducing C. glutamicum strain for growth on galactose [95]. Figure 4.1 provides
a simplified illustration of relevant pathways implemented in C. glutamicum for the utilization
of non-native carbon sources. Remarkably, studies by Jeon et al. (2021) have successfully en-
gineered C. glutamicum strains for the production of neoagarobiose, a rare anti-melanogenesis
reagent and moisturize reagent form agar, by expression of two β-agarases from S. coelicolor
and Gilvimarinus chinensis [123]. Considering these examples, C. glutamicum has shown a
potential to become a competitive expression host for polysaccharide-specific enzymes for
degradation and usage of monosaccharides as an alternative carbon source.

Figure 4.1: Simplified illustration of relevant pathways implemented in C. glutamicum for the utilization of
non-native carbon sources. Xylose pathway (green): xylA, xylose isomerase. Arabinose path-
way (pink): araA, arabinose isomerase; araB, ribulokinase; araD ribulose 5-phosphate 4-epimerase.
Galactose pathway (blue): galM, aldose-1-epimerase; galK galactokinase; galT, UDP-glucose-1-P-
uridylyltransferase; and galE, UDP-galactose-4-epimerase. Cellulose pathway (red): cpbA, scaffold-
ing protein. Starch pathway (purple): amyA, α-amylase [7].
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4.2 Establishing production of agarases in C. glutamicum

Seaweed fosters a diverse and abundant microbial community, encompassing archaea, bacte-
ria, fungi, microalgae, protozoa, and viruses. This intricate symbiotic society is characterized
by mutualistic interactions, where microorganisms and seaweed depend on each other for
their respective growth, development, and maturation [124]. Consequently, these microbes have
adapted to grow on seaweed and can utilize its structural and storage carbohydrates as carbon
sources [124]. These unique adaptations possess potential to be exploited for biotechnologi-
cal applications. For instance, Saccharina japonica, a species of brown seaweed, was used
as a substrate for Monascus purpureus for the production of the cholesterol-lowering drug,
lovastatin [125]. The same seaweed species has also been used to manufacture value-added
chemicals such as cadaverine and C30 terpenoids by the use of the methylotrophic bacteria
Bacillus methanolicus [126]. In another example, the red seaweed species Gracilaria has been
fermented by Lactobacillus acidophilus and Lactobacillus plantarum for the production of
lactic acid [127]. Additionally, C. glutamicum was engineered to enable access to mannitol as
sole carbon source by using the mannitol-specific phosphotransferase system from Bacillus
subtilis. Next, hydrolysate from the brown seaweed from Laminaria hyperborea containing
mainly mannitol and glucose was used to grow the new C. glutamicum strain in flask and
bioreactor fermentations while overproducing riboflavin [115].

The majority of microorganisms able to hydrolyze and metabolize agar as carbon and energy
sources have been identified to live on different red seaweeds in seawater and marine sedi-
ments [40]. The production of agarases have been documented in a diverse array of microbes
and is typically linked to degradation of the related polymer carrageenan, another major con-
stituent of red seaweed. For instance, κ-Carragenases have emerged from β-agarases and so
they belong to the same glycoside hydrolase family [128]. Hence, several microorganisms that
degrade agar are additionally capable of degrading carrageenan, such as Pseudoalteromonas
and Zobellia [129]. This highlights the natural occurrence of carbohydrate degradation in na-
ture. Genetic engineering of industrial organisms has exploited this property in various fields.
For instance, E. coli has in several studies been engineered for recombinant agarase produc-
tion [130;131]. Cloning of different genes encoding β-agarases from Pseudomonas sp. has
successfully been established in E. coli several times [130;131]. Production of extracellular
κ-carrageenase by genes cloned from Zobellia sp. has also been accomplished in this bac-
terium [128].

In this work, the focus has been on utilizing the three agarases AhgA, DagA and DagB encoded
by ahgA, dagA and dagB, respectively, where the former comes from the marine bacterium Zo-
bellia galactanivorans and the two latter, from the soil bacterium S. coelicolor. According to
literature, these three enzymes are β-agarases that recognize the (G-ALG) repeating units and
degrade agar by hydrolyzing the β-(1,4) glycosidic bonds [40]. ahgA encodes for an exolytic
3,6 anhydro-α-L-galactosidase that releases 3,6-anhydro-L-galactose from the non-reducing
end of neoagaro-oligosaccharides [68;40]. dagA encodes an endo-type agarase that catalyzes the
degradation of agar into the two neoagaro-oligosaccharides neoagarotetraose and neoagaro-
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hexaose [40;76]. dagB encodes a putative hydrolase that hydrolyses agar into the heterodimer
neoagarobiose [76].

