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I Abstract 

Bacteria belonging to the genus of Rhodococcus have the ability to accumulate lipids, which 

enables the production of a sustainable alternative to traditional petrochemical resources. This 

work investigates the capabilities of the oleaginous and carotenogenic bacterium 

Rhodococcus erythropolis JCM3201T, which offers unique metabolic capacities and has a high 

potential as a source of valuable lipids, including triacylglycerols and carotenoids. 

To enable effective use for industrial purposes, exploring the nutritional requirements of this 

bacterium is critical. The first chapter investigates nine nitrogen sources and eight carbon 

sources at a fixed carbon-to-nitrogen ratio of 100:1 (16 g L-1 carbon, 0.16 g L-1 nitrogen). While 

the best growth was achieved using glucose and ammonium acetate, the highest lipid 

production occurred when glucose und yeast extract were used. To optimize biomass, lipid, 

and carotenoid production, a Central Composite Design was employed to determine the ideal 

concentrations of nitrogen and carbon. The highest biomass was attained at a carbon-to-

nitrogen ratio of 18.87 (11 g L-1 carbon, 0.583 g L-1 nitrogen), whereas the highest lipid 

production resulted from a medium containing 11 g L-1 carbon and only 0.017 g L-1 nitrogen. 

The top carotenoid production occurred at a carbon-to-nitrogen ratio of 12 (6 g L-1 carbon, 

0.5 g L-1 nitrogen). This work enhances our understanding of R. erythropolis physiology under 

diverse nutritional conditions, thereby facilitating the development of refined media 

formulations to produce valuable oleochemicals and pigments like rare odd-chain fatty acids 

and monocyclic carotenoids. 

Furthermore, R. erythropolis has shown resilience against different stressors, although its 

response to light was still unexplored. The second chapter of this thesis examines how 

R. erythropolis reacts to various wavelengths of light. Notably, carotenoid levels were 

significantly boosted in cultures exposed to white, green, and blue light compared to non-

illuminated controls. Blue light, in particular, demonstrated antimicrobial effects. Intriguingly, 

light stress induced shifts in cellular lipid composition. Warm white and green light led to 

increased levels of odd-chain fatty acids (C15:0, C17:1), while exposure to blue light caused a 

shift toward more saturated fatty acids (from C16:1 to C16:0). In-depth proteomics analysis 

identified the upregulation of oxidative stress-related proteins when exposed to light. 
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II Zusammenfassung 

Bakterien, die zur Gattung Rhodococcus gehören, haben die Fähigkeit Lipide zu akkumulieren, 

die eine nachhaltige Alternative zu herkömmlichen petrochemischen Ressourcen darstellen 

können. In dieser Arbeit werden die Fähigkeiten des ölhaltigen und carotinogenen Bakteriums 

Rhodococcus erythropolis JCM3201T untersucht, welches über einzigartige metabolische 

Kapazitäten verfügt und ein hohes Potenzial als Produzent wertvoller Lipide, darunter 

Triacylglycerine und Carotinoide, hat. 

Um eine effektive Nutzung für industrielle Zwecke zu ermöglichen, ist die Erforschung des 

Nährstoffbedarfs dieses Bakteriums von entscheidender Bedeutung. Im ersten Kapitel werden 

neun Stickstoff- und acht Kohlenstoffquellen bei einem konstanten Kohlenstoff-Stickstoff-

Verhältnis von 100:1 untersucht (Kohlenstoffgehalt 16 g L-1, Stickstoffgehalt 0,16 g L-1). 

Während das beste Wachstum mit Glukose und Ammoniumacetat erzielt wurde, war die 

Lipidproduktion bei Verwendung von Glukose und Hefeextrakt am höchsten. Zur Optimierung 

der Biomasse-, Lipid- und Carotinoidproduktion wurde ein Central Composite Design 

verwendet, um die idealen Stickstoff- und Kohlenstoffkonzentrationen zu ermitteln. Die 

höchste Biomasse wurde bei einem Kohlenstoff-Stickstoff-Verhältnis von 18,87 (11 g L-1 

Kohlenstoff, 0,583 g L-1 Stickstoff) erreicht, während die höchste Lipidproduktion bei einem 

Medium mit 11 g L-1 Kohlenstoff und nur 0,017 g L-1 Stickstoff erzielt wurde. Die höchste 

Carotinoid-Produktion trat bei einem Kohlenstoff-Stickstoff-Verhältnis von 12 auf (6 g L-1 

Kohlenstoff, 0,5 g L-1 Stickstoff). Diese Arbeit verbessert unser Verständnis der Physiologie 

von R. erythropolis unter verschiedenen Nährstoffbedingungen und fördert so die Entwicklung 

optimierter Medienzusammensetzungen zur Produktion von wertvollen Oleochemikalien und 

Pigmenten, wie seltene ungeradkettige Fettsäuren und monozyklische Carotinoide.  

Darüber hinaus hat sich R. erythropolis als widerstandsfähig gegenüber verschiedenen 

Stressfaktoren erwiesen, doch seine Reaktion auf Licht war noch unerforscht. Im zweiten 

Kapitel dieser Arbeit wird untersucht, wie R. erythropolis auf verschiedene Wellenlängen an 

Licht reagiert. Dabei wurde festgestellt, dass die Carotinoidkonzentration in Kulturen, die 

weißem, grünem und blauem Licht ausgesetzt waren, im Vergleich zu nicht-beleuchteten 

Kontrollen deutlich erhöht war. Vor allem blaues Licht zeigte eine antimikrobielle Wirkung. 

Interessanterweise führte Lichtstress zu Verschiebungen in der zellulären 

Lipidzusammensetzung. Warmes weißes und grünes Licht führte zu einem erhöhten Gehalt 

an ungeradkettigen Fettsäuren (C15:0, C17:1), während die Exposition gegenüber blauem 

Licht eine Verschiebung hin zu mehr gesättigten Fettsäuren (von C16:1 zu C16:0) bewirkte. 

Tiefgehende Proteomanalysen zeigten das Proteine, die mit oxidativem Stress 

zusammenhängen, unter Lichteinwirkung hochreguliert werden.  
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1 Introduction 

1.1 Sustainable Production of Oleochemicals 

As fossil fuels are a limited, non-renewable, and polluting resource [1], alternative energy 

sources such as sustainably generated bioproducts need to be explored [2]. One subgroup, 

which could replace petroleum derivatives in several sectors, are oleochemicals, a class of 

aliphatic compounds industrially derived from plant and animal lipids [3]. Fatty acids and fatty 

alcohols account for 75 % of the basic oleochemicals followed by fatty methyl esters and fatty 

amines [4]. These compounds are used in various industries such as cosmetics, lubricants, 

bioplastic, food additives and polymers depending on their chemical structure [5,6]. Vegetable 

and animal-derived oils and fats constitute the main renewable source for the production of 

oleochemicals [4,7]. These compounds often have limited availability, are subjected to 

environmental concerns and are in competition with food supply [2,8,9].  

In contrast, oleaginous microorganisms are able to produce high amounts of lipids, also termed 

single cell oils (SCO), from waste streams under sustainable production conditions [2,10]. As 

these SCO often have a similar fatty acid profile as plant oils, they can be considered as a 

suitable substitute [10,11]. Despite significant effort and progress, the current cost of SCO 

production and the conversion into low-value fuel chemicals continues to be too high to 

compete with plant oil based alternatives [12]. The selling price for a large percentage of 

oleochemicals is comparable with the cost of the sugar feedstock needed for production [3]. In 

contrast, the commercial production of special products of a high value such as very long 

polyunsaturated fatty acids is economically competitive [9,13]. Oleaginous microorganisms are 

also promising hosts for hydrophobic terpene compounds, as lipid bodies might serve as 

storage capacity and precursors, such as acetyl-CoA, are available [14]. 

When choosing the correct microbial strain for oleochemical production, a number of different 

possibilities is available depending on the application, ranging from bacteria, yeast, algae to 

fungi. They either can be used as natural producers like the oleaginous yeast 

Cutaneotrichosporon oleaginosus for microbial oil production [15] or as recombinant producers 

like Escherichia coli for the production of long chain fatty acids [16].  

Well-established microbes such as E. coli and Saccharomyces cerevisiae are convenient and 

industrially robust hosts. A broad knowledge and wide tool-set is available, in order to obtain 

high titres of a wide range of both natural and non-natural products [17-20]. However, the 

production of lipids including fatty acids was found challenging in these model organisms, 

resulting in low production titres. To circumvent this problem, non-common oleaginous hosts 

can be used as producers [21]. The ability of novel microorganisms to grow on a simple 
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medium utilizing inexpensive carbon sources is essential for cost competitiveness of a product 

[22]. Novel organisms offer a wide metabolic diversity, including a wide range of feedstocks or 

the native production of target compounds, but the research of a new microorganism involves 

various challenges, with the major ones being the lack of knowledge, the need for a complete 

and assembled genome and available genetic tools [20,23]. Furthermore, the capacity to 

modify the genome is crucial for a platform organism, a range of approaches can be used such 

as random or targeted editing, gene deletion, CRISPR-based genome editing and 

recombineering [20,23].  

In order to move toward a more carbon-neutral world, a multi-tiered approach is necessary, 

which includes the use of sustainable, bio-based alternatives to fuel and chemicals [24]. To 

achieve this goal, a bioeconomy derived of low-carbon emission technologies has to be 

developed. A variety of expression systems have to be developed in order to evaluate the 

optimal expression conditions and host strain. For different applications, different organism will 

be advantageous. This thesis is investigating Rhodococcus erythropolis as potential producer 

of lipids and carotenoids and its development as a robust platform organism for a variety of 

products. 

1.1.1 Oleaginous Microorganisms 

While all microorganisms produce a minimal amount of lipids (mostly fatty acids) in the 

membrane for vital functions, some oleaginous microorganisms are able to accumulate over 

20 % lipids per dry biomass under nutrient-limited conditions, especially nitrogen or phosphate 

limitation. These lipids are mainly consisting of triacylglycerols (TAG), which are stored in so 

called lipid bodies [13,25,26]. Oleaginous microorganisms have an inherent advantage as 

production platform for oleochemicals as natural producers of TAG combined with the ability 

to genetically modify these synthesis pathways [8]. This group includes a variety of 

microorganisms, including microalgae, yeast, fungi and bacteria, with a varying fatty acids 

profile depending on producer and growth environment [9]. This provides an advantage, as the 

nutrient source or metabolic engineering strategies can be utilized to modify the composition 

to a certain extend [1].  

Some extensively studied oleaginous microorganisms are yeasts such as Yarrowia lipolytica, 

Rhodosporidium toruloides and C. oleaginosus and bacteria such as Rhodococcus opacus 

and Arthrobacter species, all able to accumulate high amounts of lipids up to 80 % of their dry 

cell weight [1,15,25,27]. 

R. toruloides is a natural producer of carotenoids, lipids and industrially relevant enzymes [28]. 

Fast screening techniques allow for the selection of the optimal strain and culture conditions 

for each specific application, for examples an at-line flow cytometric protocol with which 
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carotenoid content and cell viability can be determined [28-30]. Furthermore, metabolic 

engineering allows for increased product titers. The production of high-value lipids was 

achieved through genetic engineering, such as oils with increased levels of oleic acids as 

biolubricants and hydraulic fluids [31], linoleic acid, which is important for human health [32], 

very long chain fatty acids as important feedstocks for plastics and cosmetics [33] or fatty 

alcohols, which find use as lubricants, surfactants and solvents [34].  

The most studied oleaginous bacteria belong to the genus of Rhodococcus [1]. Their potential 

for the synthesis of valuable oleochemicals was demonstrated with the production of wax 

esters (WE), which are industrially used in lubricants and cosmetics [12,35]. Compared to 

saturated WEs, unsaturated WEs are of higher value and much more difficult to obtain. 

Currently, the majority of unsaturated WEs is harvested from jojoba desert shrub 

Simmondsia chinensis with limited availability [12,36-38]. Rhodococcus jostii RHA1 has been 

engineered to produce WEs in fed-batch fermentations, with a yield of up to 75 % unsaturated 

WEs [12]. 

On top of lipid yield and rapid growth, utilization of sustainably produced growth substrates is 

an essential factor in the evaluation of an oleaginous microorganism. Hydrolysates, gained 

from vast and inexpensive waste streams, can be used as substrates for the respective 

microorganism reducing the overall cost of the process. In this context the most abundant raw 

material worldwide, lignocellulosic biomass, is a promising source. Examples include agro-

industrial residues such as wheat straw, sugarcane bagasse [39] or waste from industrial paper 

mills [40]. For a cost-efficient process, all carbon sources found have to be used by the 

organism, as well as the organism being able to tolerate growth and lipid production inhibitors 

often occurring in hydrolysates [41,42]. In hydrolysates extracted from lignocellulosic biomass, 

glucose, xylose and arabinose are the main carbohydrate components, from which the second 

two cannot be naturally utilized by Rhodococcus [43-45]. Therefore, the genetic modification 

of the organism to utilize all carbon sources efficiently is important to economically produce 

oleochemicals. During the depolymerization of lignin, aromatic mixtures that inhibit growth are 

generated. As R. opacus is able to tolerate these compounds, the aromatic bioconversion of 

R. opacus was elucidated in a multi-omic approach. This improved understanding allows to 

identify novel targets to generate improved strains for lignin valorisation [46]. With genetic 

engineering, the utilization of novel substrates as well as the production of recombinant 

products can be established. Oleaginous microorganisms represent a new platform technology 

with potential for storage of lipophilic compounds in their lipid bodies [47]. While genetic 

engineering is still challenging in non-model oleaginous microorganisms, the methods are 

constantly improving [48].  
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1.1.2 OleoBuild 

The OleoBuild project, funded by the German Federal Ministry of Education and Research 

(BMBF, grant number: 031B0853A), investigated the potential of the oleogenic und 

carotenogenic bacterium R. erythropolis [49] and yeast R. toruloides [50] as versatile, 

standardized and robust platform organisms for the production of hydrophobic building blocks.  

The here presented work focuses on R. erythropolis as a production organism. To this end, a 

detailed scientific understanding of the native production of carotenoids and lipids in these 

organisms was required in order to enhance their yield. Systems biology, synthetic, structural 

biology and bioinformatics methods were employed to develop targeted molecular genetic 

engineering strategies for the manipulation of R. erythropolis. Sustainable fermentation 

strategies were used to enable the utilization of the lignocellulosic by-product wheat bran as a 

sustainable carbon source in R. erythropolis. To this end, key enzymes of carbohydrate 

metabolism were identified and genetically introduced. In addition, intricate recombinant 

metabolic pathways were engineered in the bacterium to produce the hydrophobic model 

compounds ß-ionone and cembratrienol, which are used in the areas of fragrances and novel 

biodegradable crop protection applications [51-53]. In order to achieve efficient biocatalytic 

production of these products, a targeted engineering of the recombinant and endogenous 

metabolic pathways was required. For this purpose, precursors as well as the corresponding 

metabolic enzymes were analyzed. Intracellular lipid vesicles were harnessed to serve as an 

endogenous sink for hydrophobic compounds. This approach was aimed at reducing end-

product toxicities and facilitating the subsequent product recovery process [47,54,55]. In order 

to demonstrate the production of commercially relevant levels of ß-ionone and cembratrienol, 

cultivation parameters were established to achieve high cell densities for all production strains. 

