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Abstract 
The unsustainable human impact on ecology and ensuing climate change 
necessitates the reduction of greenhouse gas emissions. The largest contributing 
industrial sector is the chemical industry, due to its petrochemical dependency. For 
this reason, and for the finite nature of fossil fuels, the chemical industry is forced to 
shift to sustainable sources, such as biorefinery products. The biorefinery uses 
renewable biomass and converts it into fuel, energy, and chemicals through 
enzymatic catalysis and microbial conversion. Microbial production strains need 
both marketable metabolic products and good growth characteristics to be 
considered in the biorefinery. Genetically engineered microbial production strains 
have been termed cell factories. Most cell factories are mesophilic model organisms, 
but many biorefinery processes are improved by elevated temperatures. The use of 
thermophilic cell factories could improve biorefinery economy by decreasing costs 
associated with cooling. An interesting thermophilic candidate is Rhodothermus 
marinus. This organism was isolated from a submerged hot spring and has been a 
great source of thermostable glycoside hydrolases and is thus itself active on a broad 
range of substrates. Even though the bacterium has positive traits, the focus on its 
enzymes and its strictly aerobic metabolism has contributed in it being overlooked 
as a production organism. 

This doctoral thesis aims to explore the potential of R. marinus as a cell factory by 
development of cultivation technology and exploration of its products. Growth of 
R. marinus, in both shake flask and batch bioreactor cultivations, prematurely 
stagnates, before carbon and nitrogen sources are depleted. Feeding the initial 
nutrients did not alter this. When cultivated using sequential batch cultivation with 
cell recycling (SBCR), cell density tripled in comparison to normal batch cultivation. 
The reached cell density is the highest reported, so far, with R. marinus DSM 16675. 

Two metabolic products have been selected for study: exopolysaccharides (EPSs) and 
carotenoids. The EPSs monosaccharide composition of DSM 4252T and DSM 
16675 differed slightly but consisted of xylose, arabinose and glucose, in descending 
order of concentration. The EPSs of strain DSM 16675 also consisted of mannose. 
Moreover, the EPSs composition, of both strains were affected by the type of growth 
medium and carbon source. FT-IR analysis detected sulfate bonds (O-S-O) and the 
presence of amino sugars. SBCR cultivation of strain DSM 16675 produced  
19 mg/L of EPSs using Marine Broth 2216 spiked with 10 g/L maltose. 

The second product, carotenoids, were structurally analyzed using ultra high-
performance supercritical fluid chromatography time-of-flight mass spectrometry. 
The previously elucidated Salinixanthin and its dehydroxylated variant, found in  
R. marinus DSM 4253, were also detected in strains DSM 4252T and DSM 16675. 
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In addition, a non-ketolated Salinixanthin and dehydroxylated variant was detected 
in all strains. Measurement of antioxidant capacity tests (DPPH and TROLOX), in 
carotenoid-containing extracts, showed a 2-4-fold increase of antioxidant activity in 
comparison to a carotenoid pathway knock-out mutant. The native carotenoid acyl 
glycosides of R. marinus make comparisons with commercially successful production 
organisms difficult. Efforts were therefore made to genetically engineer R. marinus 
for the production of a marketable carotenoid. The study resulted in three mutants, 
of which a strain named TK-3 produced lycopene with a yield of 0.49 g/kg, as a sole 
product from the carotenoid biosynthetic pathway. Furthermore, analysis of the 
knock-out mutants gave insights of the carotenoid biosynthetic pathway of  
R. marinus. These studies lay the foundation for the development of R. marinus as a 
cell factory.  
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Populärvetenskaplig sammanfattning 
Den moderna människans påverkan på jordens ekologi och klimat är ett av dagens 
mest uppmärksammade problem. Växthuseffekten väntas påverka samhället negativt 
genom att höja havsnivån, minska det globala jordbrukets produktivitet och bidra 
till ökad global migration. Minskningen av de globala växthusgasutsläppen är ett 
krav för att uppnå de nuvarande klimatmålen. Den kemiska industrin använder runt 
10 % av den globala energiproduktionen samt släpper ut 7 % av växthusgaserna, 
vilket resulterar i att den sektorn av industrin är störst bidragande till 
växthuseffekten. Ett sätt att minska dagens utsläpp är att ersätta dagens kemiska 
processer med biologiska motsvarigheter. Biologiska processer har använts av 
människan för att förlänga hållbarheten av mat genom försurning, samt 
fermentering utav frukt och sädesslag till vin och öl. Vetenskapen för liknande 
processer kallas för bioteknik, vars möjligheter har ökat avsevärt efter upptäckten att 
dessa processer styrs av mikroorganismer som bakterier och jäst. 

Användandet av genmodifierade mikroorganismer för industriell produktion kallas 
cellfabriker. Valet av en lämplig mikroorganism i dessa cellfabriker styrs av vissa 
egenskaper: Den ska kunna använda en eller flera förnyelsebara resurser, den ska 
effektivt och enkelt kunna odlas industriellt samt kunna producera något vi behöver. 
En möjlig kandidat är bakterien Rhodothermus marinus som under 1980 talet 
upptäcktes i en varm källa utanför den isländska kusten. Denna bakterie är av intresse 
då den har en naturlig förmåga att bryta ner stärkelse, cellulosa och vissa typer av 
hemicellulosa, de tre mest vanligt förekommande förnyelsebara resurserna i naturen. 

Den här avhandlingen undersöker Rhodothermus marinus potential som cellfabrik 
genom att undersöka två av dess möjliga produkter. Den första produkten är 
karotenoider. Karotenoider är en grupp pigment som finns i stora delar av naturen 
och är som mest känd i formen av b-karoten, färgämnet i morot (jämför med 
engelskans carrot). Karotenoider är antioxidanter och motverkar skadliga oxiderande 
ämnen som finns naturligt i vår omgivning och har visat sig vara inblandade i 
åldersrelaterade sjukdomar såsom Alzheimers. Genom att använda masspektrometri, 
en väldigt exakt metod för att mäta molekylers massa, har den kemiska strukturen 
av R. marinus karotenoider bestämts. Dessutom har dess antioxiderande kapacitet 
uppmätts. Resultaten visade sig att karotenoiderna var strukturellt komplexa, med 
både fettsyror och sockermolekyler fästa på karotenoiden. För att producera en 
kommersiellt intressant karotenoid i R. marinus, klipptes några noga utvalda gener 
bort från cellens genom. Dessa gener motsvarar enzymer som cellen använder för 
framställningen av karotenoiderna. Resultatet av dessa mutationer blev att cellen 
endast producerar lykopen, en kommersiellt intressant karotenoid som bland annat 
ger tomat och vattenmelon dess färg. Lykopen är den mest grundläggande form av 
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karotenoider, varifrån alla andra karotenoider biologiskt härstammar ifrån. Detta 
öppnar upp för möjligheten att gentekniskt introducera gener från andra organismer 
för att kunna producera andra karotenoider. Denna möjlighet, och att lykopens 
antioxidanta egenskaper har visat sig påverka vissa cancerceller, gör lykopen till en 
intressant produkt. 

 

 

En tesked Rhodothermus marinus, tydligt färgad av dess karotenoider. 

Den andra utvalda produkten är exopolysackarider (EPS), vilket avser de 
sockerkedjor som bakterien producerar och exporterar utanför cellmembranet. 
Bakterier producerar EPS för att binda cellerna till varandra och till ytor samt för att 
skapa en gynnsam mikromiljö för cellerna. Den här avhandlingen undersöker 
kompositionen av de enskilda sockerarterna som EPS består utav. De långa kedjorna 
av EPS har undersökts och dess kemiska modifikationer har analyserats. Dessa 
modifikationer kan vara kommersiellt intressanta på grund av deras antibakteriella 
egenskaper. 

Valet av odlingsmetod kan ha stor inverkan på både bakterietillväxten och 
produktiviteten i en framtida industriell process. Därför undersöks flera olika 
odlingsmetoder varav en är sekventiell fermentering med cellåtervinning. Denna 
metod resulterade i en 3 gånger så hög cellkoncentration jämfört med vad som 
tidigare rapporterats. Tekniken innebär att bakterierna samlas upp efter varje 
fermentering och återförs efter att näringslösningen bytts ut. Avhandlingen lägger 
därmed grunden för utvecklandet av Rhodothermus marinus som cellfabrik.  
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1 Introduction 

The ecological and climatic impact of modern human existence is in focus more than 
ever before. Increasing global temperatures are projected to rise the ocean level, 
reduce agricultural yields and increase human migration [1]. Reduction of 
greenhouse gas (GHG) emission is required to meet the current global objectives set 
to combat global warming. Societal transition from a fossil fuel driven economy to 
an economy in balance with earth’s finite resources is a difficult task that requires 
both societal and industrial change. The chemical industry uses around 10% of the 
global energy, while emitting around 7% of the global GHG, resulting in it being 
the most polluting industrial sector in terms of GHG emissions [2]. For the chemical 
industry to reduce its climate impact and survive the shift from oil and natural gas, 
its dependency on fossil fuel derived chemical building blocks needs to be exchanged 
with renewable resources. The utilization of renewable resources demands a different 
set of technological tools, which in many cases need to be developed in order to 
sustain the chemical demands of the present and future societies. 

Biotechnology is an applied field in-between biology and chemistry, striving to apply 
and improve nature’s own chemical tools for the conversion of renewable resources 
into usable chemicals. Biotechnology as a tool, has been of importance in the history 
of humans. From preservation of food by acidification, fermenting grape juice and 
cereals into wine and beer has, if not been vital, at least improved the conditions of 
our existence on earth. The possible uses of biotechnology have since increased 
exponentially with the discovery of microorganisms, enzymes, and genetic 
engineering, resulting in a potent alternative to the traditional chemical industry. 

Elevated temperatures are common in industrial processes and have the potential to 
be detrimental for both microorganisms and enzymes. Some of these conditions can 
be overcome by thermo-stable enzymes and thermophilic microorganisms 
Thermophiles have adapted to extreme environments such as deep hydrothermal 
vents and hot springs. Rhodothermus marinus is a thermophilic bacterium that was 
discovered in a submarine hot spring situated off the coast of NW Iceland. Ever since 
its discovery, the main research focus has targeted the characterization and utilization 
of the organism’s vast spectrum of glycoside hydrolases. The organism’s native ability 
to degrade different carbohydrate polymers is very valuable due to the seasonality 
and variability of renewable resources. The focus on its enzymes has resulted in 
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overlooking the organism’s potential as a cell factory. This has left a knowledge gap 
both in how to efficiently cultivate the organism but also a lack of investigation on 
any natural products of Rhodothermus marinus. 

1.1 Scope of doctoral thesis 

The aim of this doctoral thesis is to explore the possibility of using Rhodothermus 
marinus as a cell factory by selecting and investigating potential products and to 
develop cultivation technology for the organism. 

 

Paper I The study aims at improving cell density of R. marinus DSM 16675. 
Several cultivation modes are investigated, such as shake flask, batch, 
fed-batch and SBCR. Two different complex media, previously 
shown to be suitable for the organism. The effect of cultivation mode 
and growth media on the production of both carotenoids and EPSs 
is also investigated. 

Paper II  The production EPSs by R. marinus DSM 4252T and DSM 16675 
is examined in different growth conditions. The effect of these 
conditions on the monosaccharide composition of the EPSs is 
studied and the functional groups of the polymer are investigated. 

Paper III  The study investigates the structure of the native carotenoids found 
in R. marinus strains DSM 4252T, DSM 4253 and DSM 16775 
using UHPSFC-DAD-QTOF/MS. The antioxidant capacity of 
bacterial extracts is also measured and compared with the carotenoid 
knock-out mutant SB-71. The carotenoid biosynthetic pathway is 
then analyzed bioinformatically in the genome of DSM 4252T. 