The regulation mechanisms underlying agar degradation in both S. coelicolor and Z. galac-
tanivorans are complex and intricately controlled, as indicated by limited available informa-
tion and emerging research findings [40;68]. Detailed biochemical investigations have been
initiated to unravel the intricate enzymatic systems involved in agar degradation. Utilizing
genomics and proteomics analyses, putative agarolytic pathways have been proposed. For in-
stance, Chi et al. (2012) conducted a systematic review of agar degradation in S. coelicolor,
S. degradans, and Z. galactanivorans, shedding light on the subject [40;132]. Figure 4.2 A. and
B. illustrates the agar degradation pathways in Z. galactanivorans and S. coelicolor, respec-
tively. The regulatory systems in both organisms share a common feature where extracellular
agarases initiate the breakdown of agar prior to its internalization for further degradation. In
both cases, the ultimate degradation products, D-galactose and anhydro-L-galactose, enter the
central metabolism, although the latter undergoes additional enzymatic transformations before
being fully metabolized [132]. The main difference between agar degradation in the two bacte-
ria lies in the mode of importation of agar units. While Z. galactanivorans imports monomeric
units into the cytoplasm, S. coelicolor, on the other hand, imports dimers.

Figure 4.2: The native metabolic pathways for degradation of agar in agar-decomposing microorganisms Z. galac-
tanivorans (left) and S. coelicolor (right). G: D-galactose; ALG: anhydro-L-galactose; L-AHGA: L-
3,6-anhydrogalactonate; ACI: 3,6-anhydrogalactonate cycloisomerase; AhgA: exolytic 3,6 anhydro-
A-L-galactosidase; AgaA/D:ext-β-agarases; DagB: putative hydrolase; DagA: extracellular agarase;
ScJC117: α-neoagarobiose hydrolase; KDGal: 2-keto-3-deoxy-galactonate [132].

4.3 Protein transport systems involved in agarases secretion

The selection of AhgA, DagA, and DagB as the focus of this study was based on their clas-
sification as secreted enzymes, as documented in the literature, distinguishing them from
other agarases that exhibit activity exclusively within the periplasm or cytoplasmic compart-
ments [40]. The Sec and Tat pathways represent the primary bacterial secretion systems em-
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ployed for protein transport across the cytoplasmic membrane. The Sec and Tat pathways
involve a single secretion step but differ in protein transport mechanisms, with the Sec path-
way folding proteins subsequent to secretion and the Tat pathway folding proteins prior to
secretion [133]. Signal peptides are essential for the secretion of extracellular proteins, and
while the signal peptides of Sec- and Tat-dependent proteins share similar characteristics, they
also possess distinct specificities [134]. C. glutamicum exhibits low levels of endogenous ex-
tracellular proteins and lacks detectable extracellular hydrolytic enzyme activity which makes
it highly advantageous as a host cell for the secretory production of heterologous proteins,
essential enzymes, and pharmaceutical proteins [134]. For instance, research by Kikuchi et al.
(2009) demonstrated the efficiency of C. glutamicum to be superior in Tat pathway-dependent
secretion of green fluorescent protein compared to B. subtilis and Staphylococcus carnosus,
suggesting its potential as a valuable host for heterologous protein production [135].

Figure 4.3: Predictions of signal peptides of three agarases using the free tool SignalP 5.0 prediction made by
DTU, Denmark [136]. DagA, DagB from S. coelicolor and AhgA from Z. galactanivorans is shown in
A., B., and C., respectively
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In this study, the secretion pathway dependency of the three agarases (DagA, DagB, and
AhgA) cloned in C. glutamicum was assessed using the SignalP 5.0 prediction tool devel-
oped by DTU, Denmark [136]. The results of the prediction are depicted in Figure 4.3 A, B, and
C for DagA, DagB and AhgA, respectively, illustrating the secretion protein type indicated
by the color of the line corresponding to the first peak. It was observed that both DagB and
AhgA are dependent on the Sec pathway for secretion, whereas DagA utilizes the Tat pathway.
Consequently, the folding of DagB and AhgA occurs post-secretion, while DagA undergoes
folding prior to secretion. Although both DagB and AhgA rely on the Sec pathway, AhgA is
classified as a lipoprotein characterized by the presence of a lipid moiety attached to a cys-
teine residue at the N-terminal of the protein, whereas DagB is a secretory protein destined
for extracellular secretion [137]. Previous studies have proved that DagA is secreted by the Tat
system, whose secretion was enhanced by overexpressing the tat subunits genes A and C [123].
The identification of signal peptides confirms the secretion of all three relevant enzymes.