Schematic overview of this project is given in Figure 1. 
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Figure 1: Schematic description of the BMBF funded project “OleoBuild”. Structures drawn with 
ChemSketch, version 2023.1.2, Advanced Chemistry Development, Inc. (ACD/Labs) and figure created 
with BioRender.com. 

1.2 Rhodococcus as a Platform Organism for Oleochemicals 

1.2.1 Choosing Rhodococcus erythropolis as Producer 

Rhodococcus is a very diverse genus of gram-positive, non-sporulating, aerobic and non-

motile nocardioform actinomycetes [56]. Their genome has a high G+C content, with a genome 

size of around 6 - 7 Mb, the presence of plasmids, both linear and circular can increase the 

size by an additional one to two Mb. Due to a large genome size, they can accommodate non-

essential genes which make the genus highly variable [57].  

They are ideal candidates for biotechnological applications as they are metabolically versatile 

and can degrade many difficult organic compounds in respect to their recalcitrance and toxicity, 

such as short- and long chain alkanes and aromatic compounds [58,59]. They are reported as 

natural producers of a wide range of products such as glycolipid surfactants, carotenoids, 

TAGs and polyhydroxyalkanoates [58]. Lipid yields up to 80 % (gLipid g-1
DCW) have been 

achieved in R. erythropolis DCL14 [60]. Production of new antibiotics and novel siderophores 

have also been reported [58,61]. Compared to other actinomycetes, Rhodococcus has a high 

growth rate, can grow on conventional nutrient medium and can be handled in a similar manner 

to E. coli. Due to the high G+C content it is suitable for expression of genes from other 

actinomycetes such as Streptomyces, which have the disadvantage of a life cycle with 

differentiation such as sporulation [57].  

Within the genus Rhodococcus, seven distantly related species-groups were identified with 

Group A (R. equi cluster), Group B (Rhodococcus sensu stricto cluster), Group C (R. opacus 
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cluster), Group D (R. erythropolis cluster), Group E (R. fascians cluster) and two minor cluster 

F and G. Group D encompasses environmental samples classified as R. erythropolis, 

R. qingshengii, R. rhodochrous as well as unclassified strains. A high genetic and metabolic 

heterogeneity between the groups was found, making their application in various industrial 

processes highly appealing. The capacity for the accumulation of high amounts of TAG 

appears to be confined to group C [62,63]. Oleagenicity, a conservative metabolic approach, 

could provide an advantage in nutrient-limited ecosystems such as deserts or arid habitats 

[63]. 

R. erythropolis is able to perform a wide range of enzymatic reactions including oxidations, 

dehydrogenations, epoxidations, hydroxylations, hydrolysis and desulfurisations [49]. 

R. erythropolis is further recognized as one of the best flocculating bacteria [64]. In their 

genome, a large number of enzymes is encoded for a plethora of bioconversions and 

degradations. The growth and production of recombinant proteins has been proven in a wide 

range of temperature from 4 to 35 °C [65,66]. The production of recombinant proteins that 

damage the host cell at low temperature is advantageous as enzymatic activity can be 

suppressed [17]. The intracellular milieu is different to, for example, E. coli as gram-negative 

bacterium or Bacillus subtilis as gram-positive bacterium with a moderate G+C content. 

R. erythropolis can produce recombinant proteins such as bacterial lipoglycoproteins from 

Mycobacterium tuberculosis, which are difficult to express in E. coli [67,68]. The cell wall of 

R. erythropolis is difficult to disrupt due to the mycolic acid composition, therefore protein 

extraction is hindered. A lysozyme-sensitive mutant could solve this [69]. 

1.2.2 Stress Adaptation of Rhodococcus 

In nature, bacteria encounter various challenges compared to the controlled conditions in 

biotechnological processes, such as harsh competition, nutritional limitations, changes in 

physical conditions or the exposure to various chemical compounds. Through evolution, 

surviving organisms adapted to their specific niche by developing complex regulatory networks 

enabling a response at global level to overcome adverse conditions and maintain their integrity 

[70]. It is necessary to recognize an environmental condition in order to cope with it, since a 

cellular response without a stimulus is unfavorable, as this energy could be used for growth 

instead. Thus, for efficient growth and development a careful regulation of the stress response 

is necessary [71,72].  

Rhodococci can survive under various extreme stress conditions, as can be seen in their wide 

range of natural habitats [73]. They can be found as a part of microbial communities [63] in 

habitats from soil to seawater including Alpine soils, deep sea, coastal sediments and Arctic 

as well as Antarctic samples [49]. Furthermore, Rhodococci have been found in contaminated 
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areas such as oilfields in India [74], phenol-polluted sludge in China [75] or in textile effluent-

contaminated soil in India [76]. These bacteria are metabolically active over a wide range of 

pH levels (3-11) and temperatures (-2 to +40°C) [73]. The existence of this bacteria genus in 

such diverse environments can to a part be explained by their extraordinary metabolic 

versatility and high resistance to stress conditions [58]. A wide range of stress factors that 

Rhodococci are able to withstand, such as desiccation, starvation, cold and heat stress, toxic 

metal and organic compounds are often combined and associated with oxidative stress in the 

cell [73]. Partially reduced reactive oxygen species (ROS), including superoxide anions, 

hydrogen peroxide and hydroxyl radicals, have the potential to harm cells and even cause cell 

death. In exposed cells, DNA, membrane, lipids and proteins are impaired. To prevent this, 

most organisms produce catalases, peroxiredoxins and superoxide dismutases, which are 

able to react with oxidants and neutralize them [70]. Further, the cell wall of Rhodococcus 

includes mycolic acids, either attached to an arabinogalactan complex or a trehalose 

disaccharide, which enables the transport of hydrophobic substrates into the cell and the 

resistance against many toxic compounds [77,78]. A further reason for the high resistance of 

Rhodococcus is the ability to alter the fatty acids composition of its membrane lipids, affecting 

the fluidity. The cell envelope protects the cell from the outside environment as a multilayered 

outer barrier. The dynamic cell membrane consists of a lipid bilayer and associated proteins. 

As a response to stress, the cell envelope can be modified by altering length, branching and 

saturation of fatty acid acyl chains. Additionally, lipid composition can change as well as the 

production of various proteins, which protect the membrane [77]. Further, a relative large 

genome provides a redundancy of catabolic pathways [56]. 

Various physiological adaptations to stress have been detected in Rhodococci cells, including 

increased production of lipids [79], carotenoids or surfactants. Protection can also be achieved 

by aggregation and biofilm formation. Genome-wide techniques, such as proteomics and 

transcriptomics, showed the up- and downregulation of hundreds of genes in reaction to stress 

situations, elucidating complicated and global regulation responses. There is a knowledge gap 

in the understanding of the adaptation of bacteria to extreme conditions, which is essential in 

the development of biotechnological processes and to harness this adaptation into enhanced 

product formation [73].  

1.2.3 Genetic Engineering and Toolbox of R. erythropolis 

As a non-model bacterium, the genetic engineering tools and techniques for Rhodococcus 

strains were limited. The engineering of R. erythropolis is challenging due to its high genome 

G+C content and low transformation and recombination efficiencies [19]. A method for codon 

optimization method was developed with statistical analysis of 204 genes, which were 

recombinantly expressed in the same vector. As most important characteristic, the mRNA 
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folding energy at 5’ regions as well as the codon frequency have been identified. Interestingly 

a species-specific influence on the repetition rate of codons and amino acids has been 

detected [68]. Further, multiple E. coli – R. erythropolis shuttle vectors have been constructed, 

which utilize two different replication origins and different antibiotic resistance marker genes 

such as chloramphenicol and tetracycline. Constitutive and inducible expression vectors are 

available, with an expression yield of up to 10 mg recombinant protein per liter of culture 

[65,66,80]. As inducers methanol [81] and thiostrepton [66] have been established. Plasmids 

can be introduced using effective electrotransformation protocols [80]. Furthermore, random 

mutagenesis with a adapted transposon system [82] has been developed. Unmarked gene 

deletion is possible due to the use of sacB as counter-selectable marker via homologous 

recombination [83].  

In this thesis, the type strain JCM3201 has been used for all experiments, originally isolated 

from soil [84]. While the genome of R. erythropolis JCM3201T has been sequenced before 

(GenBank accession number BCRM00000000), an improved genome assembly level has 

been presented in 2019 by Yoshida et al. [85] utilizing Illumina and PacBio sequencing.  

1.2.4 Lipid Biosynthesis in Rhodococcus 

1.2.4.1 Triacylglycerols 

In general, SCO consist of lipids with 4 to 28 unbranched carbon chain lengths, either saturated 

or unsaturated [27]. TAG have a wide range of application in food additives, cosmetics, 

lubricants, oleochemicals and biofuels [9,58]. As long as there is an excess of nutrients, the 

oleaginous microorganisms will grow and accumulate biomass. When a nutrient, often nitrogen 

or phosphate, is depleted from the medium and carbon is still available in excess, lipid 

biosynthesis is stimulated [86,87]. Lipids function as reserve storage material [9,13] and are 

stored in so called lipid bodies surrounded by a phospholipid monolayer [88].  

The amount and profile of the produced lipids depends on the microorganism as well as the 

mode of cultivation, carbon and nitrogen source, pH, oxygen availability and temperature. 

Further, the ratio of carbon to nitrogen influences the lipid accumulation [9]. While a high C:N 

boosts lipogenesis, a too high carbon concentration may inhibit growth and lipogenesis [89]. 

Therefore, the form of carbon as well as its concentration has to be chosen carefully [89]. As 

high amounts of carbon are necessary to trigger lipid accumulation, a low-cost substrate is 

necessary for an economic process [9,89]. Besides the selected carbon source, the nitrogen 

source also influences lipid accumulation and profile. In literature, organic and inorganic 

sources are used as well as a combination of both. These sources include yeast extract, 

peptone/tryptone, urea, ammonium sulfate, ammonium chloride and many more [9].  



Introduction 

9 

 

Gram-positive actinobacteria can accumulate high amounts of bacterial TAG [63], whereby 

bacterial fatty acids are generally shorter than their eukaryotic counterparts and do not display 

polysaturation [1]. While TAG serve as energy reserve in eukaryotic organisms, the occurrence 

in bacteria has not been described much [79,90]. Their primary function is to serve as energy 

and carbon storage. Additionally, they have been suggested to regulate cellular membrane 

fluidity and act as a sink for reducing equivalents. Furthermore, fatty acids and their derivates 

serve as precursors for the synthesis of cell envelopes [91]. Lipid accumulation has been 

observed in certain genera of gram-positive bacteria like Streptomyces, Rhodococcus and 

Nocardia, with Rhodococcus as the most extensively investigated species with reported yields 

of more than 70 % lipid per dry cell weight [1,58].  

In Rhodococci and other actinobacteria, the Kennedy pathway [92] serves as the primary route 

for TAG synthesis (Figure 2). This metabolic process involves the sequential acylation of 

glycerol-3-phosphate with fatty acyl-CoAs. Glycerol-3-phosphate O-acyltransferase (GPAT) 

and 1-acylglycerol–3-phosphate O-acyltransferase (AGPAT) catalyse these acylation steps, 

leading to the production of phosphatidic acid. The subsequent transformation of phosphatidic 

acid into diacylglycerol (DAG) is achieved through dephosphorylation, facilitated by the action 

of phosphatidic acid phosphatase (PAP). The final stage involves the sn-3 acylation of DAG 

by the enzyme DAG O-acyltransferase (DGAT). Intriguingly, Rhodococci exhibit a multitude of 

homologous enzymes associated with the Kennedy pathway within their genomic makeup. 

However, it's noteworthy that a lack of both biochemical and molecular genetic characterization 

currently hampers a comprehensive understanding of these enzymes' functional properties 

[93,94]. 

 

Figure 2: The Kennedy pathway of triacylglycerol biosynthesis as proposed in Rhodococcus. GPAT: 
glycerol-3-phosphate acyl transferase; AGPAT: acylglycerol-3-phosphate acyl transferase; PAP: 
phosphatidic acid phosphatase; DGAT: diacylglycerol acyl transferase. Adapted from Amara et al. 
(2016) [93]. Created with BioRender.com.  
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1.2.4.2 Carotenoids 

Carotenoids comprise a diverse group of lipid-soluble pigments that alter the color of their 

producer, ranging from yellow to orange to deep red [95,96]. From a chemical background, 

they are typically tetraterpenoids, grouped in carotenes, which only contain a hydrocarbon 

backbone, and xanthophylls, which are oxidation products of carotenes. The presence of 

conjugated double bonds in their structure is responsible for their antioxidant activity [95-98]. 

Due to this, they play an important role in the protection of cell membranes against light 

damage, oxidation and free radicals. As ROS and oxidative damage are postulated to be 

involved in causing and progression of various chronic diseases, carotenoids can serve as 

dietary nutrients by reducing the risk of several degenerative diseases including cancer and 

cardiovascular disease while also stimulating the immune response [99-101]. Further, they 

play a role as precursors for vitamins [58], for example ß-carotene is a precursor of vitamin A 

[47]. Naturally, they are produced by a wide range of organisms, including plants, microalgae, 

bacteria and especially fungi and yeasts. Animals and humans are unable to produce 

carotenoids and supplement carotenoids with their diet [100,102]. Although there are over 

1204 known naturally occurring carotenoids from 722 organisms (324 bacterial carotenoids) 

[103], only a few are commercially available such as ß-carotene, astaxanthin and lutein, which 

are often produced chemically. Industrially, they are used as food and feed additives, as well 

as in pharmaceutical and cosmetic products. Recently, there has been an increasing 

preference for naturally produced microbial carotenoids over their chemically synthesized 

counterparts, leading to an increase in market value [95,104]. Natural carotenoids are 

regarded to have higher biological properties due to more favorable cis/trans isomer mixtures 

[96]. Compared to extraction from plants, microbial production offers advantages such as 

higher process control, higher yield and scalability. While carotenoids form crystals in aqueous 

environment [105,106], they can be stored in the lipid bodies of Y. lipolytica [47]. The 

production of carotenoids in oleaginous organisms could enable the storage of high titers of 

product. Numerous factors, including carbon source, light exposure, temperature, aeration and 

the presence of metal ions and salts, affect both the yield and composition of carotenoids [99]. 

There are also attempts to increase yield through genetic engineering [107-109].  