Paper IV  The carotenoid biosynthetic pathway is genetically altered in an 
engineered R. marinus strain, derived from DSM 16775. The aim 
being the production of commercially interesting carotenoid. The 
functionality of the targeted knocked-out genes in the carotenoid 
biosynthetic pathway will be analyzed for validation of the pathway.  
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2 Microbial cell factories 

2.1 The biorefinery 

2.1.1 From oil refineries to biorefineries 

Today’s industrial production of chemicals largely stands on the foundation of fossil 
fuels. However, this has not always been the case. Historical chemical production 
was instead based on coal or renewable resources from forestry [3]. Platform 
chemicals, such as alcohols and short chain fatty acids (SCFA), were produced by 
microbial cultivation [4,5]. These processes were mostly replaced when petroleum 
extraction from large permeable deposits was made economically viable through 
technology advancement. Petroleum is now efficiently refined into alkenes and 
aromatic compounds in the oil refineries through cracking and distillation. The 
chemical industry has since developed efficient synthesis pathways, starting with 
petrochemicals. This adaptation to fossil fuels has resulted in the chemical industry 
becoming the industrial sector with the largest GHG emissions [2]. Even when 
disregarding the finite nature of fossil fuels, its dependency is a liability for the 
chemical industry for several reasons. Price fluctuations caused by geopolitics, social 
instability and war, is a reoccurring problem, famously exemplified by the 1970’s oil 
crisis. However great of an impact these events have had in the past, they might be 
eclipsed by any future societal and environmental effects caused by the associated 
GHG emissions. Oil companies are aware of the prognosis and are taking some 
measures to shift away from fossil fuels. For example, Shell Oil aims to transit to 
renewable resources to fulfill 30% of the world’s chemical and energy demand by 
2050 [3]. 

Biotechnological solutions are sought to develop processes that meet the chemical 
and energy demands of modern society, through the use of renewable resources. 
Many efforts are, however, outcompeted by low-cost petroleum-derived products, 
preventing commercial success of sustainable alternatives. It is important to mention 
that biotechnology, as a field, is not antagonistic of the chemical industry but rather 
that of its petrochemical dependency. Biotechnology has therefore been described as 
the means of how the chemical industry could reach acceptable sustainability [6]. 
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Figure 1. Potential sources of renewable feedstocks for the long-term replacement of fossil fuels 

This would be accomplished by the replacement of petroleum-derived platform 
chemicals with equivalent green alternatives. One of the main challenges will be to 
bridge the gap between the platform chemicals of the already optimized and 
established chemical industry and the economical and efficient biochemicals. This 
effort is conceptualized and realized in the biorefinery. The concept of biorefining 
aims to convert biomass-derived feedstocks (Figure 1) to marketable product. 

2.1.2 Biorefinery platforms 

Biorefineries vary greatly and classification can easily become uninformative when 
over-generalizing. A useful classification is proposed by Cherubini et al. (2009) [7]. 
This classification system centers around the platform chemical of the biorefinery, 
from here on simply called platform. The platform is what the feedstock is processed 
into, before conversion into product. The platform may be produced from different 
feedstocks and may be converted into several products. Examples of biorefinery 
platforms are monosaccharides, vegetable oils and energy carriers such as hydrogen 
(Table 1). Monosaccharide platforms are mostly used for microbial conversion by 
heterotrophic microorganisms. The overall biorefinery process can be divided into 

Vegetable oil crops

Forestry

Agriculture Aquaculture

Biowaste

Lignocellulosic crops

Sugar crops

Starch crops

Algal biomass

Household waste

Industrial waste
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two steps: First, mechanical and chemical processing of feedstock into the platform, 
and second, bioconversion of said platform into product. An overview of the process 
can be seen in Figure 2 and examples of common types of feedstocks, processes and 
products in biorefineries are summarized in Table 1. 

 

Figure 2. Flow chart of a generalized biorefinery process from feedstock to product 

 

Table 1. Types of feedstocks, processes and products in the biorefinery 

Feedstocks Mechanical 
processes 

Chemical 
processes 

Platform Biochemical 
processes 

Energy 
product 

Material 
product 

Sugar crops Pre-treatment Catalytic processes Pentoses Fermentation Biofuels Food / feed 

Starch crops Extraction Hydrolysis Hexoses Aerobic conversion Biogas 
Platform 
chemicals 

Lignocellulose Fractionation Esterification Oil Anaerobic digestion Electricity 
Specialty 
chemicals 

Algal biomass Separation Pulping Biogas Enzymatic processes Heat Biomaterials 

Vegetable oil   Hydrogen   Fertilizer 

Waste   Energy   Polymers 

Feedstock

Platform

Energy product Material product

Mechanical 
process

Chemical 
process

Biochemical 
process
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2.1.3 Biorefinery feedstocks 

Potential feedstocks mainly come from four industry sectors: agriculture, forestry, 
aquaculture, and industrial or municipal waste streams [8]. The 1st generation 
biofuel biorefineries demand dedicated agricultural crops as feedstock. Edible crops, 
such as sugar cane, contain high concentrations of easily extractable mono- and 
polysaccharides. These saccharides decrease process complexity between feedstock 
and platform chemical. They also enable the use of the wide range of starch-
degrading microorganisms. However, the dedicated agricultural crops take up high 
yielding agricultural land, directly competing with human food production. This 
predicament resulted in a “food vs fuel” debate, predicting the jeopardizing of food 
security in developing countries if farmers would transit en masse into biomass 
production for biorefineries in economically developed countries. The debate 
catalyzed scientific focus on more sustainable feedstocks, such as lignocellulosic 
material [9]. Lignocellulose is the most abundant biomass on the planet and can be 
extracted from the forestry industry, as by-product from the agricultural industry, 
and from municipal or industrial waste. Forests are cultivated on less profitable land, 
thus avoiding conflict with human food production. Dedicated lignocellulosic crops 
can also be cultivated on highly yielding agricultural land in the form of switchgrass 
and energy crops, thereby retaining the problems of competing with food production 
[10]. To circumvent this problem and reduce land-use pressure, the biomass could 
be extracted from the sea. The usage of marine biomass as feedstock for biofuel 
biorefineries has been named 3rd generation biofuels. The closely related 4th 
generation uses genetic engineering of algae for the production of biofuels. The use 
of both lignocellulosic materials and marine biomass for the production of biofuels 
are burdened by high investment costs and low biomass to biofuel conversion 
efficacies [11]. Regardless of the source of feedstock, processing remains necessary to 
meet quality requirements set on the platform for the biorefinery. The processing of 
feedstocks can be mechanical or physical, such as homogenization, fractionation and 
separation. Further chemical processing is often applied to increase platform yields. 
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2.1.4 Biorefinery products 

Biorefinery products can be divided into two main categories: Energy and material 
products. Energy-driven biorefineries produce heat, electricity or an energy carrier, 
as its main product. An example is the combined heat and power (CHP) plant, which 
produces both electricity and district heating, such as the Västerås CHP plant [12]. 
Material products can be specialty chemicals, platform chemicals, biomaterials, feed 
and fertilizers. Another Swedish example is the Örnsköldsvik Biorefinery, producing 
an array of material products, such as solid biofuels, carbon dioxide, fertilizer and 
cleaning chemicals in addition to its liquid biofuel production [13]. A biorefinery 
may produce several products from the platform and from other waste-streams, 
generated from earlier stages in the biorefinery. Co-production through the use of 
waste streams can be vital for improving the economy of the overall biorefinery. An 
example of a co-production strategy is reported on a microalgal biofuel biorefinery, 
in which co-production of carotenoids might potentially make the biorefinery 
economically feasible [14]. 

2.2 The cell factory 

A cell factory is a single-cell organism that has undergone genetic modifications for 
the purpose of chemical, material or enzyme production. These modifications are 
often insertions or deletions of single genes or whole metabolic pathways. The cell 
factory can be integrated into the biorefinery concept via its biochemical conversion 
of the platform to product or be used for co-production. The ideal microbe for this 
purpose has a number of qualities, such as metabolic compatibility with target 
product, acceptable growth characteristics, strain robustness, susceptibility to genetic 
engineering, genetic stability, and ability to utilize suitable feedstocks. Since wild-
type microorganisms hardly feature all these traits natively, genetic engineering 
efforts often target these aspects. Consequently, model organisms with well-
developed genetic tools, such as Escherichia coli and Saccharomyces cerevisiae, are used 
as biorefinery cell factories. Examples of commercialized microbial cell factories can 
be viewed in Table 2. Progress in genetic engineering, such as the development of 
CRISPR gene transfer systems, has increased the potential of, and thus the interest 
in, non-conventional organisms [15]. 

  



 8 

Table 2. Examples of commercialized microbial cell factories with the respective products and feedstocks. See for 
references in the review authored by M. Gustavsson and S. Y. Lee [15] 

Production organism Products Feedstocks 

Clostridium acetobutylicum 
Acetone 

Corn 
Butanol 

Escherichia coli  

Succinic acid 

Corn sugar 
Glucose 
Sucrose 

1,3-Propanediol 

1,4-Butanediol 

Isobutene 

Polyhydroxyalkanoates 

Saccharomyces cerevisiae 

Ethanol 

Sugarcane 
Corn sugar 

Starch 

Squalene 

Farnesene 

Succinic acid 

Aspergillus niger Citric acid Molasses 

 

2.2.1 Thermophiles as cell factories 

Industrial bioprocesses are often maintained at elevated temperatures [16]. One of 
the underlying reasons for this is the increased chemical reaction rate. Other 
advantages include improvement of physical properties such as solubility, viscosity 
and diffusion rates. High-temperature bioprocesses reduce mesophilic 
contamination risk and inactivates undesirable enzymes that might interfere with the 
process. Thus, there is great incentive for the discovery and development of 
thermostable enzymes and thermophiles. There are several potential thermophilic 
production candidates under development (Table 3). The implementation of 
thermophiles in the biorefinery has economic advantages. Firstly, it can reduce the 
cooling costs involved in exothermic cell growth. This is the result of a greater 
temperature difference between the process and the final heat acceptor. Secondly, 
removal of cooling steps between thermal pre-treatment and any subsequent 
mesophilic bioconversion is therefore unnecessary [17]. Even though there are 
thermostable enzymes on the market, most are recombinantly expressed in the 
mesophilic model production strains [18]. 
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Table 3. Thermophilic organisms in development as potential production strains 

Organism Topt (°C) Metabolism Product Ref 

Caldicellulosiruptor bescii 75 Anaerobe Ethanol [19] 

Caldicellulosiruptor saccharolyticus 70 Anaerobe Hydrogen [20,21] 

Pyrococcus furiosus 100 Anaerobe 
Lactate, Ethanol, 
Butanol 

[22] 

Rhodothermus marinus 65 Aerobe Lycopene Paper IV 

Thermoanaerobacter mathranii 70 Anaerobe Ethanol [23] 

Thermotoga maritima 80 Anaerobe Enzyme [24,25] 

Thermus thermophilus 70 Aerobe Enzyme [26] 

 

Despite the aforementioned advantages of thermophiles, there are few established 
thermophilic production strains. Out of these, the enzyme producers have been the 
most successful. PCR technology, which has had substantial impact on 
biotechnology and society, is dependent on the thermostable DNA polymerases Taq, 
Pfu and Vent from Thermus aquaticus, Pyrococcus furiosus and Thermococcus litoralis, 
respectively [27-29]. Besides enzymes, thermophilic products remain few. 
Thermophilic Clostridium has been used commercially by the company Green 
Biologics for the production of butanol [30], but the process is no longer operational 
[31]. Mixtures of thermophilic organisms are commercially used in the mining 
industry in the process of bioleaching metals [30]. Bioleaching involves iron and 
sulphur oxidation, resulting in higher yields and reduced environmental impact [30]. 