Comparative studies expressing the same protein in both E. coli and C. glutamicum have
demonstrated higher yields of secreted proteins from E. coli [138]. However, employing C.
glutamicum as an expression host may offer advantages in terms of protein stability, due to
its low protease activity [138]. Hence, C. glutamicum presents a favorable choice as a host
for the production and secretion of agarases, as its secreted proteins are not susceptible to
extracellular protease activity resulting in enhanced production yields as the occurrence of
proteolytic degradation of secreted proteins is infrequent [123]. In contrast, B. subtilis, another
commonly used host organism, is known to secrete eight proteases, whereof the majority of its
proteolytic activity is attributed to subtilisin and neutral protease [139]. These findings further
emphasize the robustness of C. glutamicum and provide additional justification for selecting
this bacterium as the expression host in this particular study.

4.4 Assessment of microbial robustness

For economic reasons, chemical treatment by thermic acid or base hydrolysis stands as the
dominant method to hydrolyze seaweed before enzymatic degradation [53;140]. However, en-
zymatic processes are regarded as more sustainable, more time effective and proven to pro-
duce lesser toxic by-products [53]. Hence, enzymatic pretreatment is preferred compared to
other methods as it preserved the bioactive properties of the oligosaccharide produced [53].
Both G and ALG have the potential to be converted into high-value chemicals as well as
binging used for biorefining and biofuel production [40]. For instance, galactose can be con-
verted to a low-calorie sweetener, D-tagatose, by L-arabinose isomerase or to isopropyl β-D-
1-thiogalactopyranoside [40]. Importantly, seaweed hydrolysate produced by acidic treatment
contains a larger number of growth inhibitors, such as phenolic compounds, aliphatic acids
(e.g., acetate and lactate), and furans (such as furfural and 5-hydroxymethylfurfural (5HMF)),
where the latter is known as the main inhibitor of red seaweed [140]. Detoxification is necessary
before fermentation when employing bacteria that lack native detoxification pathways.
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Among the aforementioned inhibitors, furfural strongly inhibits bacterial growth. However,
tudies by Sakai et al. (2007) and Tsuge et al. (2014) have demonstrated that C. glutam-
icum inherent the native ability to detoxify furfural under both aerobic and anaerobic condi-
tions [141;142]. This is a tolerance that can be enhanced through recombinant methods, such
as long-term adaptive evolution, by continuous exposure to the inhibitors [143]. Moreover,
recombinant strains of C. glutamicum have been tested as a cell factory for the production of
molecules with possible toxic properties that in certain concentrations inhibit bacterial growth.
Additionally C. glutamicum exhibits the native ability to metabolize various compounds such
as acetate and lactate, even in the presence of glucose [144]. When establishing new microbial
processes, it is crucial to assess whether the chosen host will be suitable or not for the desired
process. Conducting a toxicity assessment on C. glutamicum is a common method used to
evaluate its compatibility as a host. Research conducted by Pérez-García et al. (2016) has
established C. glutamicum strains for the production of L-pipecolic acid and the response of
the recombinant strains was determined by performing a toxicity assessment analyzing their
growth behavior after extracellular supplementation of pipecolic acid. The result of the assess-
ment was an inhibitory constant of (Ki) of approximately 3.5 M [145]. A study by Jorge et al.
(2016) successfully constructed C. glutamicum strains with a new metabolic route capable of
producing the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) by glucose fer-
mentation. In a toxicity assessment, the research proved that C. glutamicum was a suitable host
for GABA production by analyzing the growth of the constructed strains in minimal medium
containing different concentrations of GABA [146]. The Ki was found to be approximately 1.1
M.

In order to evaluate the suitability of C. glutamicum as an expression host for agar degrada-
tion, a toxicity test was performed following standard practices to assess the growth behavior
of this bacterium under novel conditions. This assessment aimed to determine if C. glutam-
icum could sustain sufficient growth when supplementing the media with agar. The toxicity
test followed a methodology similar to the aforementioned toxicity assessments, involving the
exposure of C. glutamicum carrying the empty pECXT99a plasmid to seven different concen-
trations of agar. Of the tested conditions in this work, it was observed that a concentration of
0.400 g/L agar was not suitable for growth. One possible explanation for the limited growth
is the observed high viscosity of the flask media which may have impeded oxygen access and
hindered equal nutrient distribution, ultimately leading to cell death. However, research by
Nishimura et al. (2007) and Michel A. et al. (2015) have proven C. glutamicum to be facul-
tative anaerobe, metabolizing glucose, fructose, sucrose, and ribose through the glycolysis or
the pentose phosphate pathway via mixed acid fermentation [147;148]. In the absence of oxygen,
C. glutamicum does not reach its maximum growth potential due to the energy consumption
associated with adapting to alternative electron acceptors and regulating gene expression [147].
Consequently, the lack of oxygen would result in reduced growth rate and biomass formation,
but it would not completely inhibit cell growth. Therefore, the limited growth at 0.400 g/L
agar is most likely attributed to poor nutrient distribution as liquid media supplemented with
agar reduces exposure of cell surface to nutrients as has been observed before in experiments
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with organisms such as Bacillus cereus [149].