Carotenoid-producing bacteria can be divided into the subgroups anoxygenic phototrophic, 

oxygenic phototrophic and non-phototrophic [110]. Anoxygenic photosynthetic bacteria 

possess a photosystem to harvest light. This process is facilitated by the accessory pigments 

of bacteriochlorophyll and additional carotenoids, carotenoid biosynthesis is regulated by 

oxygen and light [95]. The group of oxygenic phototrophic bacteria consist of cyanobacteria, 

which produce phycobiliproteins and chlorophyll a instead. It is hypothesized that carotenoids 

in non-phototrophic bacteria serve as protection against photo-oxidative damage [110].  
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Carotenoid synthesis in most bacteria occurs through the 2-C-methyl-D-erythritol-4-phosphate 

(MEP) pathway, also named 1-deoxyxylulose-5-phosphate (DXP) pathway [104,111,112], 

utilizing glyceraldehyde-3-phosphate (GAP) and pyruvate from the central carbon pathway as 

substrates. To generate isopentenyl pyrophosphate (IPP), a key building block, the process 

requires three molecules of ATP and two molecules of NADPH as cofactors [113]. Within the 

MEP pathway, IPP biosynthesis commences with the condensation of GAP and pyruvate. This 

is followed by a reductive isomerization step, coupling with cytidine triphosphate, and ultimately 

a phosphorylation and cyclization reaction. After the formation of isoprene precursors, namely 

one molecule of dimethylallyl pyrophosphate (DMAPP) and three molecules of IPP, these units 

combine through three prenyl-transferase reactions to yield geranylgeranyl diphosphate 

(GGPP). Further, two GGPP molecules can be combined to create phytoene (C40). This 

phytoene undergoes four double-bond additions to give rise to lycopene, a precursor for 

various carotenoids like β-carotene, zeaxanthin, and astaxanthin [111]. In Figure 3, the 

pathway to carotenoid production as proposed in Rhodococcus is shown. 

 

Figure 3: Pathway of carotenoid production in Rhodococcus. GAP: Glyceraldehyde-3-phosphate; DXS: 
DXP Synthase; DXP: 1-deoxyxylulose-5-phosphate; DXR: DXP reductoisomerase; MEP: 2-C-methyl-
D-erythritol-4-phosphate; DMAPP: dimethylallyl pyrophosphate; IPP: isopentenyl pyrophosphate; IDI: 
isopentenyl-diphosphate delta-isomerase; CrtE: geranylgeranyl pyrophosphate synthase; CrtB: 
phytoene synthase; CrtI: phytoene dehydrogenase; CrtLm: lycopene β-cyclase; CrtO: β-carotene 
ketolase. Adapted from Li et al. (2020) [111] and Tao et al. (2006) [114]. Created with BioRender.com. 

In Rhodococcus strains, many different carotenoid pigments are produced, located either 

intracellularly in the lipid droplet, in the plasma membrane or in the cell wall [58]. In 
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R. erythropolis AN12 4-keto-γ-carotene and γ-carotene were identified as main compounds, 

additional carotenoids, including β-carotene, lycopene, and phytoene have been identified in 

different R. erythropolis strains [114,115]. Carotenoids are one specific type of terpenoids, for 

which IPP and DMAPP are the universal precursors [116]. Bottlenecks and regulation 

checkpoints of terpenoid and carotenoid production have to be identified in order to utilize 

genetic modification in a targeted way. For this, omics-techniques can be used to allow an in-

depth understanding of the organism. Proteomics can be used to identify novel functional 

genes and pathways and to identify changes in protein expression due to changed substrates 

or process conditions [117]. Therefore, a better understanding of the carotenoid biosynthesis 

can be used to modify its regulation and establish the recombinant production of various 

terpenoids. 

1.2.5 Process Optimisation of Rhodococcus by Response Surface 

Methodology 

To transform a strain into an effective production platform, it is crucial to analyse the nutritional 

requirements and substrate adaptability of the strain. If the organism is flexible in the use of its 

substrate, various waste streams and inexpensive carbon sources can be utilized. A robust 

organism is advantageous due to its ability to survive fluctuations in the process conditions like 

pH, temperature and medium composition as waste streams often have a varying composition.  

Every bacteria has essential requirements of nutrients consisting of water, a carbon and 

nitrogen source and some mineral salts [118,119], which have to be supplied in the culture 

medium. Synthetic media are composed of clearly defined, minimal ingredients, while for 

complex media the exact chemical composition is not known [120]. Hydrolysates generated 

from waste streams vary in composition. For simplified and increased reproducibility of 

experiments, synthetic media simulating the waste stream hydrolysate is preferred at a 

laboratory scale. Here, the discrete impact of certain nutrients can be better investigated [121].  

Processes involving microbial systems are often improved by one-factor-at-a-time (OFAT)-

optimization approach, which is time intensive and only allows conclusions regarding the 

influence of one variable, not the interactions between them [122,123]. However, statistics-

based response surface methodology (RSM) facilitates the rapid screening of parameters at 

decreased cost. The mathematical modelling algorithm was originally developed by Box and 

Wilson [124] and is used to describe the relationship between a response of interest and a 

number of associated input variables in a low-degree polynomial model [125]. Therefore, this 

allows to identify optimum conditions in a multivariable system. At a reduced number of runs, 

it enables to identify optimal cultivation conditions. Additionally, this method allows the 
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determination of the impact of independent variables on the process both individually and in 

combination [126,127].  

Central Composite Design (CCD), the most popular of all second-order designs, consist of 

three portions: First, complete 2k factorial design, where the level of factors are coded -1 and 

1 in form of extract points. Next, an axial portion of 2k points, with two points on the axis of 

each variable in a distance of alpha from the center, called star points. Further n0 center points 

are applied [125,128]. CCD has been utilized before for media optimization in Rhodococcus, 

such as in the production of biosurfactant by Rhodococcus spp. MTCC2574 [129] and odd 

chain fatty acid (OCFA) by Rhodococcus sp. YHY01 [130]. 

Depending on the alpha value, three types of CCD are distinguished. A Central Composite 

Circumscribed design (CCC) is the original form. Here the star points set new extremes for the 

minimum and maximum values of the variables. The Central Composite inscribed design (CCI) 

is used when the limits of the factors are truly limiting, therefore using the factor levels as star 

points. In a Central Composite Face-centered design (CCF) alpha equals ±1 therefore the star 

points are positioned at the center of each face of the design space [131,132]. Pictorial 

representation of each design is shown in Figure 4. 

 

Figure 4: Different types of Central Composite Design with center point in green, extract points in blue 
and star points in red. CCC: Central Composite Circumscribed design, CCI: Central Composite inscribed 
design, CCF: Central Composite Face-centred design. Adapted from Natrella [133]. Created with 
BioRender.com. 
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2 Materials and Methods 

The following paragraph contains an overview of the key methods, procedures, and tools 

utilized in this thesis. Detailed information can be found in the materials and methods sections 

of the respective publications included in this thesis. 

2.1 Media Composition 

Prior to autoclaving, pH of the media was adjusted using the appropriate acid or base. Trace 

elements, sugars or media components that are not heat-stable were either sterilized via 

filtration or separate autoclaving. Afterwards, they were added to the autoclaved, final media. 

Table 1. Luria-Bertani Broth / Agar 

Yeast extract 5 g L-1 

NaCl 10 g L-1 

Tryptone / Peptone 10 g L-1 

Agar-Agar (if needed) 15 g L-1 

ddH2O Up to 1 L 

Table 2. Modified 457. Mineral Medium (Brunner, DSMZ), pH 6.9 [134] without nitrogen source 

Main Medium Trace element solution SL-4  Trace element solution SL-6 

Na2HPO4 2.44 g L-1 EDTA 0.5 g L-1 ZnSO4 x 7 H20 0.10 g L-1 

KH2PO4 1.52 g L-1 FeSO4 x 7 H2O 0.20 g L-1 MnCl2 x 4 H2O 0.03 g L-1 

MgSO4 x 7 H20  0.2 g L-1 SL-6  100 mL H3BO3  0.30 g L-1 

CaCl2 x 2 H2O 0.05 g L-1 ddH2O 900 mL CoCl2 x 6 H2O 0.20 g L-1 

SL-4 10 mL   CuCl2 x 2 H2O 0.01 g L-1 

ddH2O Up to 1 L   NiCl2 x 6 H2O 0.02 g L-1 

    Na2MoO4 x 2 H2O 0.03 g L-1 

    ddH2O Up to 1 L 

 

2.2 Bacterial Strain and Culture Conditions 

The bacterium R. erythropolis JCM3201T (DSM No. 43066, German Collection of 

Microorganisms and Cell Cultures GmbH) was used in all experiments. Cultivations were 
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performed in a rotary incubator (New Brunswick InnovaTM 44 and 42, Eppendorf, Hamburg, 

Germany) and incubated at 28 °C and 120 rpm.  

The strain was preserved on LB agar plates and replated from cryostocks at least every four 

weeks. To prepare seed cultures, single colonies were first cultivated in 100 mL of LB liquid 

medium in 500 mL baffled shaking flasks for 48 h.  

2.2.1 Screening of Different Nitrogen and Carbon Sources  

100 mL ‘457. Mineral Medium’ (Brunner, DSMZ) in 500 mL baffled shake flasks were 

inoculated to OD600 0.2 and cultivated for 192 h. Nitrogen and carbon sources, listed in Table 3, 

were selected individually for each experiment. Nitrogen content of yeast extract (10.8 % w/w) 

and tryptone/peptone (12.3 % w/w) was defined based on supplier’s information (Carl Roth, 

Germany). All cultivation were performed in biological triplicates with 16 g L-1 elemental carbon 

and 0.16 g L-1 elemental nitrogen. When testing nitrogen sources, glucose was used as carbon 

source. When testing carbon sources, ammonium acetate was used as nitrogen source.  

Table 3. Matrix of nitrogen and carbon sources tested with their chemical composition. Adapted from 
Engelhart-Straub et al. (2023) [135]. 

 

2.2.2 Response Surface Methodology: Screening of Different Carbon-to-

Nitrogen Concentrations and Ratios 

A full CCD consisting of 21 runs with different carbon (3.93 to 18.07 g L−1 elemental carbon) 

and nitrogen (0.02 to 0.58 g L−1 elemental nitrogen) concentrations was performed, covering a 

C:N of 12:1 to 647:1 (Table 4). Glucose was used as carbon source and ammonium acetate 

as nitrogen source. While the center point was replicated five times, all other ratios were 

performed in biological duplicates. Every analysis was performed in two technical replicates. 

With a start OD600 of 0.2, cultivations were run for 192 h. 

Nitrogen Source Chemical Composition Carbon Source  Chemical Composition 

Ammonium chloride 

Defined inorganic 

Glucose 

Monosaccharides Diammonium hydrogen phosphate Galactose 

Ammonium sulfate Fructose 

Potassium nitrate Lactose 

Disaccharides Ammonium nitrate Sucrose 

Yeast extract 

Complex organic 

Maltose 

Tryptone/Peptone Sorbitol 

Sugar alcohol 

Urea 

Defined organic 

Glycerol 

Ammonium acetate    
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Table 4. Range of values used in Central Composite Design. Adapted from Engelhart-Straub et al. 
(2023) [135]. 

 

2.2.3 Cultivation under Light of Different Wavelengths 

In biological triplicates, cultures were exposed to different wavelengths of light (LED), including 

blue (425, 455 and 470 nm), green (510 nm), red (680 nm), standard warm white (SWW) light. 

LEDs were set at an equal energy output of 236 W m-2. Experiments were performed in a 

customized shaker unit, illuminated with bottom-up LEDs [136], each flask shaded to avoid 

cross-illumination. In a separate shaker, dark control samples were cultivated in a light-free 

environment. 500 mL baffled shaking flasks with Duran GL32 Membrane Vented Screw caps 

(DWK Life Science, Wertheim, Germany) holding 100 mL LB were used. Cultures were 

inoculated to OD600 0.5. 

2.2.4 Cultivation under LED Light for Proteomic Analysis 

For proteomics analysis, cultures were illuminated with white LEDs. For this purpose, LED 

Mini-Matrices (Spectral color of 6500 K, max. 750 μmol m–2 s–1, 504 LEDs, 27 × 42 cm, 24V; 

LUMITRONIX® LED-Technik GmbH, Hechingen, Germany) were installed at a height of 30 cm 

in a rotary shaker. Samples grown in the dark were used as control.  

2.3 Analysis 

2.3.1 Growth Analysis 

Optical density was determined at 600 nm in a photometer (Nano Photometer NP80, IMPLEN, 

Munich, Germany). The sample volume of 1 mL was contained in standard semi-micro 

cuvettes. 

A defined volume of culture was sampled into pre-weighed falcon tube, followed by 

centrifugation (3500× g, 10 min). Subsequently, cells were washed and lyophilized (−80 °C,                  

≥ 72 h). Subsequently, the weight of the empty vessel was deducted from the weight of the 

tube holding the lyophilized biomass. 

Cell morphology and contamination was assessed with a light microscope (Motic BA310E) 

equipped with a Moticam 5.0 MP (both Moticeurope, Barcelona, Spain). 

Variable 
Factor Level 

−1.414 −1 0 +1 +1.414 

Nitrogen concentration (g L−1) 0.017 0.1 0.3 0.5 0.583 

Carbon concentration(g L−1) 3.929 6 11 16 18.071 
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2.3.2 Pigment Extraction  

For pigment extraction, a defined amount of lyophilized biomass was mixed with either 0.5 or 

2 mm glass beads along with 1 mL of HPLC-grade acetone. The resulting mixture was vortexed 

for 10 min and then subjected to centrifugation (8000× g, 5 min). Subsequently, 700 µL of the 

supernatant was transferred into a glass tube. To prevent light exposure, all vessels were 

wrapped in aluminium. Carotenoid levels were determined at an absorbance of 454 nm (Nano 

Photometer NP80, IMPLEN, Munich, Germany), measured in a solvent-stable cuvette. 

In case of wet biomass, utilized for proteomic analysis, 7.5 mL cell suspension was centrifuged 

and subsequently washed with ddH2O for pigment extraction. The cell pellet was mixed with 

0.5 mm glass beads and 1.5 mL hexane: acetone: ethanol (2:1:1 - v/v/v). To achieve cell lyses, 

the suspension was vortexed horizontally for 30 min, followed by centrifugation (20,000× g,10 

min). Carotenoids levels of the hexane phase were directly measured at an absorbance of 

454 nm (UV/Vis spectrophotometer Hewlett Packard 8453, HP, Palo Alto, CA, USA) in a 

solvent-stable cuvette. 