One of the reasons that so few thermophiles have reached commercial success is due 
to the general lack of knowledge on thermophilic organisms. Another reason is that 
these thermophiles reach lower cell densities relative to mesophilic production strains 
[21]. There are also challenges in genetic engineering, such as developing selective 
pressure markers suitable for high temperature environments [17]. Antibiotics need 
not only be effective for the target organism but also thermostable, to remain 
functional. Nutrient based selective pressure, such as tryptophan prototrophy, can 
be genetically engineered in the target strain. Reintroduction of the gene, together 
with the target gene insert, can be used for selecting positive mutants during 
heterologous gene transfer. This selection pressure strategy was, for example, chosen 
for engineering of the thermophilic bacterium Rhodothermus marinus [32]. 
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2.3 The candidate Rhodothermus marinus 

2.3.1 Isolation and natural habitat 

Rhodothermus marinus was isolated in shallow water hot springs in the bay of 
Ísafjarðardjúp at the Reykjanes peninsula, in northwestern Iceland. These hot springs 
are scattered from the coast to around 100 meters out to the sea. The alkaline hot 
spring water maintains temperatures ranging between 75 and 95 °C, higher than the 
range of 54-80 °C, vital for R. marinus growth [33,34]. This forces the bacterium to 
live in close proximity of the hydrothermal vent, before the hot spring water is cooled 
by the North Atlantic Ocean. The spring water is devoid of oxygen, making the 
strictly aerobic R. marinus dependent on oxygenated seawater [25]. Considering 
these facts, it can be concluded that R. marinus is limited in space around the 
hydrothermal vent. Its ability to aggregate on surfaces using biofilm, could be the 
evolutionary solution to this problem. Since its discovery on Iceland, Rhodothermus 
species have been discovered in hot springs all over the globe, in places such as Japan 
[35], China [36], the Azores [37], Italy [38] and even at a depth of 2634 m on the 
East Pacific Rise [39], a testament to its successful marine niche. However, one study 
contradicts the view of R. marinus as a strictly marine organism. rRNA genes, 
matching those of R. marinus, were found in green waste hot compost samples in 
California, USA [40]. This find raises the possibility of terrestrial R. marinus strains 
with a different set of phenotypes for study. 

2.3.2 Taxonomy 

It has been difficult for researchers to taxonomically classify Rhodothermus marinus 
and its family of Rhodothermaceae [36]. The Bacteroidetes phylum was revised in 
2016, resulting in several new phyla being created [41]. The phylum of 
Rhodothermaeota was created, renamed from the temporary placement in 
Bacteroidetes Order II, incertae sedis. As a result, the classes Balneolia and 
Rhodothermia were separated, the latter containing the sole order of 
Rhodothermales. In Rhodothermales, Rhodothermaceae, Rubricoccaceae and the new 
family of Salinibacteraceae are classified. Previously, the genera contained in 
Salinibacteraceae and Rhodothermaceae were placed together under the 
Rhodothermaceae family. Rhodothermaceae contains the Rhodothermus marinus species 
investigated in this thesis. There are three main R. marinus strains of interest, all 
deposited at DSMZ: R. marinus DSM 4252T, DSM 4253 and DSM 16675. The 
latter has several strain designations in the literature, including PRI 493, MAT 493 
and ISCaR 493, depending on the depository used in that particular study. For 
consistency, the DSM strain designation system will be used throughout this thesis, 
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but the names differ in the appended Papers I-IV. Most research on R. marinus 
focuses on the type strain DSM 4252T. However, advances in genetic engineering of 
strain DSM 16675 has recently shifted some of that focus. 

2.3.3 Enzymes of Rhodothermus marinus 

Rhodothermus marinus is heterotrophic and therefore requires carbohydrates for 
energy generation. Carbohydrate polymers originating from both terrestrial and 
aquatic sources, would be present at the hydrothermal vents. Affected by the hot 
water, the carbohydrates are, in some extent, thermally hydrolyzed, releasing 
accessible carbohydrates to the bacterial colony. To further degrade the carbohydrate 
polymers, R. marinus utilizes a broad arsenal of glycoside hydrolases, able to 
breakdown several common biopolymers. In vitro, R. marinus has shown to degrade 
polysaccharides such as starch, cellulose, laminarin, galactomannan, alginate and 
xylan [42,43]. The responsible thermostable enzymes have been thoroughly studied 
(Table 4). The range of glycoside hydrolases available for R. marinus showcases the 
evolutionary advantage of substrate diversity for aggregating thermophilic bacteria 
at hydrothermal vents. A broad substrate diversity is also a positive characteristic for 
a production organism since it may translate into a higher degree of feedstock 
utilization and a broader spectrum of potential substrates. 

 
Table 4. Carbohydrate-degrading enzymes of Rhodothermus marinus and their respective target biopolymer 

Enzyme reaction Target polymer Ref 

a-amylase 
Starch [44] 

a-glucosidase 

pullulanase Pullulan [44] 

endo-1,4-cellulase Cellulose [45] 

endo-1,4-b-mannase Galactomannan [46] 

endo-1,3-b-glucanase Laminarin [43] 

endo-1,3(4)-b-glucanase Mixed-linked b-glucans [47] 

endo-1,4-b-xylanase 
Xylan 

[48] 

exo-1,4-b-xylosidase [49] 

alginate lyases Alginate [50] 
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2.3.4 Potential products 

Short chain fatty acids (SCFA) are common bacterial cultivation products. 
Rhodothermus marinus, however, has not been shown to accumulate SCFA due to its 
aerobic respiration. Miniscule amounts of lactic acid, formic acid and acetic acid 
have been detected (Paper I), perhaps due to overflow metabolism. Still,  
R. marinus has some interesting metabolic products, of interest for both academic 
and industrial purposes. Firstly, the organism produces both capsular 
exopolysaccharides (EPSs) and an excreted free-form EPSs. The capsular EPSs were 
detected during isolation by Alfredsson et al. (1988) [33] and have since been 
expanded on (Paper II). The other product of interest is its carotenoids. The 
characterization and structural elucidation of the natural carotenoids have been done 
both by nuclear magnetic resonance [51] and by mass spectrometry (Paper III). 
These two products, exopolysaccharides and carotenoids have been selected as target 
products for study in R. marinus for this thesis and will be described in detail in the 
following chapters 3 and 4. 

2.3.5 Growth characteristics 

The broad arsenal of carbohydrate degrading enzymes (Table 4) enables a wide range 
of feedstocks for R. marinus cultivation. Still, most experimental data of R. marinus 
involves mono- or disaccharides in variations of Thermus medium 162, developed 
by Degryse et al. (1978) [52]. Medium optimization based on this medium aimed 
at increasing enzyme production has been done in several studies [44,53]. These 
studies also used complex substrates such as locust bean gum (galactomannan) and 
Birchwood xylan, reaching cell dry weights of 7 and 5.2 g/L, respectively. These 
studies investigated R. marinus DSM 4252T and ITI 990, the latter strain not 
available at main depositories. A comparative list of published cultivation data of  
R. marinus strains can be seen in Table 5. The use of peptone as carbon source has 
been reported to result in the highest specific growth rate in DSM 4253 [54]. 
Moreover, the many variants of the enriched Thermus medium 162 used for  
R. marinus cultivations contains both peptone and yeast extract. The complex 
Lysogeny broth (LB), containing 10 g/L tryptone, 5 g/L yeast extract and 10 g/L 
NaCl, has shown to result in higher cell densities than the commercial Marine Broth 
2216 (MB) (Paper I). Due to these reasons, LB was selected as a cultivation medium 
throughout Papers I-IV. Product formation was affected by choice of media. 
Carotenoid production formation was higher in LB compared to MB. Interestingly, 
the inverse was true for the formation of EPS, showcasing the importance of medium 
selection for product yield optimization (Paper I). Even though this growth medium 
is simple to prepare, give high final cell densities, reduces aggregation and positively 
affects carotenoid production, it has several downsides. Firstly, the use of tryptone  
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Table 5. Experimental cultivation data from different R. marinus strains. aSequential batch with cell recycling 
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and yeast extract are expensive ingredients, which will economically burden any 
future commercial production process. Secondly, the amino acid heavy medium 
causes foaming problems, which worsens during scale-up, as evident in 50 L 
bioreactor cultivation trials (own work). Lastly, the complex LB medium can 
interfere during detection and measurement of low-concentration metabolites. 
These negative aspects call for the development of a minimal medium, able to sustain 
R. marinus growth to high cell densities. Cultivation of R. marinus in the minimal 
medium RSNO 1599, was first published by Blücher et al. (2000) [58]. However, 
cell densities remained low until optimization of the RSNO 1599 medium was made 
by Mukti et al. (unpublished manuscript). This optimized minimal medium has 
been applied to cultivate R. marinus DSM 16675 on hydrolysate extracts from the 
brown macroalga Laminaria digitata containing both mono sugars and polymers 
[57].The morphology of R. marinus DSM 4253 has been reported to change in the 
stationary phase of the cultivation [54]. Normally, R. marinus is rod-shaped with the 
dimensions of 0.5 × 2.5 µm [33], but is reported to morph into extremely long 
filamentous cells, with examples over 50 µm [54]. Also, the formation of biofilm is 
reported to be linked with stationary phase (Paper II), especially in carbohydrate-
rich media [33]. R. marinus has a generation time of around 1.36 h in ideal 
conditions, which is slower than some model production organisms. However, the 
biomass yield and glucose uptake rates are comparable, if not higher (Table 6). 
 
Table 6. Comparison of growth characteristics between R. marinus and other organisms 

Organism 
µmax 
(h-1) 

Biomass yield 
(g g-1 Glc) 

Glucose uptake 
(mmol g-1 h-1) 

Ref 

Bacillus subtilis 168 trpC2 0.3 0.35 4.8 [59] 

Escherichia coli MG1655 0.39 0.3 7.8 [59] 

Geobacillus LC300 2.15 0.39 30.6 [34] 

Rhodothermus marinus DSM 4252T 0.51 0.38 7.5 [34] 

Thermus thermophilus HB8 0.22 0.33 3.7 [34] 

 
A shake flask media optimization study by Gomes et al. (2003) obtained the highest 
cell dry weight (CDW) of R. marinus with 8 times more yeast extract compared with 
maltose [44]. Any increase of maltose concentration failed to increase the final 
CDW. This could be explained by either growth inhibition from a change in pH or 
depletion of nutrient other than carbon and nitrogen sources. However, the former 
explanation is unlikely since the final pH was pH±0.1 from the initial condition.  
A cell density limitation is also present in the bioreactor, where cultivation 
conditions should be far better for aerobic organisms (Paper I). Efforts to increase 
the cell density in R. marinus (Paper I) was successful in breaking the cell density 
barrier seen in batch and fed-batch bioreactor cultivations. Studies of other 
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thermophilic organisms show similar difficulties of increasing cell density without 
any form of dialysis or cell recycling cultivation strategy [21,60]. Therefore, a 
strategy of exchanging the growth medium was used (Figure 3). Exchanging media 
between sequential batch cultivations (SBCR), while retaining the cell mass, resulted 
in a 3-fold increase of the final cell density compared with former cultivation modes. 
This could be explained by micronutrient depletion, product inhibition from 
accumulating toxic metabolites or by reaching the quorum level, part of a quorum 
sensing system [61]. None of these hypotheses have been fully investigated in  
R. marinus. However, even when using SBCR cultivation mode, growth rates 
stagnated before the maltose was depleted (Figure 3). Nevertheless, the cell density 
obtained through SBCR is so far the highest reported for R. marinus DSM 16675. 
Product formation was measured during SBCR cultivations in both LB and MB. 
Interestingly, it was concluded that the selection of media seemed to encourage the 
formation of either product. Using LB, the carotenoid yield was higher, while the 
EPS yield was higher with MB (Figure 4). Evidently, the selection of media is 
important for product formation in R. marinus. 