4.5 C. glutamicum for degradation of agar and utilization of agar-derived galac-
tose as carbon source

To date, limited research has been conducted on recombinant agar degradation and utiliza-
tion. Nonetheless, successful heterologous production of exo- and endo-type β-agarases has
been demonstrated in various host systems, including E. coli [150;151;152], B. subtilis [153] Strep-
tomyces lividans [53;79] and C. glutamicum [123]. For instance, β-agarase gene agaXa cloned
from Catenovulum has been expressed in E. coli and tested for endolytic agarose degradation
yielding neoagarohexaose, neoagarooctaose, neoagarodecaose, and neoagarododecaose [154].
In another study, the expression of β-agarase derived from Agarivorans sp. was achieved in B.
subtilis, enabling cost-effective and efficient large-scale production of the enzyme with a sig-
nificantly higher yield compared to its overexpression in E. coli [153]. However, the production
yields in most of the studies fell below the desired levels, and often necessitated purification of
the enzymes, thereby impeding the development of an economically feasible bioprocess [123].
In the research of Jeon et al. (2021), C. glutamicum demonstrated successful conversion of
agar into neoagarobiose when expressing two β-agarases, namely the endo-type DagA from
S. coelicolor and the exo-type EXB3 from G. chinensis [123]. The study confirmed 54% and
24.5% successful secretion of DagA and EXB3, respectively.

Within this thesis, the growth assessment of C. glutamicum strains harboring plasmids over-
expressing the cloned agarase genes revealed that the strains expressing one or two agarases
exhibited similar growth patterns to the control strain. However, these strains exhibited a
4.5-fold increase in secreted protein concentration, as determined by the Bradford assessment.
Interestingly, these strains also displayed the lowest biomass values, suggesting that the carbon
flux likely was sent towards protein production in addition to the central metabolism. Con-
versely, the strain overexpressing all three agarases, specifically optimized dagA and ahgA in
conjunction with dagB, displayed poor growth and no additional protein activity compared
to the control. These observations suggest a potential bottleneck in protein secretion as a
plausible explanation. Both DagB and AhgA utilize the Sec secretion system, which may be
susceptible to blockage due to heavy traffic. Furthermore, the substantial size of DagB could
potentially impede its secretion process especially if problems occur during protein folding.
Similar secretion problems have previously been identified in earlier studies. A study con-
ducted by Chen et al. (2015) has identified possible bottlenecks in the Sec-secretions system of
B. subtilis when overexpressing genes from Bacillus licheniformis and Geobacillus stearother-
mophilus production of α-amylases [155]. They found instability regarding protein folding to
be the most important bottleneck but that balanced expression of Sec-pathway components
such as prsA and partial dnaK operon enhanced production. Jurischka et al. (2020) discovered
that secretion bottlenecks in C. glutamicum can vary depending on the specific target proteins
involved. Factors such as protein folding properties, dependence on folding factors, and in-
teractions with the cell envelope components can contribute to this variability. Additionally,
the transport mechanism across the mycolic acid outer membrane layer remains unknown but
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may restrict the secretion of heterologous proteins into the culture supernatant [156]. The find-
ings provide support for the hypothesis that problems associated with protein secretion may
contribute to the low efficiency of agar degradation. However, further evaluation of this matter
can be assessed via SDS-page of the supernatants and internal cell contents from the agarases
producers.

As of now, the available literature regarding the recombinant utilization of agar as a carbon
source is limited. Nevertheless, it is known that galactose can be metabolized by ethanol-
fermenting bacteria and yeasts, such as E. coli, Z. mobilis, and Saccharomyces cerevisiae [40].
Furthermore, studies have been conducted to uncover novel approaches for the use of alter-
native carbohydrates derived from various seaweeds for efficient utilization in industrial pro-
cesses in addition to potential substrate exploitation. For instance, Doi et al. (2017) conducted
research demonstrating the successful extracellular degradation of alginate through the expres-
sion of alyB from Vibrio algivorus in E. coli. The recombinant strains, in conjunction with six
additional genes (alyD, oalA, oalB, oalC, dehR, and toaA), exhibited the ability to utilize de-
graded soluble alginate as sole carbon source [157]. In a separate study, Wargacki et al. (2012)
engineered a microbial platform within E. coli that could concurrently degrade, uptake, and
metabolize alginate. This was achieved by incorporating genes from Vibrio splendidus, which
encoded enzymes responsible for alginate transport and metabolism, along with an engineered
system for extracellular alginate depolymerization [158].