2.3.3 Fatty Acid Analysis 

Lipids contained in lyophilized biomass were extracted and converted into fatty acid methyl 

ester (FAME) and subsequently analysed using gas chromatography. For this, a defined 

amount of lyophilized biomass was weighed into a 10 mL glass vial, which was sealed with a 

bimetallic lid containing a septum (Macherey-Nagel, Düren, Germany). For methyl 

esterification of intracellular TAGs, the MultiPurposeSampler MPS robotic (Gerstel, Linthicum 

Heights, MD, USA), including QuickMix, CF200 and Agitator/Stirrer was utilized. For 

quantification, a stock solution of the internal standard of 10 g L−1 glyceryl tridodecanoate 

(C12:0; Sigma-Aldrich, St. Louis, MO, USA) was prepared in toluol. Than 490 µL toluol and 

10 µL internal standard were added to the biomass and mixed (1000 rpm, 1 min). Next, 1 mL 

of 0.5 M sodium methoxide in methanol was transferred to the vial and subsequently vortexed 

at 80 °C (750 rpm, 20 min). After a cooling step at 5 °C for 5 min, 1 mL of 5 % HCl in methanol 

(Supleco 17935 solution, Merck AG, Darmstadt, Germany) was added. The mixture was 

vortexed at 80 °C (750 rpm, 20 min), followed by cooling at 5 °C for 5 min. Next, 400 µL ddH2O 

was added to the vial, which was then vortexed (1000 rpm, 30 s). After that, 1 mL hexane was 

added. To extract FAMEs, three intervals of intermittent shaking (2000 rpm, 12 s) were 

performed. The vial was then centrifuged (1000 rpm, 3 min). After another cooling step at 5 °C 

for 1 min, a defined volume of 200 µL of the organic phase was transferred to micro vials 

(Macherey-Nagel, Düren, Germany). 

Analysis and quantification of the FAMEs were conducted using a GC-2025 coupled to AOC-

20i Auto injector and AOC-20s Auto sampler (Shimadzu, Duisburg, Germany) with a flame 
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ionization detector (FID) [137,138]. The injection temperature was set at 240 °C with a split 

ratio of 10 and a helium purge flow of 3 mL min−1. All samples were injected at a volume of 

1 µL. To achieve separation, a Zebron ZB-wax column (Phenomenex, Aschaffenburg, 

Germany) (30 m × 0.32 mm, film thickness 0.25 μm) was used. The initial oven temperature 

was 150 °C, held for 1 min before ramping up at a rate of 5 °C min−1 up to a final temperature 

of 240 °C for 6 min. Hydrogen as carrier gas had a constant flow rate of 3 mL min−1. The FID 

measurements were performed at 245 °C with 40 mL min−1 flow of hydrogen, 400 mL min−1 flow 

of synthetic air and 30 mL min−1 flow of nitrogen as makeup gas. For identification, the 

standards Marine Oil FAME mix (20 components from C14:0 to C24:1; Restek GmbH, Bad 

Homburg, Germany) and FAME #12 mix (C13:0, C15:0, C17:0, C19:0, C21:0; Restek GmbH, 

Bad Homburg, Germany) were used. Measurements were normalized based on the internal 

standard methyl laurate (C12; Restek GmbH, Bad Homburg, Germany). For calibration 

measurements, runs with concentrations of 20, 5, 1, 0.5, 0.1 mg mL−1 Marine Oil FAME Mix 

were performed. Further, FAME #12 concentrations of 5, 2.5, 1.25, 0.5, 0.25, 0.05, 0.01 mg 

mL−1 and methyl laurate concentrations of 2, 1, 0.2, 0.05, 0.01, 0.002 mg mL−1 were used. The 

calibration enabled comparative quantitation. Fatty acid profiles were analysed as a 

percentage of the total fatty acid content (w/w). 

To identify branched fatty acid, GC–MS analysis was conducted using the Thermo Scientific™ 

TRACE™ Ultra Gas Chromatograph coupled with a Thermo DSQ™ II mass spectrometer and 

Triplus™ Autosampler injector. For the analysis, a BPX5 column (30 m × 0.25 mm, film 

thickness of 0.25 μm; Trajan Scientific Australia Pty Ltd, Victoria, Australia) was employed. An 

initial column temperature of 50 °C was used for separation, this was increased at a rate of 

4 °C min-1 until reaching a final temperature of 250 °C. Hydrogen, as carrier gas, was used at 

a constant flow rate of 0.8 mL min-1. 

2.4 Proteomics 

2.4.1 Protein Extraction and Precipitation 

To protect the proteins, harvested cells were strictly kept on ice or at 4 °C during centrifugation 

steps. After centrifugation of 25 mL culture (8000× g, 10 min), the bacterial cell pellet was 

washed twice with ddH2O. For lysis and protein extraction, the cell pellets were mixed with 

Protein Extraction Reagent Type 4 (Sigma-Aldrich, St. Louis, MO, USA) (1:3, v/v) and glass 

beads. Next, samples were vortexed for 30 min, followed by an ultrasonic bath for 60 min 

(Ultrasonic Cleaner UCD—THD, VWR, Radnor US). After centrifugation (13,750× g, 30 min), 

the supernatant was mixed 1:1 (v/v) with 20 % trichloric acid (v/v) in HPLC-grade acetone (v/v) 

supplemented with 10 mM dithiothreitol (DTT) for protein precipitation. Subsequently, the 

mixture was vortexed and incubated for 1 h and −20 °C. After a centrifugation step (13,750× g, 
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10 min), 1 mL of acetone with 10 mM DTT was used to wash the protein pellet twice. The air-

dried pellet was dissolved in 8 M urea solution containing 10 mM DTT. Each condition was 

analysed in three biological and two technical replicates. 

2.4.2 Protein Quantification and SDS-PAGE 

Protein concentration was measured at 280 nm absorbance (NanoPhotometer NP80, Implen 

GmbH, Munich, Germany). The protein extracts were visually detected on a 12 % SDS 

polyacrylamide gel to assess the quality [139]. 

2.4.3 In-Gel Digestion of Protein Samples and LC-MS/MS Analysis 

Protein extract were further subjected to in-gel digestion [140-142]. Proteins were run shortly 

into the resolving gel of a 12 % SDS polyacrylamide gel und afterwards stained with 

Coomassie Brilliant Blue (SERVA Electrophoresis GmbH, Heidelberg, Germany). Stained 

protein bands were cut from the gel and into small pieces (around 1 mm3). Those pieces were 

washed with acetonitrile to remove the Coomassie Brilliant Blue completely. Next, samples 

were dried under vacuum for 15 min (GeneVac Evaporator, GeneVac HiTechTrader, Ipswich, 

United Kingdom). Gel pieces were reduced (10 mM DTT and 50 mM ammonium bicarbonate) 

at 56 °C for 30 min, than washed with acetonitrile, followed by alkylation (55 mM 

iodoacetamide and 50 mM ammonium bicarbonate) at room temperature for 20 min. Next 

samples were again washed with acetonitrile and dried under vacuum for 15 min. Samples 

were rehydrated in digest solution with Trypsin Gold (V5280, Promega, Madison, WI, USA). 

The enzymatic digestion was performed overnight at 37 °C, with moderate shaking. For 

peptide extraction, gel pieces were incubated in different solutions, each for 15 min, using 

50 mM ammonium bicarbonate, 100 % acetonitrile, and 5 % formic acid solution. Under 

vacuum, the collected solution was dried, before peptides were dissolved in 1 % formic acid 

and filtered through a 13.3 kDa spin-filter. This sample was measured via LC-MS/MS analysis. 

Protein analysis was performed on a timsTOF Pro mass spectrometer (TIMS) combined with 

a NanoElute LC System (Bruker Daltonik GmbH, Bremen, Germany), containing an Aurora 

column (250 × 0.075 mm, 1.6 µm; IonOpticks, Hanover St., Australia) [140]. Two mixtures were 

used as mobile phase for reverse-phase separation: 0.1 % (v/v) formic acid—2 % (v/v) 

acetonitrile—water mixture (A) and 0.1 % (v/v) formic acid—acetonitrile mixture (B). The mobile 

phase was added as a binary gradient with a flow rate of 0.4 µL min−1. A separation cycle 

lasted 120 min (linearly: 2–17 % B in 60 min, 17–2 5 % B in 30 min, 25–37 % B in 10 min, 37–

95 % B in 10 min, maintaining B at 95 % for 10 min) with an oven temperature of 50 °C. TIMS 

was set in PASEF Mode using these settings: mass range, 100–1700 mass: charge [m/z] ratio; 

ion mobility ramp, 0.6–1.6 V·s/cm2; 10 MS/MS scans per ion mobility ramp (total cycle time 

1.16 s); charge range 0–5; active exclusion for 0.4 min; target intensity of 20000 counts; 
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intensity threshold of 1000 counts. Appropriate to the ion-mobility ramp, collision energy was 

ramped stepwise, starting at 20 eV up to 59 eV. As electrospray ionisation source parameters 

1600 V were used for the capillary voltage and at a dry gas temperature of 180 °C, 3 L min-1 

nitrogen, measurements were conducted in a positive ion mode. For mass calibration sodium 

formate cluster was used, for calibration of the TIMS Hexais (2,2-difuoroethoxy) phosphazene, 

Hexakis (2,2,3,3-tetrafuoropropoxy) phosphazene, and Chip cube high mass references (m/z 

ratios of 622, 922, and 1222, respectively) were used [143,144]. To facilitate normalization of 

the measurements, three quality control samples, each consisting of an equal volume of each 

sample, were analysed at regular intervals between samples (first, mid and last sample). 

2.5 Bioinformatic Analysis 

2.5.1 Response Surface Methodology and Further Statistical Analysis 

For set-up and analysis of the design, Design-Expert Software, Version 22.0.2 (Stat-Ease, Inc. 

Minneapolis, USA) was used. For media optimization of different carbon and nitrogen 

concentrations, a full Central Composite Design with five center points and eight non-center 

points in duplicates was applied. For star points, an alpha value of 1.41421 was set. To 

evaluate suitability of the design, the analysis of variance (ANOVA) was used. The model 

analysed the effect of carbon and nitrogen levels on biomass (g L−1), lipid content (mg g-1
DCW) 

and carotenoid titres (Abs454nm mg-1
DCW) as dependent variables. Non-significant terms not 

essential for hierarchy were removed from the model. 

2.5.2 Bioinformatic analysis of proteomics 

For peptide and protein identification, PEAKS Studio software 10.6 (Bioinformatics Solutions 

Inc., Waterloo, ON, Canada) [145-147] was applied. Based on a genome assembly, 

R. erythropolis JCM3201T protein (fasta) database was downloaded from NCBI 

(https://www.ncbi.nlm.nih.gov/genome/?term=txid1833[orgn], 10 May 2022, 5954 proteins). 

Search parameters were set at precursor mass of 25 ppm using monoisotopic mass, fragment 

ion of 0.05 Da, trypsin as digestion enzyme, maximum of two missed cleavages per peptide, 

FDR of 1.0 % and at least 1 unique peptide per identified protein has to be found. The 

Quantification tool PEAKSQ compared different groups, with a mass error tolerance of 20.0 

ppm, Ion Mobility Tolerance of 0.05 Da, a Retention Time Shift Tolerance of 6 min (Auto 

Detect), and a minimum of 2 for fold change and significance. All proteins detected with these 

settings were exported and subjected to functional characterization with KOALA (KEGG 

Orthology And Links Annotation, https://www.kegg.jp/blastkoala/, accessed on 4 July 2022) 

[148]. In addition, the annotations were validated manually using NCBI and Uniprot databases. 

https://www.ncbi.nlm.nih.gov/genome/?term=txid1833%5borgn%5d
https://www.kegg.jp/blastkoala/
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3 Research 

3.1 Summaries of included publications 

Chapter I Optimization of Rhodococcus erythropolis JCM3201T Nutrient Media to 

Improve Biomass, Lipid, and Carotenoid Yield Using Response Surface Methodology 

The article “Optimization of Rhodococcus erythropolis JCM3201T Nutrient Media to Improve 

Biomass, Lipid, and Carotenoid Yield Using Response Surface Methodology” has been 

published in Microorganisms in August 2023 (DOI: 10.3390/microorganisms11092147). The 

author of this thesis, Selina Engelhart-Straub, designed and carried out the experimental work, 

evaluated the experimental data and wrote the manuscript. 

R. erythropolis JCM3201T is a carotenogenic and oleaginous bacteria which offers industrial 

value due to its unique enzyme capabilities in bioconversion and degradation. Further, it is a 

potential producer for a range of products such as carotenoids, triacylglycerols and 

biosurfactants [58,149]. In order to use this strain as an efficient production platform and 

explore its potential, the strain’s nutritional requirements have to be characterized. 

Determination of the most favorable fermentation conditions is crucial for an economically 

efficient process, as the medium composition directly affects both yield and productivity [123]. 

Carbon and nitrogen source and concentration as well as the ratio of them both influence 

biomass, lipid and carotenoid production [9,99].  

The presented study investigated the substrate adaptability of R. erythropolis. With an OFAT 

method, the strain was cultivated on nine nitrogen and eight carbon sources at an elemental 

carbon (16 g L-1) and nitrogen (0.16 g L-1) weight ratio of 100:1. The nitrogen sources included 

the defined inorganic sources ammonium chloride, diammonium hydrogen phosphate, 

ammonium sulfate, potassium nitrate and ammonium nitrate. As complex organic sources 

yeast extract and tryptone/peptone were included as well as defined organic sources urea and 

ammonium acetate. As carbon sources the monosaccharides glucose, galactose and fructose, 

the disaccharides lactose, sucrose and maltose and the sugar alcohol sorbitol and glycerol 

were investigated. Maximum biomass acquisition (2.84 g L-1) was obtained with the nitrogen 

source ammonium acetate, whereas the complex nitrogen sources yeast extract                             

(156.7 mg g-1
DCW) followed by tryptone/peptone (132.3 mg g-1

DCW) achieved the highest lipid 

yields. Defined inorganic carbon sources induced a prolonged lag phase. With regard to 

differing carbon sources, the highest biomasses were observed with glucose (3.10 g L-1), 

followed by sucrose (2.47 g L-1). Notably, sugar alcohols, sorbitol (93.8 mg g-1
DCW) and glycerol 

(86.1 mg g-1
DCW) induced elevated lipid titres.  

 



Research 

22 

 

A response surface methodology was employed to investigate different carbon and nitrogen 

concentrations and ratios and determined conditions for enhances biomass, lipid and 

carotenoid formation after 192 h. For this purpose, a full Central Composite Design (CCD) was 

performed. The highest biomass (8.00 g L-1) was obtained in a medium with 11 g L-1 carbon 

and 0.583 g L-1 nitrogen, while the highest amount of lipids (100.5 mg g-1
DCW) was produced 

by cultures grown in a medium with 11 g L-1 carbon and only 0.017 g L-1 nitrogen, which was 

the minimum concentration tested. R. erythropolis cultivated in a medium with 6 g L-1 carbon 

and 0.5 g L-1 nitrogen produced the highest amount of carotenoids (0.021 Abs454nm mg-1
DCW). 