 

Figure 3. Growth patterns of Rhodothermus marinus DSM 16775 in the three cultivation modes of (from the left) batch, 
fed-batch and SBCR. The blue line represents optical density at 620 nm and the orange line represents the measured 
maltose concentration (g/L) Paper I 

 

Figure 4. SBCR cultivation data of Rhodothermus marinus DSM 16675 and formation of the two selected products: 
Carotenoids and EPSs. The cultivation on the left used LB, while the cultivation on the right used MB. The blue, orange 
and green lines represent OD620, carotenoid absorbance and EPS formation, respectively 
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3 Exopolysaccharides 

3.1 Bacterial exopolysaccharides 

3.1.1 Ecology of exopolysaccharides 

Most bacteria produce extracellular polymeric substance, enabling aggregation and 
formation of biofilms. Exopolysaccharides (EPSs) are part of the extracellular 
polymeric substances, which also consists of proteins and nucleic acids [62]. The 
biofilm forms a protecting layer around the organism, altering the properties of its 
immediate environment. The EPSs can act as a physical barrier outside of the cell 
wall against toxic metals, chemicals, lysozyme and antibiotics [63,64]. Moreover, the 
protective layer may be evolutionarily advantageous for its antimicrobial 
functionality. Examples of this are the defense against predatory protozoa, 
macrophages, and also the repulsion of viral attacks from bacteriophages [65,66]. 

3.1.2 Structure and classification of exopolysaccharides 

Exopolysaccharides are extremely diverse, and classification is thus complex. 
However, EPSs can be divided into two main categories based on its monosaccharide 
composition: homopolysaccharides and heteropolysaccharides. The former consists 
of a specific type of monosaccharide, whereas heteropolysaccharides consist of 
several. Characterization of heteropolysaccharide structures have shown to be 
assembled by repeating units of oligosaccharides with lengths between  
2-7 monomers [67]. These repeating units are produced intracellularly, before 
transportation to membrane-bound enzymes. There, the repeating units are 
assembled before secretion of the final polymer [68]. Both types of EPSs can be 
substituted with inorganic functional groups, such as sulfate, phosphate, and non-
saccharide metabolites, such as pyruvate, as side chains [69]. The difference in 
monomeric composition, variation in monomer linkages and modifications on the 
polymer backbone, together with cultivation dependent compositional variance, 
explain the diversity of bacterial EPSs. 
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3.1.3 Dietary exopolysaccharides and health 

Many cultures have dietary products containing bacterial exopolysaccharides and 
most of these are found in fermented dairy products. In Scandinavia, there are a few 
EPS-rich dairy specialties, such as Viili in Finland, Tjukkmjølk in Norway, and 
Långfil in Sweden [70]. The texture and ropy characteristic of these fermented milks 
are attributed to EPSs from bacteria, such as Lactococcus lactis ssp cremoris [70]. Kefir 
is the name of another fermented dairy product, traditionally consumed in Northern 
Caucasus. Kefiran, found in the drink, is the appropriately named EPS shown to be 
produced by Lactic Acid Bacteria, mainly Lactobacillus kefiranofaciens. Consumers 
have long reported the benefits of the ingestion of fermented dairy and some claims 
have recently been scientifically supported. In mouse studies, kefiran has shown 
anticarcinogenic [71,72] and immunostimulatory effects [73,74]. Other bacterial 
EPSs have also shown to activate macrophages in mouse studies [75,76]. There are 
several commercial bacterial polysaccharides (Table 7). Most of them are used as food 
additives for improved rheology and mouth-feel of the product. 

 
Table 7. Commercial polysaccharides produced from microbe cultivations using cheap feedstocks. For references see 
review authored by Öner et al. (2013) [77] 

Polysaccharide Source bacterium Feedstock 

Dextran Leuconostoc mesenteroides Carob extract, cheese whey and sugar beet 
molasses 

Gellan Sphingomonas paucimobilis Soybean pomace and sugar beet molasses 

Pullulan Aureobasidium pullulans Carob extract, grape pomace, olive mill 
wastewater and sugar beet molasses 

Xanthan Xanthomonas campestris Carob extract, cheese whey, fruit pomace,  
sugar beet pulp and tangerine peels 

 

Bacterial EPSs have also shown to retain antioxidant activity. Antioxidant activity in 
food is linked to health benefits in humans (see section 4.2.2). An in vitro study of 
EPSs from the thermophilic Streptococcus thermophilus, showed antioxidant activity 
on 4 different antioxidant tests, and that sulfated EPSs, further increased this activity 
[78]. Even though sulfated EPSs are believed to be health-beneficial for its 
antioxidant activity, the functional group has been reported to cause cancellous 
bones in mice [79]. In that mice study, the sulfated EPS was administered by 
injections, whereas the health-beneficial antioxidant activity is generally studied after 
being ingested orally. Perhaps, it is the means of admission that is crucial for 
retention of the beneficial effects in the body. 
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Naturally-occurring gut microorganisms, with clinically verified health beneficial 
effects on its host, are called probiotic bacteria [80]. Most established examples of 
probiotic bacteria are species with the genera of Lactobacillus and Bifidobacterium. 
Prebiotics are fibers that selectively promote the growth of probiotic bacteria [81]. 
Some EPSs are thought to function prebiotically. For example, In vitro studies of 
EPSs from LAB, stimulated the selective growth of probiotic Bifidobacterium bifidum 
[82]. However, it is important to emphasize that it is particularly important to study 
any claims of prebiotic effect in vivo. Most in vivo studies have focused on adhesion 
and colonization in the intestines of different hosts [83]. 

 

 

Figure 5. A scanning electron microscopy image of Rhodothermus marinus DSM 16675. Surrounding the bacteria, the 
exopolysaccharide-containing biofilm can be seen, adhering the colony to the underlying surface (source: own study) 
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3.2 Exopolysaccharides of R. marinus 

During the characterization of Rhodothermus marinus, it was noted that it formed a 
distinct biofilm capsule when grown on carbohydrate-rich medium [33]. The EPS-
containing biofilm can be seen using scanning electron microscopy imaging  
(Figure 5). Most of the EPSs produced by R. marinus DSM 16675 is secreted as 
extracellular polysaccharides (Paper I). The EPSs produced by R. marinus strains 
4252T and DSM 16675 have been the target for study in this thesis (Paper II). In 
this study, MB was selected as growth medium since previous cultivations had shown 
poor EPS production in LB. The complex MB and LB media, containing peptone 
or tryptone, were used with an additional carbon source, such as glucose, maltose, 
lactose, and sucrose. All cultivations were performed in shake flasks without pH 
buffers, resulting in pH values below 5. It has previously been reported that  
R. marinus 4252T is unable to grow at pH 5 or below [53]. This explains the 
unaffected final cell densities when increasing the carbon source concentration. 

The highest yield of EPS was obtained from strain DSM 16675 with 13.7 mg/g 
(EPS/CDW) using lactose as substrate, followed by maltose with 10.2 mg/g. This 
can be compared with the strain DSM 4252T at 8.8 and 4.9 mg/g for the respective 
sugars (Paper II). In the more growth efficient SBCR cultivations of strain  
DSM 16675, the EPS concentration only reached 19 mg/L (Paper I). The overall 
size of the EPS was detected by size-exclusion chromatography to 70-80 kDa for 
strain DSM 4252T and 80-90 kDa for strain DSM 16675. 

Functional groups were analyzed by Fourier transform infrared spectroscopy. Several 
features could be interpreted from the spectrum, most notably, sulfate bonds  
(O-S-O). Sulfated EPSs are of interest due to their increased antioxidant activity, as 
discussed in 3.1.3. 

The EPSs of the R. marinus strains were analyzed both qualitatively and 
quantitatively. The analysis on hydrolyzed EPSs used high-performance anionic 
exchange chromatography (HPAEC). The monosaccharide composition of the EPSs 
of the strain DSM 4252T was not drastically affected by the presence or type of sugar 
substrate (Paper II). Its composition had a molar ratio of around 1:2:4 
(Glucose:Arabinose:Xylose). The monosaccharide composition for strain DSM 
16675 differed. Compared to strain DSM 4252T, the differences include the 
presence of mannose in the monosaccharide composition and the stark variation of 
the glucose ratio in the composition when sugar was added to MB. Finally, a higher 
compositional monosaccharide variation, between the substrates, when compared 
with that of strain DSM 4252T. 
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4 Carotenoids 

4.1 Carotenoids in nature 

Carotenoids are widespread in nature both as colorful pigments but also as 
biomolecules with important biological function. For us, carotenoids are most 
notable in bird feathers, fruits and flowers, in order to attract sexual partners, 
distribute seed and for pollination. Common well-known examples might be the 
flamingo’s canthaxanthin rich feathers, the lycopene red colored watermelon and the 
attractive dandelion with its yellow taraxanthin-filled petals [84-86]. However, 
carotenoids have a greater role in the ecology of the planet as an accessory pigment 
in photosynthesis. Accessory pigments widen the spectrum of usable wave lengths 
for photosynthesis by absorbing light and transferring the energy to the chlorophyll. 
The chlorophyll subsequently, converts the light energy into chemical energy in the 
form of sugar. Due to its light absorbing properties, carotenoids have the additional 
function of shielding the photosensitive chlorophyll from excessive sun light that 
otherwise would disrupt cellular function. Because of these functions, carotenoids 
are found in all phototrophic life, from plants and macroalgae to single cellular 
microorganisms. 

The vast presence of carotenoids in nature is, with the exception of the colorful 
flowers and fruits, normally hidden from sight. The colors of the carotenoids in the 
leaf are obscured by the green chloroplasts, unveiled only in the autumn as the 
chloroplasts are first to be degraded by the tree’s annual nutrient recycling [87]. 
Carotenoids can be enzymatically rearranged in order to obtain other molecules for 
the plant, such as production of essential oils and plant hormones. But carotenoids 
can have important functions outside of phototrophic life. Animals are incapable of 
carotenoid biosynthesis, with the exception of specific types of aphids and spider 
mites. Fascinatingly, these two examples of carotenoid producers in animal kingdom 
are believed to be the result of lateral gene transfer from fungi [88,89]. Exceptions 
considered, any animal dietary need for carotenoids has to be ingested with food, 
such as the example of the flamingo. For us humans, carotenoids are an important 
part of our diet due to its role in eye development and its health beneficial properties. 
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4.2 Links between carotenoids and human health 

4.2.1 The role as provitamin A 

As radar technology was deployed by the British during WWII, it was imperative to 
keep it a secret for as long as possible. The British propaganda machine came up 
with the story that their fighter pilots were consuming excessive amounts of carrots 
in order to enhance their night vision and fighting capabilities after dark. Eating 
carrots and ingesting β-carotene is to this day commonly associated with good eye-
sight and night vision. The best lie is partially true. b-carotene is a provitamin A, 
meaning that it is converted into two retinal, a form of vitamin A in vivo. The 
cleavage of the carotenoid polyene chain is catalyzed by the enzymes b,b-carotene-
15,15’-dioxygenase or b,b-carotene-15,15’-monoxygenase [90,91]. There are 
certain structural requirements for a carotenoid to be converted into vitamin A. 
Carotenoids need to have at least one, unmodified, b-ionone ring to enable 
conversion to one of the vitamin A variants (Figure 6). Retinal is important for the 
vision in the form of Rhodopsin. Rhodopsin is a complex of the protein opsin and 
retinal, which is located in the rods on the retina of the eye. Rhodopsin is 
photosensitive and functional in dark environments, such as night vision. 