Overexpression of the galETKM operon in this study along with the agarases showed low ef-
ficiency of degradation and utilization of agar-derived galactose as carbon source considering
quantitative methods. As previous studies by Frøystad M. (2023) [105] have proven success-
ful galactose utilization by expression of this operon, the hypothesis of the agarase secretion
bottleneck is strengthened. On the other hand, degradation of agar was visually confirmed,
therefore it is essential to identify the degradation products for instance by using thin layer
chromatography methods [159].

4.6 Outlook

Gaining a complete understanding of the agar-degrading system in microorganisms is imper-
ative for the effective utilization of red algal biomass. However, there are still missing links
in the pathway, posing a challenge to elucidate its regulatory network [40]. To address the
gaps and advance research in this field, it is essential to employ comprehensive molecular
investigations into agarase enzymes synthesis, folding, secretion, and enzymatic activity. By
elucidating potential limitations and confirming key bottlenecks, the efficiency of recombinant
bacterial degradation of agar and utilization of agar-derived galactose as carbon source can be
improved.

One approach to investigating the location and secretion status of agarases is the utilization
of analytical techniques such as SDS-page (sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis), which enables the separation of low-molecular-mass proteins [160]. For instance,
in the study by Jeon et al. (2021), SDS-page confirmed that the majority of DagA produced
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was present in the cytoplasm, indicating successful production but highlighting the need for
secretion optimization [123]. In addition, the application of mass spectrometry (MS), a widely
used analytical technique in protein research, can provide valuable insights into the identifica-
tion and characterization of peptides, proteins, and enzymes [161]. Complementary techniques
such as HPLC (high-performance liquid chromatography) and TLC (thin-layer chromatogra-
phy) can also be utilized to study the degradation products or intermediates produced during
recombinant degradation of agar [162]. For instance, TLC has been utilized to analyse algi-
nate degradation products in a study by Dobruchowska J. et al. (2022) revealing two alginate
lyases’ ability to depolymerize alginate [163].

Additionally, it is essential to comprehensively evaluate other relevant parameters that may
influence the efficiency of the agar degradation process. These parameters include optimizing
growth conditions, the temperature to achieve optimal protein activity and exploring the poten-
tial synergistic effects of combining different agarases. While this work utilized a temperature
of 30°C, previous studies have demonstrated that Z. galactanivorans exhibits optimal growth
and enzymatic activity at relatively low temperatures, typically ranging from 10°C to 20°C [72].
Conversely, the purified DagA enzyme exhibited maximum agarase activity at a temperature
of 40°C and pH 7.0 [53].

Furthermore, studies by Seo et al. (2014) revealed that DagB, despite its exo-lytic activity,
exhibits a slow hydrolysis rate when breaking down agarose. To enhance the efficiency of
neoagarobiose, they anticipate that a combination of DagB agarase and AgaG1 agarase would
be highly effective as AgaG1 agarase is known for fast release of neoagarotetraose, the final
substrate for the DagB agarase [151]. Moreover, within the chromosomal DNA of S. coelicolor,
there are 15 open reading frames (ORFs) located between the dagA and dagB genes. It is
anticipated that a majority of these ORFs play a role in the breakdown of agarose [164]. Ex-
ploring the possible synergetic effects of incorporating additional genes or different agarases
combinations could potentially enhance the efficiency of the process. Given that agar is a
complex polysaccharide with sulfate groups, different combinations of enzymes and rational
engineered enzymes can offer improved catalytic activities and enhance the overall efficiency
of agar degradation.

Lastly, this work does not explore previously reported technologies for improving the secretion
of agarases in C. glutamicum. For instance, Jeon et al. (2021) demonstrated removal of two
endogenous protein genes (cg2052 and cg1514) to enhance the purity of secreted DagA, along
with coexpression of two Tat pathway components (TatA and TatC) to improve secretion effi-
ciency [123]. This is supported by research by Kikuchi et al. (2009) that highlights the role of
overexpressing TatABC in enhancing Tat-dependent protein secretion in C. glutamicum [135].
Notably, in secretory production, the purity and production titer of target proteins may be
improved by reducing the secretion of competitive proteins [123]. Additionally, identifying the
optimal signal peptide for a target protein can contribute to enhanced secretion efficiency. This
can be accomplished by screening a wide range of signal peptides either through signal pep-
tide variation using extensive libraries or through the optimization of an existing signal peptide
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using strategies such as site-directed or random mutagenesis [165]. Specifically, in this context,
native signal peptides from C. glutamicum can be explored as potential replacements for those
derived from S. coelicolor and Z. galactinovoras.