While biomass production increased with increasing carbon and nitrogen concentration, lipid 

production decreased. The carotenoid production increased with increasing nitrogen and 

decreasing carbon concentration. These results could be a foundation for further research, 

offering novel insights into the physiology of R. erythropolis under variable nutritional 

conditions. 
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Chapter II Effects of Light on Growth and Metabolism of Rhodococcus erythropolis 

The article “Effects of Light on Growth and Metabolism of Rhodococcus erythropolis” has been 

published in Microorganisms in August 2022 (DOI: 10.3390/microorganisms10081680). The 

author of this thesis, Selina Engelhart-Straub, and Philipp Cavelius contributed equally to the 

work and writing of this manuscript. They designed and carried out the experimental work, 

evaluated the experimental data and wrote the manuscript.  

The aerobic, gram-positive and resilient bacteria of the genus Rhodococcus are promising 

producers of a range of compounds including biosurfactants, carotenoids and triacylglycerols 

[58,149]. Like all aerobic organisms, the bacteria is exposed to oxidative stress in the form of 

reactive oxygen species (ROS), which may trigger the damage of cellular components [150]. 

Oxidoreductases, specifically catalases and peroxidases, are responsible to perform cellular 

detoxification from ROS. Organisms are also able to withstand stress through modifications of 

the fatty acid structure of the membrane [151-153]. Additionally, carotenoids are able to 

deactivate these highly reactive radicals. Carotenoids are found in in almost all photosynthetic 

and some non-photosynthetic organisms such as R. erythropolis [154]. Little is known about 

the function of carotenoids in R. erythropolis and its response to light. The presented study 

investigated the adaptation mechanisms of R. erythropolis exposed to different wavelengths 

of light including blue (425, 455 and 470 nm), green (510 nm), red (680 nm) as well as standard 

warm white (SWW) light. When exposed to red light (680 nm), no significant difference in 

growth, carotenoid and lipid production compared to dark controls could be detected. In 

contrast, carotenoid levels were significantly elevated in cultures illuminated with white 

(standard warm white), green (510 nm) and blue light (470 nm), with significantly decreased 

biomass accumulation after 94 h and 122 h in cultures illuminated with green (510 nm) and 

blue light (470 nm). Interestingly, blue light (455, 425 nm) demonstrated anti-microbial effects 

with significantly decreased dry cell weights. Microscopy revealed agglomerations for cultures 

exposed to blue light (455 nm) and even dense cellular aggregates for cultures illuminated with 

425 nm light, further validating studies which investigate the antimicrobial properties of blue 

light [155,156]. The cellular lipid composition increased in its amount of OCFAs (C15:0, C17:1) 

when cultivated under white (standard warm white) and green (510 nm) light. Propanoyl-CoA 

was proposed as primer for the OCFA synthesis [130,157], several enzymes involved in the 

synthesis of it were found to be upregulated under white (standard warm white) light. Exposure 

to blue light (470, 455, 425 nm), shifted the fatty acid profiles to more saturated fatty acids 

(C16:1 to C16:0), which is hypothesized to render the membrane less permeable [73]. 

Detected by time-resolved proteomics analysis, a number of oxidative stress-related proteins 

including stress-related sigma factors and peroxidases where identified to be upregulated 

under white light illumination.   
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Response Surface Methodology
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Werner Siemens-Chair of Synthetic Biotechnology, Department of Chemistry, TUM School of Natural Sciences,
Technical University of Munich, 85748 Garching, Germany
* Correspondence: brueck@tum.de (T.B.); norbert.mehlmer@tum.de (N.M.)

Abstract: The oleaginous bacterium Rhodococcus erythropolis JCM3201T offers various unique enzyme
capabilities, and it is a potential producer of industrially relevant compounds, such as triacylglycerol
and carotenoids. To develop this strain into an efficient production platform, the characteriza-
tion of the strain’s nutritional requirement is necessary. In this work, we investigate its substrate
adaptability. Therefore, the strain was cultivated using nine nitrogen and eight carbon sources
at a carbon (16 g L−1) and nitrogen (0.16 g L−1) weight ratio of 100:1. The highest biomass accu-
mulation (3.1 ± 0.14 g L−1) was achieved using glucose and ammonium acetate. The highest lipid
yield (156.7 ± 23.0 mg g−1

DCW) was achieved using glucose and yeast extract after 192 h. In order
to enhance the dependent variables: biomass, lipid and carotenoid accumulation after 192 h, for
the first time, a central composite design was employed to determine optimal nitrogen and carbon
concentrations. Nine different concentrations were tested. The center point was tested in five biologi-
cal replicates, while all other concentrations were tested in duplicates. While the highest biomass
(8.00 ± 0.27 g L−1) was reached at C:N of 18.87 (11 g L−1 carbon, 0.583 g L−1 nitrogen), the highest
lipid yield (100.5 ± 4.3 mg g−1

DCW) was determined using a medium with 11 g L−1 of carbon and
only 0.017 g L−1 of nitrogen. The highest carotenoid yield (0.021 ± 0.001 Abs454nm mg−1

DCW) was
achieved at a C:N of 12 (6 g L−1 carbon, 0.5 g L−1 nitrogen). The presented results provide new
insights into the physiology of R. erythropolis under variable nutritional states, enabling the selection
of an optimized media composition for the production of valuable oleochemicals or pigments, such
as rare odd-chain fatty acids and monocyclic carotenoids.

Keywords: Rhodococcus; response surface methodology; central composite design; media optimization;
FAMEs; lipids; carotenoids

1. Introduction

A number of bacteria, some of which belong to the actinomycetes group, such as Strep-
tomyces, Rhodococcus, and Mycobacterium, can accumulate lipids and triacylglycerols (TAG)
when grown under nitrogen limitation [1]. These single-cell oils (SCOs) have the potential
to serve as sustainable alternatives to fossil fuels [2]. Some bacteria can also inherently
produce carotenoids. These isoprenoids range in color from yellow to red. Due to their
antioxidant nature, carotenoids, which are stored in the cell membrane, play a crucial role in
photo quenching and protection of the cell from photodamage. Photo-oxidative damage is
dangerous for vital cellular machinery, such as DNA, lipids, and proteins. Therefore, biotic
and abiotic stress triggers many organisms to accumulate carotenoids [3,4]. Carotenoids are
utilized in a wide range of commercial industries, including the pharmaceutical, food, feed,
and cosmetics industries [5]. The Gram-positive and aerobic bacteria of the diverse genus
Rhodococcus offer a wide range of catabolic diversity and unique enzymatic capabilities [6,7].
Furthermore, the members of this genus can typically withstand various stress conditions,
including metal toxicity and desiccation [8]. Due to this adaptability, Rhodococcus is a
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potential producer of various products, such as biosurfactants, bioflocculants, carotenoids,
triacylglycerols, and antimicrobial compounds [8]. A range of micro-organisms, includ-
ing microalgae, yeast and fungi, are able to produce lipids and carotenoids in higher
quantities [9,10], with each species having specific advantages and disadvantages as pro-
ducers. Microalgae or cyanobacteria can use carbon dioxide as their carbon source and
produce photoautotrophic lipids and carotenoids, but they also have disadvantages, such
as low lipid productivity and long fermentation duration for microalgae [11], as well as
low carotenoid content for cyanobacteria [12]. Rhodococcus strains are of high interest as
robust producers, as they can be genetically modified and harbor a large set of enzyme
genes. As one of the few bacterial genera, Rhodococcus is only able to produce monocyclic
carotenoids [8]. Further, the fatty acid profile revealed the production of rare odd-chain fatty
acids [13]. The heterogeneous taxon Rhodococcus can be grouped into seven distantly related
species-groups, i.e., A–G. All R. erythropolis strains belong to the species group D, which
further includes R. qingshengii and several unclassified strains [14]. To enable the industrial
application of R. erythropolis, an efficient genome-reduction tool was recently developed
to produce a genome-structure-stabilized host strain. This strain allows the removal of
unfavorable genes/functions [15]. Interestingly, R. erythropolis was initially classified as
a non-oleaginous species due to its low lipid content when grown on glucose. However,
recent studies have reported that this strain can exhibit an oleaginous and robust phenotype
when grown on glycerol [16,17]. The carotenoids 4-keto-γ-carotene and γ-carotene were
produced by R. erythropolis AN12, and in other R. erythropolis strains additional carotenoids,
such as β-carotene, lycopene, and phytoene, have been identified [18,19]. The scarce re-
search demonstrating lipid accumulation in this bacterium, as well as the limited studies
investigating its carotenoid production under different nutrient sources, underscore the
pressing need for further characterization to comprehensively elucidate its biology and
explore its potential for the production of vital compounds. In this work, a wide range
of nitrogen and carbon sources are tested in parallel to derive direct conclusions on their
influence on yield of biomass, lipids, and carotenoids. Further, changes in the fatty acid
profile are analyzed, thereby allowing the identification of the most promising application.

Identifying the optimal fermentation conditions is crucial to developing cost-efficient
processes, as the medium composition directly correlates to product yield and productivity.
The carbon source is considered to be the most essential medium component. It serves as
an energy source and, therefore, plays a vital role in regulating the growth and production
of primary and secondary metabolites. However, the selection and concentration of the
nitrogen source cannot be neglected [20]. Nitrogen is an essential nutrient used in the
synthesis of many cell components and metabolites. In yeast, inorganic nitrogen sources
are better suited to biomass accumulation, while organic nitrogen sources have been
shown to improve lipid production [21,22]. The precise ratio of carbon to nitrogen in the
cultivation medium is crucial to improve lipid accumulation, as it typically occurs when
micro-organisms are grown in excess of carbon, while other nutrients, particularly nitrogen,
are limited [23]. Since growth is restricted under limited conditions, TAG accumulation
mainly occurs in the stationary phase, as TAG are efficient storage compounds [1]. The
one-factor-at-a-time (OFAT) optimization approach, which is commonly used in microbial
systems, is very time consuming, consisting of iterative removal, supplementation, and
replacement experiments. It is also unable to consider interactions between variables [20,24].
Statistics-based response surface methodology (RSM), on the other hand, allows rapid
parameter screening at a reduced cost. RSM, which is a mathematical modeling algorithm
developed by Box and Wilson [25], can be used as an experimental strategy to identify
optimum conditions in a multivariable system. It is an efficient optimization technique,
as it reduces the cost and time required to identify optimal cultivation conditions by
reducing the number of examined conditions in an experimental design. Furthermore, this
method enables defining the standalone effects of independent variables on the process,
as well as their interactions [26,27]. Central composite design (CCD) has previously been
utilized for the media optimization of Rhodococcus in various contexts, such as diesel oil [28]
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and aflatoxin B1 degradation [26] by R. erythropolis, the production of biosurfactant by
Rhodococcus spp. MTCC2574 [29], and odd-chain fatty acid (FA) production by Rhodococcus
sp. YHY01 [13]. CCD has not previously been used to optimize the production of lipids
and carotenoids in R. erythropolis.

In the presented data, media optimization to increase biomass, lipid, and carotenoid
accumulation of R. erythropolis JCM3201T was performed via a threefold method: sequential
investigation of nine distinct nitrogen sources and eight selected carbon sources was
followed by the optimization of the carbon-to-nitrogen ratio via a circumscribed and
rotatable CCD. The results shed light on the growth characteristics and FA profile of
R. erythropolis, with the aim being to facilitate future studies of its use as a secondary
metabolite producer.

2. Materials and Methods
2.1. Bacterial Strain and Inoculum Preparation

R. erythropolis JCM3201T (DSM No. 43066, German Collection of Micro-Organisms
and Cell Cultures GmbH, Braunschweig, Germany) was maintained using Luria–Bertani
(LB) agar plates (10 g L−1 of peptone, 5 g L−1 of yeast extract, 10 g L−1 of sodium chloride,
and 14 g L−1 of agar). For inoculum, single colonies were cultured in 500-milliliter baffled
shake flasks holding 100 mL of LB medium at 120 rpm (New Brunswick InnovaTM 44,
Eppendorf, Hamburg, Germany) for 48 h. Afterward, the inoculum was transferred to
prospective optimization media.

2.2. Cultivation Medium

All cultures were cultivated in 500-milliliter baffled shake flasks holding 100 mL
of ‘457. Mineral Medium’ (Brunner, DSMZ, Braunschweig, Germany). As a cultivation
medium, ‘457. Mineral Medium’ (Brunner, DSMZ)) [30] (pH 6.9) was used, which contained
2.44 g L−1 of Na2HPO4, 1.52 g L−1 of KH2PO4, 0.20 g L−1 of MgSO4 × 7 H2O, 0.05 g L−1

of CaCl2 × 2 H2O, and 10 mL of trace element solution SL-4. Trace element solution
SL-4 contained 0.50 g L−1 of EDTA, 0.20 g L−1 of FeSO4 × 7 H2O, and 100 mL of trace
element solution SL-6. Trace element solution SL-6 contained 0.10 g L−1 of ZnSO4 × 7 H2O,
0.03 g L−1 of MnCl2 × 4 H2O, 0.30 g L−1 of H3BO3, 0.20 g L−1 of CoCl2 × 6 H2O, 0.01 g L−1

of CuCl2 × 2 H2O, 0.02 g L−1 of NiCl2 × 6 H2O, and 0.03 g L−1 of Na2MoO4 × 2 H2O.
Carbon and nitrogen sources were individually selected for each experiment.

2.3. Experimental Design

Media optimization was divided into three stages, with the first and second stages
investigating various nitrogen and carbon sources using an OFAT strategy. Nitrogen
sources encompassed ammonium chloride, diammonium hydrogen phosphate, ammonium
sulfate, potassium nitrate, ammonium nitrate, yeast extract, tryptone/peptone, urea and
ammonium acetate (Table 1). Based on the supplier’s information (Carl Roth, Karlsruhe,
Germany), yeast extract and tryptone/peptone contained 10.8% (w/w) and 12.3% (w/w)
nitrogen, respectively. To examine the effect of the nitrogen source on growth, a medium,
which contained 40 g L−1 of glucose (16 g L−1 carbon) and 0.16 g L−1 of nitrogen, was used.
Carbon sources encompassed glucose, galactose, fructose, lactose, sucrose, maltose, sorbitol,
and glycerol (Table 1). For the screening of carbon sources, cultivation was carried out in
media using the optimal nitrogen source, as observed in the previous stage of optimization,
which was ammonium acetate. For each nitrogen and carbon source, biological triplicates
were prepared. Each culture was inoculated to OD600nm 0.2 and cultivated at 28 ◦C and
120 rpm for 192 h.

Following the RSM strategy, different carbon-to-nitrogen concentrations and ratios
were assessed. Subsequently, the effect of varying carbon-to-nitrogen sources on the growth,
as well as lipid and carotenoid production of R. erythropolis, was compared. A total of
9 different carbon-to-nitrogen ratios were tested using a CCD. Concentrations ranged
from 3.93 to 18.07 g L−1 elemental carbon and 0.02 to 0.58 g L−1 elemental nitrogen, with
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glucose and ammonium acetate used the as carbon and nitrogen sources, respectively.
Carbon-to nitrogen ratios ranged from 12:1 to 647:1. For the center point (11 g L−1 of carbon
and 0.3 g L−1 of nitrogen), five biological replicates were prepared; all other ratios were
prepared in biological duplicates. Each culture was analyzed in two technical replicates.
Cultures were inoculated to OD600 0.2 and then cultivated for 192 h (28 ◦C, 120 rpm).