 

 

Figure 6. The three different Vitamin A variants, retinol (1), retinal (2) and retinoic acid (3), together with the parent 
molecule b-carotene (4) 
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Retinal can also be converted to the vitamin A variants retinol and retinoic acid. 
Retinol is important for mucus producing epithelial cells and functions as the storage 
form of vitamin A [92]. Retinoic acid has an essential function in embryonic and 
stem cell differentiation [93]. The broad biological functionality of vitamin A 
showcases the importance of sufficient provitamin carotenoids. Even today, vitamin 
A deficiency is the leading cause for preventable blindness with hundreds of 
thousands effected in developing countries [94,95]. 

4.2.2 Antioxidant activity and health 

Carotenoids have antioxidant activity, which prevent oxidizing agents from reacting 
with sensitive biomolecules. These oxidizing agents are named reactive oxygen 
species (ROS) and have been linked to be an underlying cause for several chronic 
diseases. Some of these diseases are cancer [96], cardiovascular disease (CVD) and 
age-related macular degeneration (AMD) [97]. ROS are naturally produced 
biologically in the energy conversion, but it can drastically be increased by external 
factors, such as radiation, pollution and smoking [98]. Global premature deaths 
caused by the aforementioned diseases stand around 7.1 million due to smoking 
alone [99]. Moreover, oxidative stress has shown to be related to neurodegenerative 
diseases such as Alzheimer’s, Huntington’s and Parkinson’s disease, as well as 
amyotrophic lateral sclerosis (ALS) [100-103]. Realizing the dangers of oxidative 
stress, it has become imperative to investigate its underlying causes. A rational 
response is the investigation of antioxidants, both in search for a remedy but also for 
disease prevention. Interestingly, an animal study has shown that astaxanthin, a 
relatively polar carotenoid, has the ability to cross the blood-brain barrier, enabling 
protection against oxidation in the brain [104]. 

The relationship between antioxidants and health is not fully understood and has 
proven a complicated one. The non-carotenoid antioxidants ascorbic acid (vitamin 
C) and α-tocopherol (vitamin E) has shown to have antioxidant properties and 
health beneficial effects in humans [105,106]. But ingesting supplements of 
antioxidants in order to prevent human disease has been questioned. Even though 
vitamin C deficiency leads to increased CVD risk and mortality, higher 
supplemental doses than the deficiency limits have not shown to decrease the CVD 
risk [105]. Moreover, in vitro studies have shown vitamin C and vitamin E to have 
pro-oxidant effect in ferrous environments. That being said, it is not clear if the pro-
oxidant effect translates to in vivo conditions even with iron supplementation [107].  

Carotenoid antioxidants have also shown to have oxidant effects in certain 
conditions. Several epidemiological studies have linked an increase of oxidative stress 
in populations that smoked cigarettes while regularly consuming b-carotene 
supplements [96]. This is counterintuitive, as the antioxidant should reduce the 
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effect of the ROS and free radicals present in the smoke of the cigarette [108]. Due 
to these oxidative effects, research focus has moved away from b-carotene as 
benchmark carotenoid for establishing health-beneficial properties of carotenoids 
stemming from its antioxidant effect [96]. However, other researchers are 
questioning the conclusions drawn from the studies and have explained alternative 
hypotheses for the shown negative effects of b-carotene and isolating those effects to 
smoking populations [109]. 

Cancer research has also shown interest of the antioxidant effect of carotenoids. 
There have been studies showing an inversely correlated link between consumption 
of carotenoids and cancer risk [110]. Carotenoids, such as b-carotene, zeaxanthin, 
cryptoxanthin and lutein have even shown in vivo antitumoral function in the liver 
[14]. However, the regulatory entities such as the FDA have rejected claims of 
lycopene lowering risk of cancer until further clinical studies [111]. Also, the EU 
regulatory organs reject any cancer-related health claims on similar grounds [111]. 

Carotenoids have shown to affect eye health. The antioxidant activity is believed to 
reduce the risk for age-related eye diseases cataract and AMD. Lutein and zeaxanthin 
have shown to have an especially beneficial effect on patients having the lowest intake 
of these carotenoids. [112]. In contrast, temporary impairment of vision has been 
reported in consumers of tanning pills containing massive doses of canthaxanthin. A 
possible explanation could be that canthaxanthin has shown to crystallize in the 
retina and macula [113]. 
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4.3 Industrial carotenoid production and application 

The chemical and health-beneficial properties of carotenoids have created demand 
for carotenoids as a commercial product. The global carotenoid market is valued 
between $1-2 billion and growing [114]. The carotenoid market can be divided into 
the following industries: dietary supplements, food & feed and cosmetics. The health 
benefits the carotenoids are claimed to possess, are the main selling points in the 
nutraceutical market, while pigmentation is the most important aspect for the other 
industries. The most economically important carotenoids for the market are: b-
carotene, astaxanthin, canthaxanthin, lycopene and lutein [14]. b-carotene, 
astaxanthin and canthaxanthin are mainly produced by chemical synthesis from 
fossil fuel derived building blocks. In spite of consumer strongly favoring smaller 
carbon footprint processes and natural ingredients, synthetic carotenoids are more 
economical. For example, synthetically produced astaxanthin is reported 
substantially cheaper with prices of $2000 in comparison with $7000 for natural 
astaxanthin, per kg [115]. However, some microalgal astaxanthin production have 
the potential to become economically on par, or even cheaper than the synthetic 
alternative [116]. For the consumer’s criteria to be met, carotenoids could be 
extracted from plants, microalga, fungi and bacteria, rather than from chemical 
synthesis. Today, some carotenoids are extracted from plants, with famous examples 
being tomato (lycopene), marigold flowers (lutein) and bell peppers (capsanthin) 
[117,118]. Lycopene is predominantly extracted from tomato due to it being the 
cheapest of the lycopene producing fruits and vegetables [118]. The majority of the 
lycopene is situated in the skin of the tomato, which is dried and stored for lycopene 
extraction during the production of other tomato-based products [119]. The usage 
of the tomato-skin waste stream makes for an efficient valorization process. Lycopene 
can be found in concentrations levels of around 0.1 g/kg in tomato-based  
products [120]. 

Non-plant sources of lycopene have been investigated. Lycopene production has 
been successful in genetically engineered E. coli, S. cerevisiae and Blakeslea trispora 
[121]. S. cerevisiae is a so-called generally regarded as safe (GRAS) organism, which 
can be of legislative importance for the food industry. E. coli, on the other hand, is 
less ideal since it contains endotoxins unsuitable for human consumption. In  
S. cerevisiae, the lycopene yield of 55 g/kg DW has been reached, compared with 
43.7 g/kg DW for engineered E. coli [121,122]. The fungus B. trispora naturally 
produces lycopene of around 15-19 g/kg DW [123,124]. But as E. coli, the 
utilization of B. trispora is questionable for the production of lycopene for human 
consumption due to the requirement of cyclase inhibitors [125]. Total removal of 
these inhibitors would be necessary due to their potentially hazardous effect. 
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Lutein is mainly extracted from marigold petals, demanding large amounts of land-
use and with a labor intensity that is not economically viable in developed economies 
[126]. Lutein containing microalga has been investigated. Microalgal production is 
more land efficient and also have higher carotenoid concentrations than marigold. 
But, the overall process is more expensive with co-product valorization being 
necessary for economic viability [126]. 

4.3.1 Nutraceutical industry 

The health benefits of carotenoids in the form of provitamins and as antioxidants 
have increased consumer demand for carotenoids. An important question in 
carotenoid dietary supplements is the bioavailability. Studies have shown that 
polarity is important for the bioavailability in humans. Relatively polar, hydroxylated 
carotenoids are more bioavailable for humans, when compared with carotenes [127]. 
A probable reason for this is higher solubility in the micelles, from which carotenoids 
are taken up by the brush membrane in the human intestine [128]. A great number 
of carotenoids are sold as disease preventative measures for diseases such as  
age-related macular degeneration (zeaxanthin and lutein). The European food safety 
authority (EFSA) has not accepted any health claims argued for by the nutraceutical 
industry except for the claim that b-carotene promotes normal vision and skin and 
mucosa due to its link to vitamin A [111,118]. Nevertheless, any health beneficial 
links drawn by scientists are driving the carotenoid dietary supplementation market. 

4.3.2 Food and feed industry 

Dyes have been added to food and beverages for a long time. Artificial dyes are still 
broadly used, but consumer forces have lately pushed the industry towards natural 
dyes. Carotenoids, being 1 of 4 groups of natural dyes, are extensively used, both in 
the food and feed industries (Table 8). The industry’s primary reason for adding 
carotenoids to food is to enhance the organoleptic properties of the product by 
coloration. The colorant can be added to the food processing directly or indirectly 
in animal feed. A direct example being dairy products. Historically, the color of milk, 
cheese and butter, changed with seasonal variations due variable levels of carotenoids 
in the feed. Introducing carotenoids to the food process, maintains quality of the 
product uniform throughout the year. Similarly, carotenoids are added to the feed 
of chickens in order to enrich the color of the egg yolk and meat. 

Aquaculture is an important market for carotenoids. Carotenoids are added to the 
feed of salmonids for the coloration of the meat. Carotenoids also have a biological 
function in salmonids, with health-beneficial post-natal effects [129]. The 
supplementation of carotenoids in fish feed is expensive, adding up to 20% of the 
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feed cost and 8% of the final product cost [130]. But the color is important due to 
the consumer’s color preferences of salmonid meat, associated with freshness, good 
flavor and overall quality [131]. This is especially true for farmed salmonids, which 
otherwise would have an unattractive pale meat color due to the absence of 
carotenoid containing crustaceans. Both astaxanthin and canthaxanthin have been 
used for the pigmentation of farmed salmonids, both separately and as a mix of the 
two. However, astaxanthin’s effective binding to muscle tissue has replaced 
canthaxanthin almost entirely [132]. 

Salmonid meat requires carotenoid concentrations above 8 mg/kg for acceptable 
organoleptic properties for the market [133]. The maximum allowed canthaxanthin 
concentrations according to EU regulations, is 13.7 mg/kg in salmonid meat and  
25 mg/kg in the fish feed, while astaxanthin is allowed for concentrations up to  
100 mg/kg [131]. 

There are approved alternatives to synthetic astaxanthin for the purpose of coloration 
in fish feed. Dried and killed bacterial cells of Paracoccus carotinifaciens has been 
approved for aquaculture fish feed. P. carotinifaciens mainly produces astaxanthin, 
but also substantial amounts of canthaxanthin and minor amounts of adonirubin  
(3-hydroxycanthaxanthin) with a total carotenoid content of between 28-43 g/kg 
DW [131]. Another approved astaxanthin-producing (25 g/kg DW [116]) 
microalga is Haematococcus pluvialis [131]. Lastly, the red yeast Phaffia rhodozyma, 
which produces astaxanthin (0.45-1.3 g/kg [134]), is also allowed as a fish feed 
colorant [135]. 

 
Table 8. Common carotenoid additives in food and animal feed. Carotenoids assessed and approved by the Scientific 
Committee on Food (SCF) and/or the European Food Safety Authority as additives in food with their corresponding  
E-number, source and application 

Carotenoid E-number Source Example of application 

β-carotene  E160a (i) 
Synthetic [117,136], 
Carrots  

Beverages, dairy products, soups [136,137] 

Bixin, Norbixin E160b Annetto [117] Dairy products [138] 

Capsanthin E160c Paprika [117] Meat products, dairy products[139] 

Lycopene E160d Tomato [118] 
Beverages, dairy products, spreads, soups 
[119] 

Beta-apo-8’-carotenal E160e Synthetic [140] Beverages [137] 

Beta-apo-8’-carotenal ethyl ester E160f Synthetic [140] Beverages [137] 

Lutein E161b Marigold petals [141] Chicken feed (egg yolk) [142] 

Cantaxanthin E161g Synthetic[117] Fish feed [143] 

Astaxanthin E161j Synthetic [131] Fish feed [133] 
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4.4 The structure of carotenoids 

A century after scientists discovered the pigment carotene, the first carotene named 
b-carotene, was structurally elucidated in 1930 by P. Karrer and R. Kuhn. Today, 
there are 1181 different carotenoids discovered and structurally elucidated according 
to the Carotenoids Database [144]. First and foremost, carotenoids can be divided 
into two classes: carotenes and xanthophylls. The difference being that carotenes are 
pure hydrocarbons whilst xanthophylls contain oxygen. Secondly, all carotenoids 
have a conjugated backbone of isoprene units. The conjugated backbone is the cause 
for both its light-absorbing properties and its ability to stabilize ROS. The electrons 
in a conjugated π-system, can be excited by certain photons when resonated in the 
p-orbitals. The subsequent release of the photon results in the color of the 
carotenoid. The same conjugated backbone structure is also the basis of the reactivity 
with ROS [145]. 