Considering the results of this thesis, engineered C. glutamicum showed slow degradation
of agar under certain conditions which could not support C. glutamicum agar-based growth.
Also, protein secretion was impaired when producing the enzyme DagB in combination with
AhgA. Therefore, further research within this line should focus on the enhancement of both
catalytic efficiency and agarases secretion.
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5 Conclusion

In this work, Corynebacterium glutamicum strains producing and secreting different agarases
from Z. galactanivorans and S. coelicolor were successfully constructed. In particular, the
combination of the agarases AhgA and DagA showed the best performance in terms of agar
degradation. Additionally, production and secretion of agarases was coupled with galactose
utilization by an engineered C. glutamicum strain harboring the galETKM operon and the galP
gene enabling galactose uptake and consumption. This was done to establish agar degrada-
tion and utilization of agar-derived galactose as carbon source in the bacterium to explore a
sustainable alternative to sugar-based feedstocks.

The qualitative results suggest low efficiency of agar degradation and galactose utilization.
Nevertheless, agar degradation by the newly constructed strains was visually confirmed after
24 hours. Hence, this work lays the initial cornerstone of agar utilization as carbon source by
C. glutamicum for biotechnology processes and, in consequence, the utilization of red seaweed
biomass as promising microbial feedstock.
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A Recipes for media and solutions

This section contains recipes for the media and chemicals used in this study.

A.1 Complex media

LB

LB media was prepared by adding the components in Table A.1 to water while stirring.
The antibiotic tetracycline was added when cultivating cells harboring the pECXT99a
plasmid. Both kanamycin and tetracycline was added when cultivating cells carrying
both the pECXT99a and pVWEX1 plasmids. After preparation, the mixtures were
autoclaved at 121°C for 15 minutes.

Table A.1: Components in the LB medium.

Chemical component Concentration [g/L] Measure Unit
Yeast extract 10.0 5.0 g
Tryptone 16.0 8.0 g
NaCl 5.0 2.5 g
MQ water - 500 mL
Final volume of the solution 500 mL

2TY

2YT is a standard microbial growth medium used for cultivation of E. coli and C.
glutamicum. It media was prepared by adding the components in Table A.2 to water
while stirring. The antibiotic tetracycline was added when cultivating cells harboring
the pECXT99a plasmid. Both kanamycin and tetracycline was added when cultivating
cells carrying both the pECXT99a and pVWEX1 plasmids. After preparation, the
mixtures were autoclaved at 121°C for 15 minutes. 2TY plates were prepared by
adding 15 g/L agar to the solution under preparation.

Table A.2: Components in the 2TY medium.

Chemical component Concentration [g/L] Measure Unit
Yeast extract 10.0 10.0 g
Tryptone 16.0 16.0 g
NaCl 5.0 5.0 g
MQ water - 500 mL
Final volume of the solution 500 mL
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BHI

Table A.3 gives an overview of the chemical components used in the preparation of
the BHI solution. After preparation, the mixtures were autoclaved at 121°C for 15
minutes. BHI was used when cultivating C. glutamicum to prepare competent cells.

Table A.3: Components in the BHI medium.

Chemical component Concentration [g/L] Measure Unit
BHI 37.00 14.8 g
MQ water - 400 mL
Final volume of the solution 400 mL

Sorbitol

The sorbitol solution was prepared following the recipe of Table A.4. After prepa-
ration, the mixtures were autoclaved at 121°C for 15 minutes. Sorbitol was used in
the preparation of BHIS which was further used for cultivation during the making of
competent cells.

Table A.4: Components in the Sorbitol solution.

Chemical component Concentration [g/L] Measure Unit
D-Sorbitol 455 45.5 g
MQ water - 100 mL
Final volume of the solution 100 mL

BHIS

BHIS was used whenever competent C. glutamicum or C. glutamicum (pVWEx1-
galETKM-galP) cells was prepared. It was prepared by mixing BHI and sorbitol me-
dia in a ratio of 1:5.

A.2 Selective media

CGXII salt solution

Table A.5 provides an overview of the chemicals needed to produced the salt solution
CGXII. The pH of the solution was corrected to 7 with potassium hydroxide before
the final volume was adjusted. After preparation, the mixtures were autoclaved at
121°C for 15 minutes. The CGXII salt solution was used when growth experiments
was preformed.
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Table A.5: The chemicals of the CGXII salt solution.

Chemical component Concentration Unit Measure Unit
(NH4)2SO4 10 g/L 10 g
KH2PO4 1 g/L 1 g
K2HPO4 1 g/L 1 g
UREA 5 g/L 5 g
MOPS 42 g/L 42 g
Ca-stock 1000X 1 mL/L 1 mL
Mg-stock 1000X 1 mL/L 1 mL
MQ water - - 795 mL
KOH 5 M - pH correction to 7 Needed amount
Final volume of the solution 795 mL

Glucose 40%

The stock solution of glucose 40% was prepared using the recipe of table Table A.6.
Glucose 40% was further diluted and used in preparation of flask media when pre-
foring growth experiments.