Table 1. Matrix of tested nitrogen and carbon sources, as well as their chemical nature.

Number Nitrogen Source Chemical Nature Carbon Source Chemical Nature

1 Ammonium chloride

Defined inorganic

Glucose
Monosaccharides2 Diammonium hydrogen phosphate Galactose

3 Ammonium sulfate Fructose

4 Potassium nitrate Lactose
Disaccharides5 Ammonium nitrate Sucrose

6 Yeast extract
Complex organic

Maltose

7 Tryptone/peptone Sorbitol
Sugar alcohol8 Urea Defined organic Glycerol

9 Ammonium acetate

2.4. Growth Analysis

Optical density was measured at 600 nm using a photometer (Nano Photometer NP80,
IMPLEN, Munich, Germany). Standard semi-micro cuvettes made of polystyrene were
used, and each cuvette had a path length of 10 mm.

For dry cell weight (DCW) analysis, 30 mL of culture was sampled after 140 and 192 h.
For the CCD, 30 mL of culture was divided into two pre-weighed falcon tubes. Cultures
were centrifuged (3500× g, 5 min), and the cells were washed using bidistilled water and
lyophilized (−80 ◦C, ≥72 h). After gravimetric measurements, the weight of the empty
vessels was subtracted from that of vessels containing lyophilized biomass.

2.5. Carotenoid Extraction

Carotenoid extraction from dry biomass was carried out as previously shown [31].
Depending on availability, between 2 and 10 mg biomass was weighed into 1.5-milliliter
Eppendorf tubes. In brief, pigments were extracted using acetone after cell disruption via
glass beads (2 mm). The absorbance at 454 nm was measured using a Nano Photometer
NP80 (IMPLEN, Munich, Germany), and the titer calculated according to Formula (1).

Carotenoid titer (Abs454nm mg−1
DCW) = Absorbance (Abs454nm)/Dry Biomass (mg) (1)

2.6. Fatty Acid Profile

FA analysis was carried out according to the method described by Engelhart-Straub et al. [31].
In brief, lipids extracted from biomass were converted into fatty acid methyl ester (FAME)
via MultiPurposeSampler MPS robotic (Gerstel, Linthicum Heights, MD, USA). FAMEs
were measured via gas chromatography (GC-2025 coupled to an AOC-20i auto-injector
and an AOC-20s auto-sampler, Shimadzu, Duisburg, Germany) and equipped with a
flame ionization detector. For separation, a Zebron ZB-wax column (30 m × 0.32 mm,
film thickness 0.25 µm, Phenomenex, Aschaffenburg, Germany) was used. The external
standards, namely Marine Oil FAME mix (20 components from C14:0 to C24:1; Restek
GmbH, Bad Homburg, Germany) and FAME #12 mix (C13:0, C15:0, C17:0, C19:0, and
C21:0; Restek GmbH, Bad Homburg, Germany), were utilized for the identification and
quantification of FAMEs. Normalization was based on the internal methyl laurate standard
(C12; Restek GmbH, Bad Homburg, Germany).

For the identification of branched FA, GC–MS was performed using a Thermo Scien-
tific™ TRACE™ Ultra Gas Chromatograph instrument coupled with a Thermo DSQ™ II
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mass spectrometer and a Triplus™ Autosampler injector. For this analysis, a BPX5 column
(30 m × 0.25 mm, film thickness of 0.25 µm) acquired from von Trajan Scientific Australia
Pty Ltd. (Ringwood, Victoria, Australia) was used. The separation was performed at
an initial column temperature of 50 ◦C, which increased at a rate of 4 ◦C min−1 up to a
final temperature of 250 ◦C. The used carrier gas was hydrogen at a constant flow rate of
0.8 mL min−1.

2.7. Response Surface Methodology and Further Statistical Analysis

Design-Expert Software, Version 22.0.2 (Stat-Ease, Inc., Minneapolis, MN, USA) was
adopted for the design and analysis of the media optimization. A full central composite
design with eight non-center points in duplicates and five center points, as well as an alpha
value of 1.41421, was performed. The range of values is listed in Table 2. The analysis of
variance (ANOVA) was used to estimate the appropriate statistical parameter and evaluate
the suitability of the design. The effects of carbon and nitrogen levels on the level of the
dependent variables—biomass (g L−1), lipid content (mg g−1

DCW) and carotenoid titers
(Abs454nm mg−1

DCW)—were analyzed. Non-significant terms not needed for hierarchy
were excluded from the model.

Table 2. Range of values for central composite design.

Variable
Level

−1.414 −1 0 +1 +1.414

Carbon (g L−1) 3.929 6 11 16 18.071
Nitrogen (g L−1) 0.017 0.1 0.3 0.5 0.583

3. Results and Discussion
3.1. Effect of Different Nitrogen Sources on Biomass, Lipid, and Carotenoid Formation of
R. erythropolis

To determine the appropriate carbon and nitrogen concentrations and assess the
effects of different carbon and nitrogen sources on R. erythropolis, a full central composite
design-based DOE (design of experiment) analysis was performed. Glucose was selected
as the carbon source, and ammonium sulfate was used as the nitrogen source. While
increasing the carbon and nitrogen concentrations resulted in increased biomass formation,
a low nitrogen concentration induced increased lipid production. To produce a significant
amount of biomass while retaining nitrogen limitation at a later point in the cultivation, a
C:N of 100:1, with 16 g L−1 of carbon and 0.16 g L−1 of nitrogen, was used for the following
experiments, in which the effects of different nitrogen and carbon sources on R. erythropolis
were examined.

This study examined nine distinct nitrogen sources, including ammonium chloride,
diammonium hydrogen phosphate, ammonium sulfate, potassium nitrate, and ammonium
nitrate, as defined inorganic sources. Yeast extract and tryptone/peptone were used as
complex organic sources, in addition to urea and ammonium acetate, which were used as
defined organic sources (Figure 1).

The cultivation proceeded for eight days under identical conditions, which allowed
direct comparison. Yields of biomass, lipids, and carotenoids were determined after 140
and 192 h, as two timepoints enable a more detailed assessment of the differences between
the cultures. Cultures containing any of the five defined inorganic sources exhibited slow
growth at the beginning (Figure 1a). When inorganic nitrogen was used as nitrogen source,
compared to complex sources, the micro-organism needed additional energy to perform
amino acid synthesis [27]. The lowest biomass accumulation was achieved for potassium
nitrate as the nitrogen source, with a DCW of 0.36 ± 0.08 g L−1 after 192 h. In contrast, a
strain identified as Rhodococcus sp. BCH2 showed the highest growth on potassium nitrate,
which was comparable to that of ammonium acetate [32]. The complex nitrogen sources’
yeast extract and tryptone/peptone showed the fasted growth from the start of the cultiva-
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tion with no detectable lag phase. Complex nitrogen sources provide additional nutrients,
including amino acids, polypeptides, vitamins, and trace elements. Increased yield of
biomass with complex nitrogen sources was achieved for a variety of micro-organisms,
including C. oleaginosus and A. oryzae [27,33]. When cultivating the R. erythropolis strains
MTCC1548, 2794, and 3951 using different nitrogen sources, inorganic nitrogen sources (am-
monium sulfate and ammonium phosphate), as well as urea, resulted in very low biomass
compared to complex organic nitrogen sources (yeast extract and meat peptone) [29]. In this
study, R. erythropolis cultures, which contained the two aforementioned complex nitrogen
sources, entered the stationary phase after approximately 115 h (Table S5). After 140 h, a
DCW of 2.13 ± 0.07 g L−1 for yeast extract and 1.88 ± 0.03 g L−1 for tryptone/peptone was
determined, with a decreased DCW after 192 h. The higher yield of the biomass when using
yeast extract could be related to its high vitamin content relative to tryptone/peptone [34].
The final group of assessed nitrogen sources comprised defined organic sources in the form
of urea and ammonium acetate. While urea induced an extended lag phase within the
first 120 h, cultures with ammonium acetate exhibited a steady growth over 192 h and no
lag phase. The highest biomass was achieved when ammonium acetate was used as the
nitrogen source with a DCW of 2.84 ± 0.02 g L−1 after 192 h.

Since biomass productivity was the primary goal of these cultivations, an increased
nitrogen content of 0.16 g L−1 was selected, leading to a lipid content of 5 to 16% in
R. erythropolis after 192 h. The lipid content for all distinct nitrogen sources, except for
potassium nitrate, increased between 140 and 192 h (Figure 1c). The highest lipid yield
was determined for cultures grown using the complex nitrogen sources yeast extract and
tryptone/peptone, which registered 156.7 ± 23.0 mg g−1

DCW and 132.3 ± 15.4 mg g−1
DCW

after 192 h, respectively. As TAG accumulation primarily occurs in the stationary phase [1]
and cultures grown on complex nitrogen sources entered the stationary phase after 115 h,
a sufficient time period for lipid accumulation was allowed. In contrast, R. erythropolis
exhibited a longer lag phase when grown using the five defined inorganic nitrogen sources,
having a lipid content of 5–5.5% (g g−1

DCW) after 192 h. Cultures grown on potassium
nitrate showed a higher lipid content after 140 h, i.e., 10.5% (g g−1

DCW). Inefficient uti-
lization of this compound could potentially induce nitrogen limitation in these cultures
during the early cultivation phase, which could explain the elevated lipid yield after 140 h.
Cultures grown using ammonium acetate showed the highest DCW, having a lipid content
of 68.3 ± 5.0 mg g−1

DCW after 192 h. In R. toruloides, organic nitrogen sources also led to
increased lipid contents compared to inorganic nitrogen sources [35].

When R. opacus PD630 was grown using waste paper hydrolysate, the inorganic
nitrogen sources ammonium chloride, followed by ammonium sulfate, gave the highest
biomass and lipid yield, having a lipid content of around 25% after 120 h. When grown
using the complex nitrogen sources urea, yeast extract, and peptone, biomass and lipid
accumulation was lower. The lipid content of cultures grown using urea (15.24%) was
reported to be three-fold higher than that of cultures grown using yeast extract (5.69%)
and peptone (4.34%) [2]. These results are in contrast to the presented data in this study.
One reason for this outcome could be the utilization of the complex carbon source waste
paper hydrolysate, which offers a wide range of readily metabolizable ammonia acids,
polypeptides, nucleotides, various vitamins, and trace elements. Therefore, the advantage
of a complex nitrogen source, like yeast extract or tryptone/peptone, could be masked, as
these substances are already available. Furthermore, R. opacus generally produces higher
amounts of TAGS than R. erythropolis while cultivated using sugars, organic acids, and
hydrocarbons [8].
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Figure 1. Effects of various nitrogen sources on growth curves, as well as biomass, lipid, and
carotenoid accumulation of R. erythropolis after 140 and 192 h. Yield after 140 h is depicted in blue,
and yield after 192 h is depicted in red. Samples were cultured using variable nitrogen sources at a
nitrogen concentration of 0.16 g L−1 (C:N of 100, 16 g L−1 of carbon in the form of glucose), n = 3.
(a) Cell growth measured as OD at 600 nm over 192 h. (b) Dry cell weight (DCW) at 140 and 192 h.
(c) Lipid content (normalized to DCW) at 140 and 192 h. (d) Carotenoid accumulation (normalized to
DCW) at 140 and 192 h.

The effect of different nitrogen and carbon sources on carotenoid accumulation in
R. erythropolis has not previously been investigated. The carotenoid content of all cul-
tures was assessed after 140 and 192 h (Figure 1d), with decreasing carotenoid con-
tents recorded over this time period in all cultures. The highest carotenoid content was
achieved when diammonium hydrogen phosphate (0.039 ± 0.006 Abs454nmmg−1

DCW)
was used as a nitrogen source, followed by ammonium sulfate. Cultures grown using
ammonium chloride, potassium nitrate, ammonium nitrate, and ammonium acetate pro-
duced similar amounts of carotenoids after 140 h, having an absorbance of between 0.019
and 0.021 Abs454nmmg−1

DCW. Temperature, pH, and carbon and nitrogen sources affect
carotenoid production in micro-organisms [3,36,37]. Rhodotorula glutinis produced the high-
est amount of carotenoid using ammonium sulfate as nitrogen source, followed by yeast
extract and peptone [34]. In contrast, for Rhodotorula sp. RY1801, the highest carotenoid pro-
duction was achieved using yeast extract, followed by urea and ammonium sulfate. When
ammonium nitrate was used as nitrogen source, the lowest carotenoid production was
determined [36]. While the highest growth of the bacterium Sphingobium sp. was detected
using diammonium hydrogen phosphate, complex nitrogen sources, like tryptone, soya
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peptone, and okara, were found to be the best options for the production of the carotenoid
nostoxanthin [38]. The fungi Umbelopsis ramanniana produces, using diammonium hydro-
gen phosphate and the carbon source maltose, the highest amount of carotenoids compared
to other nitrogen sources, while using the carbon source glucose, the lowest amount of
carotenoids is produced [39]. Urea increased the production of total carotenoids and, in
particular, β-carotene in Flavobacterium multivorum, likely by inhibiting hydroxylase activity,
thereby decreasing the production of zeaxanthin [40]. While some studies indicated higher
carotenoid yields using organic nitrogen sources, this finding could not be observed in
Microbacterium paraoxydans or in the presented data in this study [38,41].

3.2. Effect of Different Carbon Sources on Biomass, Lipid, and Carotenoid Formation by
R. erythropolis

For the evaluation of different carbon sources, ammonium acetate was selected as
the nitrogen source due to the resulting highest achieved biomass accumulation and
relatively high lipid yields. A defined nitrogen source offers the advantage of a controlled
medium composition; therefore, possible fluctuations can be directly traced to the carbon
source. Eight carbon sources were examined in this work, including glucose, galactose,
and fructose, as monosaccharides/hexose. Lactose, sucrose, and maltose were included as
disaccharides. Moreover, the sugar alcohol sorbitol and glycerol were examined (Figure 2).
The latter element represents an interesting carbon source; as the main by-product of
biodiesel production, it has a low cost and is readily available [16,42].