The highest structural diversity of carotenoids lies at its ends. The ends may be fully 
linear, such as lycopene, or with cyclic b-ionone rings. When the ends are acyclic, 
they are called y-ends according to carotenoid nomenclature. Therefore, the trivial 
name of lycopene is translated into y,y-carotene, describing its two acyclic ends. A 
carotenoid such as b-carotene has two b-ionone rings and would similarly be named 
b,b-carotene. In a similar fashion a-carotene has one e-ionone ring and one  
b-ionone ring (b,e-carotene) and g-carotene has one b-ionone ring and one acyclic 
end (b,y-carotene) [146]. In this thesis, the trivial names will be used for simplicity, 
unless specifically describing the ends of the carotenoids in question. 

The overall structure of carotenoids results in extremely low water solubility. This is 
slightly improved by modifications such as ketolation and hydroxylation. These 
types of modifications are important for arranging the carotenoid in cellular 
membranes. Functional groups on carotenoids do not only affect hydrophobicity. 
The keto group situated in the b-ionone rings has been shown to form hydrogen 
bonds in carotenoid/protein complexes [147]. Lastly, carotenoids can be 
glycosylated. Glycosylation of carotenoids can create complex carotenoids, which 
have drastically different chemical characteristics. One extreme example is the 
carotenoid crocin found in saffron, which is water soluble. The repeated discovery 
of carotenoid glycosides in thermophilic bacteria in particular, has given these 
carotenoids the name thermoxanthins. 
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4.4.1 Biological function in non-photosynthetic bacteria 

The function of carotenoids in non-photosynthetic bacteria is tied to its physio-
chemical properties. Due to the inherent hydrophobicity, carotenoids are often 
imbedded in the hydrophobic cell membranes between the layers of phospholipids. 
Any polar functional groups situated on its ends, such as hydroxy or keto groups, 
arrange the molecule in parallel with the phospholipids. Interestingly, the length of 
a C40 carotenoid is identical to the thickness of the phospholipid membrane, thereby 
placing any hydrophilic functional groups on the outside of the membrane [148]. It 
has also been shown that carotenoids with exposed hydrophilic ends can react with 
oxidants on the outside of the membrane, whereas carotenes such as lycopene and 
β-carotene are unable to do so [145]. In cell membranes, carotenoids protect the cell 
through reacting with and neutralizing ROS. The quenching of radical reaction 
cascades, a property of the conjugated isoprenoid backbone, is also an important 
function [149]. The antioxidant function of the carotenoids in the cell membrane 
has been empirically tested. The extremophile Deinococcus radiodurans was 
genetically altered so that its carotenoid biosynthetic pathway was knocked-out 
(ΔcrtBI). The mutant was a 100-fold more sensitive to a treatment of H2O2 when 
compared with the carotenoid producing wild-type [150]. The placement in the cell 
membrane and the functional groups on the carotenoids seem to be of significant 
importance for cell health. 

Carotenoid glycosides have been discovered in diverse thermophiles such as Thermus 
spp, Myxococcus xanthus, and the Rhodothermaceae family [51,151-153] (Paper III). 
Glycosylated carotenoids are relatively polar and have shown to stabilize the cell 
membrane in the thermophiles of Thermus [154]. The hypothesis that the main 
carotenoid function in thermophilic bacteria is the stabilization of the cell 
membrane, has been challenged. Research in Salinibacter ruber has discovered that 
the carotenoid glycoside salinixanthin is part of a light-driven proton pump, called 
xanthorhodopsin [155]. Salinixanthin is non-covalently bound to rhodopsin, a with 
its 4-keto b-ionone ring, where it interacts with the retinal part [156] The accessory 
carotenoid extends the range of usable wavelengths for light-energy conversion into 
pumping protons over the membrane [157]. 
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4.5 Biosynthesis of carotenoids 

Carotenoid biosynthesis in bacteria can be divided into three steps. The first step 
starts with intermediate metabolites from the glycolysis and ends with the building 
blocks for the terpenoid biosynthesis. The second step fuse these together during 
several enzymatic steps to create geranylgeranyl-pp (GGPP). GGPP is the starting 
point of the third and final step, the carotenoid biosynthetic pathway. Below, these 
three steps will be described in more detail. 

4.5.1 Synthesis of the terpenoid building blocks 

Carotenoids are a subclass of terpenoids, a group of organic molecules, assembled 
from the isomeric building blocks of isopentenyl-pyrophosphate (IPP) and 
dimethylallyl-pyrophosphate (DMAPP). There are two metabolic pathways 
discovered in nature, which synthesizes IPP and DMAPP: The first one is the 
mevalonate (MVA) pathway and the methyl erythritol phosphate (MEP) pathway is 
the second. The latter pathway was previously known as 2-C-methyl-d-erythritol  
4-phosphate/1-deoxy- d-xylulose 5-phosphate (MEP/DOXP) pathway or non-
mevalonate pathway. The general difference between the two pathways is that the 
mevalonate pathway begins with acetyl-CoA, whereas the MEP pathway starts with 
the glycolytic metabolites of pyruvate and glyceraldehyde-3-phosphate (GAP). The 
MVA pathway is predominantly found in animals and yeast, and in a slightly altered 
variant in archaea [158], whereas the MEP pathway is dominant in plants and 
bacteria [159]. There are, however, bacteria that use the MVA pathway or that have 
both pathways present, operating simultaneously. This strengthens the evolutionary 
hypothesis that the MVA pathway was the first pathway to synthesize  
isopentenyl-PP [158]. According to the automatic annotation of the R. marinus 
4252T genome in RAST and KEGG, [160,161] the MEP pathway is utilized by the 
organism to produce the building blocks IPP and DMAPP. The MEP pathway can 
be seen in Figure 7. 
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Figure 7. Scheme of the MEP metabolic pathway commonly found in bacteria. The MEP pathway is part of the terpenoid 
backbone biosynthesis, starting with the glycolysis metabolites pyruvate and ᴅ-glyceraldehyde 3-phosphate. The 
pathway ends with isopentanyl pyrophosphate and dimethylallyl diphosphate, the building blocks of all terpenoids, 
including the carotenoid biosynthesis pathway. The enzyme names are abbreviated and written in bold: 1-Deoxy-ᴅ-
xylulose 5-phosphate synthase (DXS), 1-Deoxy-ᴅ-xylulose 5-phosphate reductoisomerase (DXR), 2-C-Methyl-ᴅ-erythritol 
4-phosphate cytidylyltransferase (CMS), 4-Diphosphocytidyl-2-C-methyl-ᴅ-erythritol kinase (CMK), 2-C-methyl-ᴅ-
erythritol 2,4-cyclodiphosphate synthase (MCS), 4-Hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (HDS) and 4-
Hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR) [162] 
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Figure 8. Scheme of the terpenoid backbone biosynthesis metabolic pathway. This metabolic pathway is a continuation 
from the pathway in Figure 7. It also shows the beginning of the carotenoid biosynthesis pathway, starting at GGPP 
and ending at the ψ,ψ-carotene lycopene. The abbreviated enzyme names are in bold and represent the following 
names arranged in descending order: Geranyl diphosphate synthase (GPS), Fernasyl diphosphate synthase (FDPS), 
Geranylgeranyl diphosphate synthase (GGPP), Farnesyl diphosphate farnesyltransferase (FDFT), 15-cis-phytoene synthase 
(CrtB) and phytoene desaturase (CrtI) 

4.5.2 The terpenoid metabolic pathway 

The starting point of the terpenoid metabolic pathway consists of the hemiterpenes 
(C5 terpenes) IPP and DMAPP (Figure 8). Together they form the compound geranyl-
pp. Geranyl-pp is the building block for monoterpenes (C10 terpenes), which 
includes volatile fragrant compounds produced by many plants, such as: Menthol 
(peppermint), limonene (lemon zest) and myrcene (thyme). Geranyl-pp is 
subsequently combined with another IPP to form farnesyl-pp. Farnesyl-pp is used 
for the synthesis of sesquiterpenes (C15 terpenes), which include aromatic and well-
known substances such as humulones (hops) and geosmin (the fragrance of a rainy 
day). Farnesyl-pp can also fuse with another farnesyl-pp to form squalene. Squalene 
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is part of the synthesis of triterpenoids (C30 terpenes), which after enzymatic 
cyclization, forms biologically important compounds such as cholesterol and steroid 
hormones in both plants and animals. But for the synthesis of carotenoids, farnesyl-
pp is combined with another IPP to create geranylgeranyl-pp (GGPP), the starting 
point of the carotenoid biosynthetic pathway. Two GGPP is then combined to form 
phytoene, the first tetraterpene (C40 terpenes), the group of terpenoids, which 
carotenoids are part of. 

4.5.3 The carotenoid biosynthetic pathway 

The carotenoid biosynthesis begins with the fusion of two GGPP, forming phytoene. 
The crtB gene encoding for phytoene synthase is followed by crtI, phytoene 
desaturase, which desaturates phytoene several times to form lycopene. Lycopene is 
the hub from which most other C40 carotenoids are formed. However, there are some 
exceptions. The spheroidene pathway, stemming from the lycopene precursor 
neurosporene, being one of them. From lycopene, carotenoids are enzymatically 
modified by desaturation (CrtI), cyclization (CrtL-b/e), hydroxylation (CrtC/CruF) 
and ketolation (CrtO) to name some of them. Common carotenoid modifying 
enzymes and corresponding codes can be found in Table 9. 

Common carotenes such as a- b- g-carotene can easily be converted from lycopene 
with the cyclization genes CrtL-b and CrtL-e. The difference being that CrtL-b 
forms b-ends, such as the case of b and g-carotene whilst CrtL-e forms e-ends. These 
cyclic ends are often modified by additions of hydroxyl groups and keto groups. 
Hydroxylation of y-carotenes can be catalyzed by two different enzymes CruF and 
CrtC. The evolutionarily distinct CruF was discovered in the cyanobacteria 
Synechococcus [163] but has also been identified in non-photosynthetic Deinococcus 
spp [164]. The cruF gene has also been identified in R. marinus (Paper III). where it 
lacks a stop codon, resulting in a fused cruF-crtB gene (Paper IV). Gene knockout 
of the cruF part rendered the crtB part inactive, as no carotenoids could be detected 
from the mutant strain (Paper IV). If the hypothesis that the cruF-crtB gene 
translates into a large enzyme with dual activities is true, it could explain the 
asymmetrical b,y-carotenes seen in R. marinus. CrtC is shown to be prevalent in 
photoautotrophic bacteria [165]. Hydroxyl groups can also be attached to the cyclic 
b-ionone rings. The 3-hydroxylation of b-carotenes is performed by CrtR and CrtZ. 
The difference between these two enzymes is substrate specificity. CrtR has shown 
to be active on 4-ketolated b-ionone rings, whereas CrtZ is only active on non-
ketolated b-ionone rings [166]. Another important functional group often detected 
on cyclic b-ends carotenoids is the 4-keto modification. There are two different 
carotene b-ketolases that attach a 4-keto group on the b-ionone ring: CrtO and 
CrtW. A comparative study has shown a similar substrate specificity difference as 
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with the hydroxylases above. CrtW was able to use 3-hydroxylated b-ionone ring as 
substrate, important for the biosynthesis of carotenoids such as astaxanthin. CrtO 
on the other hand, was unable to use the same hydroxylated rings as a substrate 
[166]. Knockout of CruF in R. marinus resulted in stopping both CrtO and CrtL-b 
activities (Paper IV). This could be explained by the enzymes’ substrate specificity, 
requiring modification on the opposing side of the carotenoid in order to correctly 
attach to the active sites. 