Table A.6: Glucose 40% preparation as glucose stock solution.

Chemical component Concentration [g/L] Measure Unit
Glucose 0.4 200 g
MQ water - 500 mL
Final volume of the solution 500 mL

Mg-stock 1000X

The Mg-stock stock 1000X solution was prepared after the Table A.7. After prepara-
tion the solution was sterilized by filtration.

Table A.7: Components in the Mg-stock 1000X solution.

Chemical component Concentration [g/L] Measure Unit
MgSO4 x 7H2O 250 12.5 g
MQ water - 10 mL
Final volume of the solution 50 mL

Ca-stock 1000X

The Ca-stock stock 1000X solution was prepared after the Table A.8. After prepara-
tion the solution was sterilized by filtration.
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Table A.8: Components in the Ca-stock 1000X solution.

Chemical component Concentration [g/L] Measure Unit
CaCl2 x 2H2O 13.25 0.6625 g
MQ water - 10 mL
Final volume of the solution 50 mL

Biotin

The biotin solution was prepared according to the Table A.9. After preparation, the
solution was sterilized by filtration before being kept on storage at -20°C.

Table A.9: Components in the biotin solution.

Chemical component Concentration Measure Unit
Biotin 0.2 g/L 0.002 g
NaOH 1 M 10 mL
Final volume of the solution 10 mL

Protocatechuic acid (PCA)

The PCA solution was prepared according to the Table A.10. After preparation, the
solution was sterilized by filtration before being kept on storage at -20°C.

Table A.10: Components in the PCA solution.

Chemical component Concentration Measure Unit
3,4-dihydroxybenzoic acid 30 g/L 0.3 g
NaOH 1 M 10 mL
Final volume of the solution 10 mL

Isopropyl β-D-1-thiogalactopyranoside (IPTG)

The IPTG solution was prepared according to the Table A.11. After preparation, the
solution was sterilized by filtration before being kept on storage at -20°C.

Table A.11: Components in the PCA solution.

Chemical component Concentration Measure Unit
IPTG 238.31 g/L 2.38 g
MQ water - 10 mL
Final volume of the solution 10 mL

Trace element solution (TES)

The TES solution was prepared according to the Table A.12. pH was adjusted to
1 with 0.5 M Hcl. After preparation, the solution was sterilized by filtration before
being kept on storage at 4°C.
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Table A.12: Components in the TES solution.

Chemical component Concentration [g/L] Measure Unit
FeSO4 x 7H2O 16.40 1.640 g
MnSO4 x H2O 10.00 1.000 g
ZnSO4 x 7H2O 1.00 0.100 g
CuSO4 x 5H2O 0.31 0.031 g
NiCl2 x 6H2O 0.02 0.002 g
Final volume of the solution 100 mL

Flask media

Flask media was prepared according to the Table A.13 and used for cultivation of cells
when conducting growth experiments.

Table A.13: An overview of the ingredients of the components in the minimal media used in growth experiments.

Chemical component Measure Unit
CGXII 20 mL
Glucose 1% 625 µL
Biotin 25 µL
PCA 25 µL
IPTG 0.5M 25 µL
Trace element solution 25 µL
Kanamycin 25 µL
Sterile water 25 mL
Final volume of the solution 25 mL

A.3 Antibiotics and EBP buffers

Tetracycline stock solution

To prepare the tetracycline stock solution the antibiotics was diluted in ethanol (Ta-
ble A.14). The stock solution was sterilized utilizing filtration and stored at -20°C.

Table A.14: Chemicals used in preparation of tetracycline stock solution.

Chemical component Concentration Measure Unit
Tetracycline 10.0 g/L 0.1 g
Ethanol 70% 10 mL
Final volume of the solution 10 mL

Kanamycin stock solution

To prepare the kanamycin stock solution the antibiotics was diluted in ethanol (Ta-
ble A.15). The stock solution was sterilized utilizing filtration and stored at -20°C.
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Table A.15: Chemicals used in preparation of kanamycin stock solution.

Chemical component Concentration Measure Unit
Kanamycin 50.0 g/L 0.5 g
Ethanol 70% 10 mL
Final volume of the solution 10 mL

EPB buffers

The EPB buffers 1 and 2 was utilized in the making of competent C. glutamicum
or C. glutamicum (pVWEx1-galETKM-galP) cells. Table A.16 shows the recipe for
preparing the two buffers. NaOH 1 M was utilized to adjust the pH of the solution to
7.2 before the the mixtures were autoclaved at 121°C for 15 minutes for sterilization.