The cultivation proceeded for eight days under identical conditions of 16 g L−1 of
carbon and 0.16 g L−1 of nitrogen in the form of ammonium acetate, resulting in a C:N of
100. No growth in R. erythropolis was detected for arabinose and xylose, which is congruent
with other Rhodococcus strains. However, xylose, as well as arabinose utilization, was
achieved via genetic engineering in R. opacus PD630 and R. jostii [43–46]. Xylose assimilation
capabilities enable the efficient utilization of cellulose and hemicellulose degradation
products [47], such as wheat bran hydrolysate [48] or corn stover hydrolysate [49]. Very
low growth with final biomasses of under 0.5 g L−1 were determined for cultures with
galactose, lactose, and maltose. The inability to grow on galactose and lactose was reported
in other Rhodococcus strains, such as R. jostii, R. erythropolis, R. fascians, and R. equi [50].
The only strain capable of growth on these carbon sources was R. opacus [50], which is
also reported to grow on maltose [51]. Further, R. erythropolis ZJB-09149 could grow using
maltose, as well as lactose [52]. When fructose was used as a carbon source in this study,
the fastest growth was measured for the first 48 h, after which point the stationary phase
was entered. When grown using the two sugar alcohols sorbitol and glycerol, the strain
entered the stationary phase two days later at around 94 h. For cultures grown using the
disaccharide sucrose, the stationary phase also started after 94 h, with a final DCW of
247; ±, 022; g, L−1, noted after 192 h. The highest yield of biomass was achieved using
glucose as a carbon source, with a DCW of 3.1 ± 0.14 g L−1 noted after 192 h. Interestingly,
the stationary phase of cultures grown using glucose was not reached before 164 h, which
was later than all other investigated carbon sources. When grown using different carbon
sources, R. erythropolis strains MTCC1548, 2794, and 3951 showed distinct differences. While
MTCC1548 grew best using glucose as carbon source, followed by glycerol, sucrose, and
sorbitol, MTCC2794 and MTCC3951 showed the highest growth using sucrose, followed
by sorbitol, glucose, and glycerol. Using glucose, MTCC2794 grew to around double the
OD600 values of MTCC1548 and MTCC3951 [29]. When R. erythropolis LSSE8-1 was grown
using different carbon sources, the highest OD600 was determined for glycerol, followed by
sucrose and glucose, which is in reverse order to the growth investigated in this work [53].
The varying growth behaviors of R. erythropolis strains further emphasize the heterologous
nature of these different strains.
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Figure 2. Effect of various carbon sources on growth, lipid, and carotenoid accumulation of
R. erythropolis after 140 and 192 h of being cultured in parallel with carbon concentration of 16 g L−1,
holding all other conditions to be identical (C:N of 100, 0.16 g L−1 of nitrogen in the form of am-
monium acetate), n = 3. Yield after 140 h is depicted in blue, and yield after 192 h is depicted in
red. (a) Growth measured as OD at 600 nm over 192 h. (b) Dry cell weight (DCW) at 140 and 192 h.
(c) Lipid content (normalized to DCW) at 140 and 192 h. (d) Carotenoid accumulation (normalized to
DCW) at 140 and 192 h. No carotenoid extraction was performed for galactose and lactose due to a
lack of sufficient biomass formation.

The lowest lipid contents (≤3.6%) were measured for the cultures with galactose,
lactose, and maltose, which also exhibited the lowest growth. Due to the low growth
and, therefore, low consumption of nutrients, nitrogen limitation was presumably not
reached. In comparison, fructose and glucose accumulated over double the amount of
lipid. The highest lipid content was determined for the cultures grown using the sugar
alcohols sorbitol and glycerol, which registered values of 93.8 ± 4.1 mg g−1

DCW and
86.1 ± 13.4 mg g−1

DCW after 192 h, respectively. Cortes et al. examined the effects of
various carbon sources on the lipid accumulation in R. erythropolis DCL12 and R. opacus
PWD14 cells. The experimental setup incorporated 0.01 g L−1 of nitrogen, and an excess of
carbon (2 g L−1 of glucose) was used. R. erythropolis accumulated 78.71% (g g−1

DCW) lipids
in the stationary phase [54]. R. erythropolis IGTS8, when grown using 30 g L−1 of glycerol
and 0.75 g L−1 of urea as carbon and nitrogen source, produced lipid content of 45.8% in
96 h [55].

Insufficient amounts of biomass were available to determine the carotenoid content of
cultures grown using galactose and lactose. The highest carotenoid contents after 140 h
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were measured in cultures grown using maltose and glycerol, followed by fructose. The
lowest carotenoid content was determined for cultures using glucose, with only around
half of the carotenoids compared to the former. While R. mucilaginosa grew the fastest in
the glucose medium, the highest carotenoid concentration was measured in the sucrose
molasses-containing medium. The highest product yield was obtained using whey lactose
as the carbon source [37]. This result is in agreement with those of Phaffia rhodozyma strains,
which showed increased carotenoid production when using xylose, followed by sucrose,
rather than glucose, as the carbon source [56]. In contrast, glucose was determined to be
the most suitable carbon source for the production of carotenoids in Rhodotorula sp. RY1801,
followed by fructose. Sucrose, lactose, and maltose showed comparable levels of carotenoid
production [36]. Umbelopsis ramanniana produced the highest carotenoid amount with
maltose used as the carbon source, followed by lactose and glucose [39].

In previous studies, it was demonstrated that Rhodococci can grow on various waste
stream hydrolysates, ranging from sugar cane molasse, orange waste, and olive mill
waste to cellulosic feedstocks [42], rendering them potent organisms for use in sustainable
industrial processes. The data presented here regarding the bacterium’s behavior in a wide
range of carbon and nitrogen sources offer a valuable resource for the identification of
suitable and cost-effective growth media.

3.3. Effect of Nitrogen and Carbon Sources on the Fatty Acid Profile of R. erythropolis

The FA composition of R. erythropolis is heavily influenced by the cultivation condi-
tions, including the carbon and nitrogen source, as well as the pH-value, temperature, and
aeration [42]. FA represent an essential part of the phospholipid bilayer of the cellular
membrane [57], which allows bacteria to adapt their lipid composition to maintain mem-
brane fluidity and permeability in response to various stress conditions [58,59]. Bacteria
of the actinomycetes group store large amounts of TAGs in lipid bodies. During lipid
biosynthesis, an oleaginous layer is formed at the cytoplasm membrane, followed by the
subsequent formation of lipid pre-bodies, which are finally released as mature lipid bodies
in the cytoplasm [60].

The relative quantification of FAs is depicted as the percentage of total FAs (w/w)
(Figure 3). Independent of the nitrogen or carbon source, the main components of the FA
profile of R. erythropolis are palmitic acid (C16:0), 10-methyl octadecanoic acid (10-Me-18:0),
myristic acid (C14:0), and oleic acid (C18:1). 10-Me-18:0 is a fully saturated and long-chain
FA, which is characterized by a low melting temperature and high oxidative stability [61].
It occurs naturally in the membrane of a variety of actinobacteria [62]. In previous studies,
10-methyl octadecanoic acid was determined in R. erythropolis 3C-9 and DSM 43066 [63–65].
Tsitko et al. (1999) observed an increase of up to 34% of branched fatty acids (BFAs) of total
FAs in R. opacus when cultivated using aromatic compounds. The role of 10-Me-18:0 in the
protection of the membrane–cell wall structure against disruption was suggested [66].

The FA contents of all cultures grown using different nitrogen sources (Figure 1c), with
the exception of cultures grown using potassium nitrate, increased between the samples
taken after 6 (140 h) and 8 days (192 h). While the contents of palmitoleic acid (C16:1)
decreased in all samples over time, the contents of palmitic acid (C16:0) increased in
all samples, with exception of potassium nitrate, up to 34.1% in cultures grown using
yeast extract and tryptone/peptone. Both nitrogen sources are associated with minimal
differences between the two timepoints, i.e., 140 and 192 h. A distinct decrease in 10-methyl
octadecanoic acid (10-Me-C18:0) was measured in samples grown using yeast extract
(11.5%), tryptone/peptone (12.2%), and ammonium acetate (16.3%). In all other samples,
contents of over 20% of this FA were determined. These three carbon sources also produced
the highest contents of oleic acid (C18:1) and stearic acid (C18:0). Palmitic acid (C16:0) and
oleic acid (C18:1) have been reported to be the main FAs in oleaginous Rhodococci, which
produce high amounts of TAGs (50–75% glipid g−1

DCW) [42].
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Figure 3. Fatty acid profiles of R. erythropolis grown using distinct nitrogen sources (n = 3). “Other”
constitutes fatty acids with a total fatty acid content of representation below 3% (w/w) and in-
cludes C14:1, C15:0, C17:0, 14-Methyl-C16:0, C20:1, C20:3, C20:5, and C22:1. For each group, the
two timepoints—140 h (left) and 192 h (right)—are depicted.

The FA profile of cultures grown using distinct carbon sources were also compared
(Figure 4). Distinct FA profiles were determined for cultures grown on lactose and maltose.
Between 33 and 38% of the profile was identified as 10-methyl octadecanoic acid (10-Met-
C18:0), more than double the amounts compared to the cultures using glucose, fructose
or glycerol. Galactose, lactose, and maltose not only sustained reduced biomass, but also
resulted in low levels of oleic acid (C18:1) (≤7.8%) and stearic acid (C18:0) (≤2.2%).

When comparing the FA profiles of cultures grown using glucose and glycerol as
carbon sources, cultures cultivated using glycerol exhibited an increased amount of oleic
acid (C18:1; 15.1 compared to 20.6%) and a decreased amount of 10-methyl octadecanoic
acid (10-Me-C18:0; 15.7 compared to 11.9%). These findings are in line with those of Bhatia
et al. (2019), who identified distinct FA profiles of three different Rhodococcus sp. species
(YHY01, 1918, and 19938) grown using these carbon sources [13].

Odd-chain fatty acids (OCFA) are commercially important products due to their anti-
fungal, anti-allergic, and anti-inflammatory properties [13,67,68]. Microbial oil typically
comprises very low OCFA content [13,69], while Rhodococcus has the ability to accumulate
high OCFA content, mainly pentadecanoic acid (C15:0) and heptadecanoic acid (C17:0).
In Rhodococcus sp. YHY01, a maximum proportion of 85% w/w of all FA were identified
as OCFA when cultivated using a mixture of glycerol, propionate, and ammonium chlo-
ride [13]. An increased amount of pentadecanoic acid (C15:0) could also be measured in
cultures cultivated using sorbitol (2.4%) and glycerol (3.1%). Elevated amounts of heptade-
cenoic acid (C17:1) were determined in cultures cultivated using lactose (6.4%) and maltose
(9.3%) compared to other carbon sources evaluated in this work.
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Figure 4. Fatty acid profiles of R. erythropolis grown using distinct carbon sources (n = 3, except for
Maltose after 192 h, where n = 2, as one sample was excluded as an outlier). “Other” constitutes
fatty acids with a total fatty acid content representation of below 3% (w/w) and includes C14:1,
C17:0, 14-Methyl-C16:0, C18:3, C20:1, C20:3, C20:5, and C22:1, among others. For each group, the
two timepoints—140 h (left) and 192 h (right)—are depicted.

3.4. RSM Model: Effect of Nitrogen and Carbon Concentrations on Biomass, Lipid and Carotenoid
Formation of R. erythropolis

As a final step, the effects of a wide range of carbon and nitrogen concentrations on
biomass accumulation, as well as lipid and carotenoids production, in R. erythropolis was
assessed for the first time. To meet this goal, a full central composite design-based DOE
(design of experiment) analysis was performed. For the CCD setup, glucose was selected as
the carbon source, as the highest biomass was achieved with it (Figure 2). Good growth of
Rhodococcus strains on glucose is well reported in the literature [70–72]. Ammonium acetate
was used as the most promising nitrogen source. A C:N range of 12 to 160 was assessed,
with a maximal C:N of 647 being part of the star points. The CCD design matrix, as well
as the corresponding response on the dependent factors: biomass, lipid, and carotenoid
contents, are illustrated in Table 3.

The fitted regression equations for the CCD model are represented below

Biomass-140 h (g L−1) = −0.145 + 0.076 C + 7.195 N (2)

Biomass-192 h (g L−1) = 1.228 − 0.059 C + 5.207 N + 0.588 C × N (3)

Lipid-140 h (mg g−1
DCW) = 34.867 + 1.608 C − 99.460 N − 4.281 C × N + 192.195 N2 (4)

Lipid-192 h (mg g−1
DCW) = 76.816 + 0.946 C − 300.836 N + 343.229 N2 (5)

Carotenoide-140 h (Abs454nm mg−1
DCW) = 0.019 − 0.0002 C − 0.016 N + 0.001 C × N (6)

Carotenoide-192 h (Abs454nm mg−1
DCW) = 0.015 − 0.0002 C + 0.024 N − 0.025 N2 (7)
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Table 3. Full central composite design for the optimization of carbon and nitrogen concentrations
in the cultivation media of R. erythropolis. C:N ratio, with C (carbon concentration) and N (nitrogen
concentration), as well as the determined biomass, lipid, and carotenoid contents after 140 and 192 h,
are listed. Each run was analyzed in two technical replicates. Due to technical complications, results
of Run 13 represent one biological sample.

Run C:N C
g L−1

N
g L−1

Biomass
g L−1

Lipid Content
mg g−1DCW

Carotenoid
Content

Abs454nmmg−1DCW

Biomass
g L−1

Lipid Content
mg g−1DCW

Carotenoid
Content

Abs454nmmg−1DCW

140 h 192 h

1 60.00 6.000 0.100 1.44 26.90 0.0192 1.72 43.89 0.0159
2 60.00 6.000 0.100 1.23 25.86 0.0175 1.78 40.79 0.0148
3 160.00 16.000 0.100 1.74 41.83 0.0156 1.94 63.19 0.0156
4 160.00 16.000 0.100 1.73 40.09 0.0146 2.12 65.65 0.0133
5 12.00 6.000 0.500 3.21 30.61 0.0124 4.82 22.34 0.0206
6 12.00 6.000 0.500 3.48 30.26 0.0146 4.60 24.36 0.0207
7 32.00 16.000 0.500 4.02 28.18 0.0165 7.43 28.09 0.0186
8 32.00 16.000 0.500 5.12 27.60 0.0156 7.25 25.14 0.0183
9 13.10 3.929 0.300 2.49 27.11 0.0134 3.66 22.01 0.0186

10 13.10 3.929 0.300 2.33 26.76 0.0154 3.45 21.34 0.0202
11 60.24 18.071 0.300 3.19 28.53 0.0238 4.53 29.71 0.0164
12 60.24 18.071 0.300 3.61 26.63 0.0209 5.13 31.30 0.0148
13 647.06 11.000 0.017 0.63 65.72 0.0132 0.50 100.53 0.0138
14 18.87 11.000 0.583 5.37 30.13 0.0173 8.04 22.60 0.0172
15 18.87 11.000 0.583 5.50 27.77 0.0183 7.96 25.68 0.0179
16 36.67 11.000 0.300 2.73 26.96 0.0190 3.96 28.79 0.0196
17 36.67 11.000 0.300 2.83 27.42 0.0173 4.76 29.52 0.0172
18 36.67 11.000 0.300 2.80 26.18 0.0184 4.12 32.76 0.0170
19 36.67 11.000 0.300 2.71 25.23 0.0166 4.05 31.79 0.0183
20 36.67 11.000 0.300 2.77 26.80 0.0189 3.20 33.16 0.0174

C and N represent carbon and nitrogen levels in g L−1, respectively. Table 4 showcases
the ANOVA analysis of the reduced CCD models (insignificant factors excluded). The
complete ANOVA analysis of the models after 192 h is listed in Table S8. The regression
equations after 192 h translate into the 3D response surface plots depicted in Figure 5.