Carotenoid hydroxyl groups can be the attachment point of larger modifications. 
One common example is esterification of the hydroxyl group. This enables the 
enzymatic attachment of fatty acids to the carotenoid, important for carotenoid-lipid 
and/or carotenoid-protein interactions in the cell membrane [145]. The 
acyltransferases (CruD) involved in carotenoid acylation have been detected in the 
extremophilic Chlorobium tepidum [167]. The esterification of a carotenoid can also 
occur on hydroxyl-containing modifications. Such is the case of the mentioned  
C. tepidum, where the acyltransferase acts on a hydroxyl group on a glycoside group, 
itself attached by the glycosyltransferase CruC. Due to the variability of carotenoid 
biosynthetic pathways, it is difficult to overview. Yet, the example of the carotenoid 
biosynthetic pathway of R. marinus can be seen in Figure 13 (section 4.7). 

Table 9. Common carotenoid modifying enzymes and their gene-derived code 
 

Enzyme code Enzyme name 

CrtB   Phytoene synthase 

CrtI   Phytoene desaturase 

CruF/CrtC   ψ-Carotenoid 1-hydroxylase 

CrtA   Acyclic carotenoid 2-ketolase 

CrtL-b (CrtY)   Lycopene β-cyclase 

CrtL-e   Lycopene ε-cyclase  

CrtR/CrtZ   β-carotene 3-hydroxylase 

CrtO/CrtW   β-carotene 4-ketolase 

CruC   Glycosyltransferase 

CruD   Acyltransferase 
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4.6 Methodology of carotenoid analysis 

4.6.1 Carotenoid extraction methods  

Most of the carotenoids produced from the carotenoid biosynthetic pathway are 
inherently hydrophobic. Carotenoids are therefore concentrated in hydrophobic 
cellular environments such as the cell membrane. Extracting the carotenoids from 
these environments are essential in order to structurally analyze the carotenoids or 
use them in industrial applications where any degree of purity is of importance. 
There are several common extraction techniques used for extracting carotenoids 
from cells. All methods require disruption of the cell membrane and/or cell wall. In 
the case of disrupting cell walls, methods include cellulolytic and pectinolytic 
enzymes or physical methods such as grinding. These enzymatic methods have 
shown to increase extraction yields substantially [168]. However, the cell membranes 
of gram-negative bacteria such as R. marinus, are naturally more easily disrupted and 
pre-treatment of the cells is generally not required. Gram-negative cell membranes 
can instead be disrupted by dissolution in suitable solvents. Examples of extraction 
techniques suitable for bacterial samples include: Organic solvent extraction, 
pressurized liquid extraction (PLE) and supercritical fluid extraction (SFE)  
[168-170]. Saponification is commonly performed during or after the extraction of 
carotenoids. The reason being to remove fatty acids of carotenoid esters and to ease 
the removal of free fatty acids in the extract [171]. 

4.6.1.1 Organic solvent extraction 
The traditional method of carotenoid extraction is mixing the cells with organic 
solvents. This can be performed in either one- or two-phase systems, depending on 
the relative amount of water in the sample and the polarity of the carotenoids. Many 
of these methods use organic solvents that are often health detrimental and the future 
legal status might change in the food industry. As of today, the use of some specific 
organic solvents is acceptable for extraction of food additives such as vitamins and 
colorants in the EU, including ethyl acetate, ethanol and acetone (EU Directive 
2009/32/EC). However, the organic solvents must be removed to “technically 
unavoidable quantities” and present no danger to human health, which might lead 
to costly removal in downstream processing.  

The selection of which organic solvents that can be used is highly dependent on the 
target carotenoid chemical properties. Lycopene, for example, is extremely 
hydrophobic and is only partially soluble in ethanol or acetone. Due to the 
hydrophobicity of lycopene, the organic solvents of dichloromethane and a 
hexane/acetone 1:1 mix can be used (Paper IV). It should be noted that the use of 
solvent mixtures can be tempting to use in an analytical scale but complicate 
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production due to the requirement for accurate volume control and potential 
legislative complications. 

4.6.1.2 Pressurized liquid extraction 
The more hydrophilic xanthophylls, especially when glycosylated, can more easily 
be extracted using polar and generally less dangerous organic solvents. However, 
more polar solvents decrease the disruption of the cell membrane and thus decrease 
both extraction efficiency and efficacy. To combat these negatives, PLE uses liquid 
solvents, high temperatures and pressure to keep the solvent in the liquid state in 
order to quickly elute compounds from pre-dried samples fixated by a filter. This 
extraction technique was selected for use in Paper III because of its low 
environmental impact, fast extraction and the possibility to use safer solvents. All the 
while retaining the extraction efficacy in comparison to conventional organic solvent 
extraction [172,173]. The time factor is vital in order to reduce isomerization and 
degradation of the heat-sensitive carotenoids. 

4.6.1.3 Supercritical fluid extraction 
Supercritical fluid extraction (SFE) is a valuable extraction technique for carotenoids 
for several reasons. In general, supercritical fluids have the density of a fluid whilst 
retaining the viscosity and diffusion coefficients of a gas. This results in very 
beneficial chemical properties for carotenoid extraction by higher degree of solvent 
penetration of complex matrices [170]. The most commonly used supercritical fluid 
is scCO2, which has hydrophobic properties similar to that of hexane. SFE also 
enables the use of safer co-solvents, such as ethanol, wherein the extract will be 
concentrated after the scCO2 has dissipated during the return to atmospheric 
pressure.  

Today, SFE is extensively used for analytical scale applications but the technology 
transfer to industrial scale has had a slow start. Even though there are some 
challenges, SFE is used in industrial scale for the pharmaceutical, food and textile 
industries in order to minimize conventional organic solvents and create a more 
environmentally sustainable process [174]. An example of a patented and 
commercially applied carotenoid SFE method is lycopene extraction from tomato 
[175]. SFE has been considered and tried for the native carotenoids of R. marinus. 
The relatively polar carotenoid glycoside esters were extracted with higher efficacy 
the higher ratio of the co-solvent ethanol that was tried. The conclusion was drawn 
that the hydrophilicity of the glycosylated carotenoids rendered SFE unsuitable. 
Supercritical fluid chromatography was, however, chosen for the analysis of the 
carotenoids in both Paper III and IV.  
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4.6.2 Methods for structural determination of carotenoids 

Nuclear magnetic resonance (NMR) is the golden standard for structural elucidation 
of chemical compounds. The technique can be used both for quantitative 
measurements of known compounds as well as structural determination of unknown 
compounds. There are a few disadvantages for NMR as a method for structural 
determination. It is an insensitive method, meaning that the concentration of the 
analyte needs to be relatively high. The amount of sample used is also higher than 
comparable analytical techniques. Both of these disadvantages are counteracted by 
the fact that NMR is non-destructive in its nature and the sample can be reused for 
other purposes. NMR has high purity requirements. 1H NMR spectroscopy, for 
example, requires more than 95% purity for ensured accuracy in structural 
determination, which can be time-consuming to achieve [176]. 

Mass spectrometry (MS) measures the mass-to-charge ratio (m/z) of ionized analytes. 
There are different types of mass analyzers, which complement its respective 
weaknesses. The time-of-flight (TOF) mass analyzer uses a long vacuum tube, in 
which the charged analytes are accelerated by an applied electric field. The result is 
a very accurate mass measurement, down to a few thousandths of a Dalton. 
Quadrupoles, on the other hand, are inaccurate when compared with TOF. They 
can however be used for nominal mass measurements, as mass gates before other 
mass analyzers or as fragmentation chambers. Fragmentation of compounds is useful 
for structure determination of compounds but also for identification and 
quantification. One common mass spectrometry set up is the triple quadropole, 
which uses fragmentation and mass gates to attain accuracy for detection of 
compounds. Compared with NMR, MS is a sensitive method, with detection limits 
down to nanograms of analyte but is dependent on the ionization properties of the 
analyte. Chemical isomers are a problem for MS analysis since isomers have identical 
mass. These are required to be separated chromatographically prior to the mass 
analyzer. 

Structural information of carotenoids can be extracted with UV-vis absorption 
spectroscopy. The absorption spectrum of carotenoids has distinctive 3-peaks 
spectra. The ratio between the height of the right-most and middle carotenoid peaks 
can be used in order to distinguish carotenoid isomers. This so called %III/II ratio 
is higher for longer conjugated linear carotenes such as y,y- compared with  
y,b- and b,b-carotene [145]. A relative positional shift of two carotenoid absorbance 
peaks can also give supporting evidence of carotenoid isomers. b-ionone rings 
contribute less to the bathochromatic shift than linear y-ends, which also can be 
used as supportive evidence for elucidation of carotenoid structures [177].  
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4.7 Native carotenoids of Rhodothermus marinus 

In the late 1980’s, Rhodothermus marinus was discovered by Alfredsson et al. during 
an investigation on Thermus spp [33]. The characteristic red-pigmented colonies of  
R. marinus (Figure 9) were unmistakably different from the yellow Thermus colonies. 
The spectrum of the acetone extracts showed a typical carotenoid absorption pattern, 
but it was not until Lutnaes et al. elucidated the structure of the natural carotenoids 
of R. marinus DSM 4253, that it was fully confirmed [153]. Lutnaes et al. used NMR 
to structurally determine the carotenoid glycoside and GCMS to analyze the fatty 
acid composition. The NMR results showed a compound in three parts, a  
b,y-xanthophyll, a hexose bound to the y-end and an acyl group covalently bound 
to the hexose [51]. A few years earlier, Lutnaes et al, had done a similar study on the 
closest genetic relative of R. marinus, namely Salinibacter ruber. In that red-colored 
halophile, the same carotenoid had been discovered and consequently been named 
salinixanthin (Figure 10) [153]. Out of the total carotenoids, 96 % was in the form of 
salinixanthin. There was some variation detected of the acyl length and configuration 
as n-alkanes or 13-methyltetradecanoic acid (13-MTD). 

 

 

Figure 9. A spoonful of Rhodothermus marinus DSM 4252T, a display of the intensity of its carotenoid coloration  
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Figure 10. Chemical structure of the carotenoid Salinixanthin, which was found to be the native carotenoid of 
Salinibacter ruber and Rhodothermus marinus 

 

At the time of the discovery of salinixanthin in S. ruber and R. marinus, most research 
on Rhodothermus had been focused on the DSM 4252T, of which the genome was 
sequenced and available. However, the strain, which was selected for carotenoid 
characterization, was strain DSM 4253. DSM 4253 is genetically very close to the 
type-strain. The choice of organisms opened up the research question: Do the wild-
type strains DSM 4252T and DSM 16675 synthesize the same carotenoids as DSM 
4253? And: Can the genes responsible for the production of these carotenoids be 
found in the available genome of DSM 4252T? Answering these questions was the 
basis for Paper III. 