Table A.16: Components of the EPB1 and EPB2 buffers.

Chemical component Measure Unit
EPB1 EPB1

HEPES 4.04 0.06 g
Glycerin 89% 36.6 6.85 mL
MQ water 800 50 mL
NaOH 0.1 M - pH correction to 7.2 Needed amount Needed amount
Final volume of the solution 800 50 mL
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B Calculations

B.1 Example calculation of protein concentration using Bradford assay

After preforming growth experiment on the strains constructed for agar degradation,
the concentration of proteins in the collected supernatant was calculated by Bradford
assay. To prepare a standard curve, six different concentrations with bovine serum al-
bumin (BSA) was used to construct a standard curve. BSA was diluted to six different
concentrations and the measured OD595 is given in Table B.1.

Table B.1: BSA concentrations (mg/mL) and measured absorbance at 595 nm used for constructing a standard
curve.

BSA concentration [mg/ml] Absorbance (595 nm)
2.0000 1.126
1.0000 0.727
0.5000 0.518
0.2500 0.303
0.1250 0.157
0.0625 0.042

The standard curve was generated by plotting the BSA concentration against their
measured absorbance at 595 nm as can be seen in Figure B.1. A linear trend line was
fitted to the data points and used for further calculations of the protein concentrations
of the collected supernatants. To find the best fitted trend line (R2 = 0.9795), the data
points of the two highest concentrations was excluded.

Figure B.1: Standard curve (R2 = 0.9795) of 4 different BSA concentrations and their respective absorbance
measured at 595 nm. Constructed for calculation of the protein concentration in the supernatants of
agar degrading strains using Bradford assay. Obtained linear equation: y = 1.0502x + 0.0089

To calculate the protein concentrations, Beer-Lamberts law was assumed to be valid
stating that the concentration of the solution is proportional to the measured absorbance
within the linear area [166]. An example on how the concentrations of the secreted pro-
tein (C) was calculated after dilution 1:10 is given in Equation B.1.
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Concentration of secreted protein =
OD595 − b

a
· dilution factor

C =
0.021− 0.0089

1.0502
· 10

C = 0.125 mg/mL (B.1)

B.2 Example calculation of growth rate and biomass

When preforming growth experiments, the growth rate was calculated when the bac-
teria was in the exponential phase. To illustrate this, Figure B.2 A shows the growth
rate of C. glutamicum (pECXT99a-dagAopt-ahgA) in CGXII media with 1% glucose
where the exponential phase lasts from 2 to 8 hours after inoculation. Figure B.2 B
displays the data points for the exponential growth phase with an linear fitted trend line
(R2=0.9955). The growth rate was extracted from the slope of the obtained equation
y = 0.5755e0.3244 which in this case indicates that the growth rate is 0.32 h−1.

Figure B.2: A: Growth curve OD600 of C. glutamicum (pECXT99a-dagAopt-ahgA) in CGXII meda with 1 %
glucose. B: Exponential fitted trend line (R2 = 0.9955) for the exponential phase for calculations of
growth rate using the linear equation y = 0.5755e0.3244.

The biomass yield YXS was calculated based on the highest OD600 measurements.
This value is multiplied by a factor of 0.343 as shown in Equation B.2. This is
the biomass result for growth of C. glutamicum (pECXT99a-dagAopt-ahgA) with the
highest observed OD600 at 11.767.

Biomass yield = Final biomass · 0.343

YXS = 11.767 · 0.343 = 4.04 (B.2)
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Calculation of the standard deviation σ was done according to equation Equation B.3

σ =

√∑n
i=1(xi − x̄)

n− 1
(B.3)

n represents the total number of samples. xi is the value og sample i, while x̄ is the
average value of all samples taken. The latter was calculated using Equation B.4.

x̄ =

∑n
i=1 xi

n
(B.4)
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C Production of agarases in C. glutamicum

C.1 pECXT99a isolation and restriction

Figure C.1 shows a circular and linearized pECXT99a (7509 bp), displayed in well
1 and 2, respectively. Successful linearization is confirmed by a single band after
BamHI-digestion of the circular plasmid.

Figure C.1: Agarose gel electrophoresis displaying circular (well 1) and BamHI digested (well 2) pECXT99a
plasmid of 7509 bp. The wells denoted “L” contains the Thermo ScientificTM O’Generuler 1 kb DNA
ladder [112].
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D Plasmid maps

Figure D.1: Plasmid maps for agarase production: a) pECXT99a-(dagA), b) pECXT99a-(dagAopt), c)
pECXT99a-(dagB), d) pECXT99a-(dagA-ahgA), e) pECXT99a-(dagAopt-ahgA) and f) pECXT99a-
(dagB-dagA-ahgA)
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