The Rhodothermus marinus strains DSM 4252T, DSM 4253, DSM 16675, and  
SB-71 (ΔtrpBΔpurAcrtBI´::trpB) were selected for the comparative study. DSM 
4252T and DSM 4253 for the reasons mentioned above and DSM 16675 due to the 
progress of replacement of DNA in a single step by double-crossover recombination 
[32]. The enabling of genetic modifications in strain DSM 16675 is deemed 
necessary for establishing Rhodothermus as a cell factory candidate. Moreover, if the 
organism is to produce any commercially established carotenoids, genetic 
modifications might be necessary. Strain SB-71 is a carotenoid biosynthetic pathway 
knock-out strain derived from DSM 16675, developed at Matís Ohf, Iceland. The 
mutations of R. marinus strain SB-71 blocks the enzymatic reactions between GGPP 
and lycopene (DcrtBI) in the pathway, resulting in colorless colonies [32]. 

The results showed that the carotenoid acyl glycoside salinixanthin, present in  
S. ruber and R. marinus DSM 4253, was also detected in the carotenoid extracts of 
strain DSM 4252T and DSM 16675. The previously reported acyl length variation, 
a result of enzymatic substrate promiscuity, could also be detected by MS. Similarly, 
the carotenoid, with and without the 2’-hydroxyl group, was detected both as peaks 
in the DAD chromatogram and through MS. However, during the analyses, only 
two of the four peaks could be explained by the carotenoids that had previously been 
structurally analyzed [51]. In the other 2 unknown peaks, compounds with masses 
in the range of the previous carotenoids could be detected. Moreover, each of these 
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unknown peaks have similar patterns of mass peaks, as generated by the carotenoid 
acyl group variance. The masses of the two unknown compounds were detected with 
a nominal mass of 14 m/z lower than salinixanthin with and without the hydroxide 
group, respectively. MS/MS fragmentation of selected peaks, showed structural 
similarity between the compounds in all four peaks, including fragments from the 
isoprene carotenoid backbone and the acyl glycoside ion (Figure 11). 

 

 

Figure 11. The carotenoid glycoside ester detected in Rhodothermus marinus strains DSM 4252T, DSM 4253 and DSM 
16675 with the most prevalent 11-methyl dodecanoic acyl group. The detected mass fragments of m/z 203.1 and 359.2 
are shown in the chemical scheme. R: Hydrogen or hydroxyl group 

 

While the acyl glycoside fragment ion was detected in all 4 peaks, the  
4-keto b-ionone fragment ion was only detected in the peaks of Salinixanthin with 
and without the hydroxyl group. Moreover, the remaining carotenoid backbone 
fragment ion, after the acyl glycoside is cleaved off, is detected with a mass difference 
corresponding to the loss of one oxygen and the addition of two hydrogen. The 
logical explanation of these results and the difference in retention time is that the 
carotenoid glycoside ester in the selected Rhodothermus strains is also present without 
the 4-keto group. This result suggests that the previously reported carotenoid 
structures should be complemented with the non-ketolated versions. A summarizing 
schematic of the carotenoid glycoside esters detected in Rhodothermus marinus  
wild-type strains DSM 4252T, DSM 4253 and DSM 16675 can be viewed in  
Figure 12. The carotenoid analysis and gene knock-out in Paper III and IV has given 
insight in the carotenoid biosynthetic pathway of R. marinus and can be seen  
in Figure 13. 
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Figure 12. Proposed carotenoid acyl glycosides in Rhodothermus marinus strains DSM 4252T, DSM 4253 and DSM 
16675 using UHPSFC-DAD-QTOF/MS. n=7-13 

 

 

Figure 13. The suggested carotenoid biosynthetic pathway of R. marinus based on the bioinformatics and experimental 
results from Paper III and Paper IV 
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4.8 Engineering of the carotenoid biosynthetic pathway 
in R. marinus 

The native carotenoid acyl glycosides of Rhodothermus marinus have interesting 
chemical properties. The biological function in xanthorhodopsin, could perhaps 
have future impacts in alternative solar energy harvesting solutions. However, the 
most prevalent carotenoids on the market are simple C40 carotenes or xanthophylls. 
To benchmark R. marinus as a cell factory for the production of carotenoids, a 
carotenoid with proven commercial demand is required. The knowledge gathered in 
the carotenoid biosynthesis of R. marinus together with the developed genetic tools 
for heterologous gene transfer enables the possibility of genetic engineering [32]. The 
aim of the study described in Paper IV was to validate the function of the carotenoid 
biosynthetic pathway genes suggested in Paper III. A second aim was to produce a 
commercially recognized carotenoid through genetic engineering of the strain  
DSM 16675. Hence, three knock-out mutants were designed and successfully 
developed. The engineered strain names and respective genes knock-outs can be seen 
in Table 10. In the extract of the first mutant TK-1, the two non-ketolated carotenoid 
acyl glycosides could be detected by mass spectrometry. Neither, the ketolated 
carotenoid variants nor the 4-ketolated b-ionone ring MS/MS fragment could be 
detected by MS (Figure 11) This was expected since a gene, bioinformatically 
annotated as a CrtO ketolase, was knocked out. Due to isomers having identical 
masses, mass spectrometry could not verify if disruption of the CrtY cyclase inhibited 
the formation of the b-ionone ring. Instead extracts were analyzed with light 
spectroscopy. A bathochromatic shift could be detected in UV/vis spectral 
comparison between extracts of wild-type R. marinus DSM 16675 and TK-1. This 
shift suggests that the cyclase activity was inhibited by the knock-out mutations of 
TK-1. However, additional structural analysis, such as NMR, would is needed to 
strengthen this claim. 

The knocked-out cruF gene in the second mutant TK-2 is, according to 
bioinformatic analysis, part of a larger cruF-crtB gene. The gene would then encode 
for both 1´-hydroxylation and phytoene synthase activities by the protein complex. 
The knock-out of only the cruF part resulted in no detectable carotenoids and white 
colonies. This suggests that the crtB activity is inhibited by the disruption of the  
cruF gene. If the genes cruF and crtB were to encode a single enzyme with two 
activities, then the selectivity of hydroxylation in the 1´-position, and that absence 
of symmetrical carotenoid glycosides in R. marinus, could be explained. 

The whole cruF-crtB gene was knocked-out in the third mutant TK-3. Instead, a 
corresponding crtB gene was inserted from Thermus thermophilus. This genetic 
modification resulted in the detection of lycopene as the sole product from the 
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carotenoid biosynthetic pathway. This was unexpected, since only the  
2´-hydroxylation was presumed to be disrupted. Presumably, any of the enzymes 
active on the left side of the carotenoid, such as CrtO and CrtY, should still be active, 
resulting in 4,4´-keto-b,b-carotene (canthaxanthin) or perhaps b,b-carotene  
(b-carotene). The presence of lycopene means that any cyclization and ketolation is 
dependent on the 2´-hydroxylation on the opposite side of the carotenoid. 

The engineered R. marinus TK-3 strain is able to produce lycopene with a yield of 
0.49 g/kg (Paper IV). The yield is 1-2 orders of magnitude less than commercial 
strains, which are discussed in section 4.3. However, the yield of carotenoids 
originated from shake flask cultivations, a cultivation technique that is unfavorable 
for strict aerobes such as R. marinus due to oxygen-transfer limitations. Different 
cultivations techniques have been investigated for R. marinus (Paper I). When 
growing R. marinus in a SBCR cultivation, the absorption of native carotenoid 
extracts were 28 times higher than that of shake flask experiments. Furthermore, the 
absorption of carotenoid extracts per OD was 11 times higher using SBCR 
cultivation mode in comparison to shake flask cultivations. Even though these results 
are based on the production of the native carotenoids of R. marinus strain  
DSM 16675, it does indicate that the yield can be improved significantly by the 
selection of the cultivation strategy alone. And that, before any future growth 
medium optimizations and introduction of further genetic engineering for the 
production of carotenoids. 

 
Table 10. The genetically engineered R. marinus strains used in Paper IV, the respective gene knock-outs and the 
detected carotenoids 

Strain Features  Result 

R. marinus TK-1 DtrpBDpurADcrtYO :: trpB 
y,y-carotenoid acyl glycoside 
2’-hydroxyl y,y-carotenoid acyl glycoside 

R. marinus TK-2 DtrpBDpurADcruF :: trpB No carotenoids 

R. marinus TK-3 
DtrpBDpurADcruFcrtB :: 
trpBcrtBt.thermophilus 

Lycopene (y,y-carotene) 
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5 Concluding remarks 

The studies of described in this thesis explore Rhodothermus marinus as a production 
organism. Early on, the need for reaching higher cell densities was identified as 
crucial for further production of either EPSs or carotenoids. This resulted in 
development of cultivation technology in the complex media LB and MB. This 
development is somewhat of a double-edged sword. On the one hand, there is the 
successful breakthrough in circumventing the growth limitation by the 
implementation of SBCR cultivation mode. This strategy resulted in a 3-fold cell 
density increase in R. marinus DSM 16675 compared with batch and fed-match 
modes (Paper I). Moreover, the two complex media have shown to each favor one 
of the two selected products (Paper I). On the other hand, both growth media are 
unsuitable for scale-up due to foaming problems, and more importantly, high costs. 
The development of a cheap, defined medium is necessary for taking R. marinus 
forward as a production organism. Ideally this defined medium is then tested with 
cheap, freely available feedstocks suitable for production processes. Future efforts 
should also focus on the growth inhibition evident in both batch and fed-batch 
cultivation modes. Identification of the underlying mechanism would enable these 
cultivation modes, and potentially unlock significantly higher cell densities, vital for 
any future production process. 

The EPSs of R. marinus is still more of a research subject than an industrial one. 
Antioxidant activity tests on the sulfated EPSs extracts and in vitro tests for prebiotic 
effects and testing suitable feedstock in a defined medium would be the future steps 
to validate it as a potential product. The production of EPSs in  
R. marinus DSM 16675 achieved a relatively low concentration of 19 mg/L in the 
SBCR cultivation mode (Paper II). The corresponding productivity of EPSs is 3 to 
40-fold lower than for other thermophilic bacteria.  

The native carotenoids of R. marinus have been studied, resulting in the 
identification of 4 carotenoid acyl glycosides: Salinixanthin (4-keto 2’-hydroxyl  
b,y-carotene acyl glycoside), 4-keto b,y-carotene acyl glycoside, 2’-hydroxyl  
b,y-carotene acyl glycoside and b,y-carotene acyl glycoside (Paper III). These were 
identified in extracts of R. marinus wild-type strains DSM 4252T, DSM 4253 and 
DSM 16675. Crude carotenoid extracts showed 2-4 times higher antioxidant 
capacity than the extracts of the carotenoid biosynthetic pathway knock-out strain 
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R. marinus SB-71 (ΔtrpBΔpurAcrtBI´::trpB). The native carotenoids have interesting 
properties, being both antioxidant and amphiphilic. The use of these two properties 
in micelle formation could be investigated. Unfortunately, the native carotenoids are 
not marketable today. In an effort to produce a marketable carotenoid, the 
engineered R. marinus strain TK-3 (DtrpBDpurADcruFcrtB::trpBcrtBT.thermophilus) was 
developed. The strain successfully produced lycopene, as a sole product from the 
carotenoid biosynthetic pathway, to a yield of 0.49 g/kg in shake flask cultivations 
(Paper IV). This yield is about 1-2 orders of magnitude below the yield of 
commercialized lycopene-producing strains. However, carotenoid production in 
shake flasks have shown to be an inferior mode of cultivation. Carotenoid absorbance 
is 11-fold higher in SBCR than in shake flask cultivations, after adjusting for cell 
density (Paper I). A natural continuation of developing R. marinus as a carotenoid 
producer, would be production optimization in SBCR using a defined medium with 
suitable feedstocks. In parallel, further engineering work of the R. marinus strain  
TK-3 should aim at upregulating any metabolic bottle necks, in the effort of 
increasing the yield to that of commercial lycopene producing strains.  
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