Table 4. ANOVA of full central composite design (CCD) models for the optimization of carbon and
nitrogen concentrations in R. erythropolis cultivation media.

Response Model p-Value
Model

p-Value
Lack of Fit R2 Adjusted R2 Predicted R2

Biomass 140 h Linear <0.0001 0.0318 0.9306 0.9224 0.8976
192 h 2FI <0.0001 0.0722 0.9611 0.9538 0.9416

Lipid 140 h Reduced Quadratic 0.0007 <0.0001 0.7058 0.6273 0.2220
192 h Reduced Quadratic <0.0001 <0.0001 0.8725 0.8486 0.7262

Carotenoids 140 h 2FI 0.1085 0.0004 0.3080 0.1782 −0.1744
192 h Reduced Quadratic <0.0001 0.2525 0.7936 0.7549 0.6715

It can be deduced from the formulated regression Equations (2) and (3) that both of
the independent factors, i.e., carbon and nitrogen, greatly affect biomass accumulation.
After 192 h, a 2FI model was found to most accurately explain the interactions by exclu-
sively considering significant terms. Carbon (linear) and nitrogen (linear), as well as the
interactions between both concentrations, significantly affect the yield of biomass. With
increased concentrations of carbon and nitrogen, increased biomass accumulation was
determined (Figure 5a). The highest biomass was achieved with 11 g L−1 of carbon and
0.58 g L−1 of nitrogen, which corresponds to the highest tested nitrogen concentration,
with 8.0 ± 0.3 g L−1 being recorded after 192 h.
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Figure 5. A 3D response surface plot of the combined effect of carbon and nitrogen levels on
(a) biomass (g L−1), (b) lipid content (mg g−1

DCW) and (c) carotenoid content (Abs454nmmg−1
DCW)

after 192 h. Red points mark the measured points on which the model was built, dark red points
were measured above the depicted model surface and light red points were measured below the
model surface.

For the lipid content, a reduced quadratic model with carbon (linear) and nitrogen
(linear and quadratic) concentrations resulted in the best fitted model after 192 h. An
inverse trend regarding biomass accumulation was observed. With decreasing carbon
and nitrogen concentration, increasing lipid formation was observed. Nitrogen limitation
can lead to high lipid production in oleaginous micro-organisms, but it simultaneously
limits the biomass formation, as can be especially observed for Run 13 (Table 3). This
observation was shown for a range of micro-organisms, including the oleaginous yeast
Cutaneotrichosporon oleaginosus [27] and Rhodotorula glutinis [73]. Star points (Run 9 to 15)
represent extreme low, as well as high, values for each factor of the design. These points
are typically applied to estimate the curvature of the model. Run 13 represents minimal
nitrogen content in the medium. Here, the lowest biomass (0.5 ± 0.05 g L−1), as well
as the highest lipid content (100.5 ± 4.3 mg g−1

DCW ), could be determined after 192 h.
Due to a drastic decrease in the yield of biomass and increase in lipid formation in the
culture compared to other tested media compositions, the model is unable to precisely
predict this point, which could explain the significant lack of fit p-value for both lipid titer
models (Table 4). Various C:N were tested for R. opacus PD630 grown using waste paper
hydrolysate. While the biomass accumulation steadily decreased with an increase in C:N
of 10 to 80, the lipid content steadily increased. A C:N of 60 yielded a lipid content of
41.6% [2].
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The effects of carbon and nitrogen concentration on carotenoid production in Rhodococ-
cus were investigated for the first time. When explaining the carotenoid content after
192 h, a reduced quadratic model with carbon (linear) and nitrogen (linear and quadratic)
resulted in the best fit. Low carbon and high nitrogen content in the medium resulted
in increased carotenoid production (Figure 5c), with a maximal carotenoid content of
0.020 ± 0.001 Abs454nmmg−1

DCW (6 g L−1 of carbon and 0.5 g L−1 of nitrogen). Tempera-
ture and pH, as well as initial sugar and nitrogen contents, had effects on the carotenoid
production by the yeast Rhodotorula mucilaginosa. Increased growth and carotenoid con-
centration could be observed at higher sugar concentrations [37]. In Rhodotorula glutinis
CCY20-2-26, the highest pigment accumulation was determined at a C:N of 20, with the con-
tent decreasing at a higher C:N ratio [74]. In contrast, the carotenoid content of Rhodotorula
glutinis increased with an increase in the C:N ratio. Additionally, both high and low
concentrations of ammonium had negative effects on carotenoid production [73].

In RSM, low experiment numbers are sufficient to find the optimum parameters, as
well as interpret effects among variables. However, this method also has drawbacks [24,29].
Applied quadratic non-linear correlations might not be sufficiently complex to explain
non-linear dependencies in biological processes [29]. The CCD of different carbon and
nitrogen concentrations presented in this study allows an estimation of the influence on
the biomass, lipid, and carotenoid production of R. erythropolis. Furthermore, a suitable
setup, enabling both biomass and lipid production, could be identified. One possibility is
to achieve high-density biomass using high carbon and nitrogen concentrations supplied
to the media, followed by nitrogen limitation for lipid accumulation.

4. Conclusions

In this study, a threefold media optimization method was performed for R. erythropolis
using selected carbon and nitrogen sources. The data generated in this work, together
with the CCD, provide a comprehensive source of information for the identification of
suitable and cost-efficient feedstocks used in industrial processes. For the first time, the
effects of carbon and nitrogen concentrations on the production of lipids and carotenoids in
R. erythropolis have been assessed via a response surface model. Comparisons between fatty
acid profiles when grown on different carbon and nitrogen sources revealed the enhanced
production of oleic acid and stearic acid when grown on yeast extract and tryptone/peptone.
Higher amounts of odd-chain fatty acids were detected when grown on lactose or maltose.
Odd-chain fatty acids have unique pharmacological functions and are positively related to
human health; they are, therefore, of high interest [75]. The optimal culture composition
developed here could aid future studies that aim to understand de novo lipogenesis in
R. erythropolis. Further, asymmetric carotenoids are of great industrial interest, as they are
very difficult to chemically produce, but they can be produced by a lycopene β-cyclase
identified in R. erythropolis AN12 [8,18].

Applying a C:N of 100, nine nitrogen and eight carbon sources were investigated. As
all other parameters were held constant, new insights about the effects of a wide variety
of carbon and nitrogen sources could be concluded. Maximum biomass acquisition was
obtained using the nitrogen source ammonium acetate, whereas the complex nitrogen
source yeast extract, followed by tryptone/peptone, achieved the highest lipid yield. With
respect to different carbon sources, the highest biomasses could be observed using glucose,
followed by sucrose. Notably, sugar alcohols, sorbitol and glycerol induced elevated
lipid titers. While biomass production increased with the increase in carbon and nitrogen
concentrations in the presented CCD, lipid production decreased.

The results of this study facilitate the identification of suitable waste stream substrates
for R. erythropolis JCM3201T, as insights into the substrate flexibility and nutrient flow could
serve as cultivation references for future studies of this promising organism. Future work
could apply more sophisticated modeling solutions, such as machine learning algorithms,
i.e. Bayesian optimization, for the optimization of this strain at a larger scale. To this end,
additional factors, such as optimal pH, temperature, pO2, vitamins, and trace elements,
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could also be identified in a time- and cost-efficient manner. This current work could also
feed into a big data acquisition model, where RSM and other methodologies could be
extracted from various works to capture the non-linear behavior of a biological system.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms11092147/s1, Table S1: OD—Nitrogen Sources; Table S2:
DCW, Lipid, and Carotenoid Titers of Nitrogen Sources; Table S3: OD—Carbon Sources; Table S4:
DCW, Lipid, and Carotenoid Titers of Carbon Sources; Table S5: Onset of stationary phase-Nitrogen
and carbon sources; Table S6: FAME profiles of Nitrogen Sources; Table S7: FAME profiles of Carbon
Sources; Table S8: Complete ANOVA of central composite design (CCD) models after 192 h.
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Abstract: Rhodococcus erythropolis is resilient to various stressors. However, the response of R.
erythropolis towards light has not been evaluated. In this study, R. erythropolis was exposed to different
wavelengths of light. Compared to non-illuminated controls, carotenoid levels were significantly
increased in white (standard warm white), green (510 nm) and blue light (470 nm) illuminated
cultures. Notably, blue light (455, 425 nm) exhibited anti-microbial effects. Interestingly, cellular lipid
composition shifted under light stress, increasing odd chain fatty acids (C15:0, C17:1) cultured under
white (standard warm white) and green (510 nm) light. When exposed to blue light (470, 455, 425 nm),
fatty acid profiles shifted to more saturated fatty acids (C16:1 to C16:0). Time-resolved proteomics
analysis revealed several oxidative stress-related proteins to be upregulated under light illumination.

Keywords: Rhodococcus; photo-oxidative stress; stress response; antimicrobial blue light; carotenoids;
fatty acids; time-resolved proteomics

1. Introduction

The genus Rhodococcus comprises a cluster of aerobic, non-sporulating, Gram-positive
and non-motile bacteria [1,2]. They are ideal candidates for efficient production of a wide
range of compounds such as biosurfactants, carotenoids, triacylglycerols or antimicro-
bials [3]. Furthermore, the genus harbors great potential for finding novel bioactive natural
products [4]. The oleaginous Rhodococcus erythropolis is known for its high stress tolerance,
the ability to metabolize various substrates and the synthesis of carotenoids, resulting
in its characteristic coloration [5]. However, little is known about carotenoid function in
R. erythropolis.

All aerobic organisms, including R. erythropolis, cope with oxidative stress, more specif-
ically, the formation of reactive oxygen species (ROS), including singlet oxygen, superoxide
radicals, hydroxyl radicals and hydrogen peroxide. Exposure to visible light and UV
irradiation results in higher levels of oxidative stress (photo-oxidative stress). One mecha-
nism of increased ROS formation under light is mediated by intracellular photosensitizers,
which absorb incoming light-energy at certain wavelengths and by transfer of excitation
energy onto molecular oxygen to generate singlet oxygen [6–8]. Some photosensitizers
also react by transferring electrons onto oxygen, forming superoxide radicals, hydrogen
peroxide and hydroxyl radicals. These, in turn, may trigger damage of cellular components,
such as proteins and lipids [9]. Notably, not only UV-light but also blue light exhibits
anti-microbial effects against several bacterial species [7,10]. Especially, the wavelengths of
405 nm [11,12], 425 nm [13] and 470 nm [11,12] have been evaluated in previous studies.
Here, porphyrins and riboflavins are hypothesized to act as endogenous photosensitizers
for blue light [7,10–14].

Cellular detoxification from ROS is mainly performed by oxidoreductases, specifically
catalases and peroxidases, which are able to degrade reactive peroxides. Furthermore,
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highly reactive radicals can be directly deactivated by molecular acceptors, which include
different groups of non-protein compounds [6–8]. Among these groups, carotenoids can
be found in almost all photosynthetic-, as well as various species of non-photosynthetic
organisms such as R. erythropolis. So far, most studies focused on their function in light
harvesting, where they help to efficiently utilize incoming light via absorption of the blue-
green light spectrum followed by singlet-singlet energy transfer onto chlorophyll. They
are also known for their antioxidant properties. Carotenoids act as quenchers for certain
photosensitizers (e.g., triplet chlorophyll) and can directly inactivate different ROS [6].
Similarly, in non-photosynthetic carotenoid-producing organisms, carotenoids serve as
protectors against photo-oxidative stress. To that end, photodynamic damaging effects
are reduced due to their ability to absorb green and blue light, to react with light-excited
photosensitizers, thus preventing increased ROS formation, and their ability to minimize
singlet oxygen and radical damage [6,8,15,16].

Enhanced stress resistance can also be conferred through modification of membrane
properties, by shifting the ratio between saturated, unsaturated and branched fatty acids
(FAs) [17–19]. Rhodococcus opacus, a close relative of R. erythropolis, accumulates high
amounts of polyunsaturated fatty acids in response to various stressors, such as salt or
ROS [20–22]. When R. erythropolis was subjected to non-optimal conditions of pH and
temperatures, increased FA saturation could be detected [17]. A previously reported
stress-related shift in lipid composition is catalyzed by the cyclopropane-fatty acid-acyl
phospholipid synthase in E. coli and other bacteria, which enables direct modification of
membrane lipids by adding cyclopropane moieties to unsaturated FA bonds. These changes
are known to influence the physiochemical properties of the membrane (e.g., permeability
and fluidity), affecting the cell’s resistance to different stress conditions, including osmotic
and oxidative stress, high pressure and temperature change [18,19].

In this study, the photo-oxidative stress response of R. erythropolis was investigated
by exposure to a selected set of wavelengths of light under aerobic growth conditions. In
order to unravel the extensive light stress adaptations, alterations in growth characteristics,
carotenoid accumulation and FA profile were monitored. Additionally, quantitative time-
resolved proteomics enabled identification of differential levels of proteins and altered
regulation of metabolic pathways under light-induced conditions.

2. Materials and Methods
2.1. Bacterial Strain and Culture Conditions

R. erythropolis JCM3201 (DSM No. 43066, German Collection of Microorganisms and
Cell Cultures GmbH) was maintained on Luria-Bertani (LB) agar plates (10 g L−1 peptone,
5 g L−1 yeast extract, 10 g L−1 sodium chloride, 14 g L−1 agar). For seed cultures, single
colonies were initially cultured in 500 mL baffled shaking flasks holding 100 mL LB liquid
medium (10 g L−1 peptone, 5 g L−1 yeast extract, 10 g L−1 sodium chloride) in a rotary
incubator (New Brunswick InnovaTM 44, Eppendorf, Hamburg, Germany) for 48 h. All
cultivations were performed in 500 mL baffled shaking flasks holding 100 mL LB. Biological
triplicates were inoculated to OD600nm 0.5 and cultivated at 28 ◦C and 120 rpm.

2.2. Cultivation of R. erythropolis under Light of Different Wavelenths

To determine growth as well as lipid and carotenoid accumulation, experiments were
conducted with different wavelengths of light (LED): blue (425, 455 and 470 nm), green
(510 nm), red (680 nm) as well as standard warm white (SWW) light. Control samples
were collected from cultures incubated in the dark. Each setting was adjusted to an equal
energy output of 236 W m−2. Light spectra for each experimental setup are depicted in
Figure S1 (Supplementary Materials). The light cultivation setup was a customized shaker
unit, with individual, bottom-up LED illumination of flasks as described by Paper et al. [23].
Cross-illumination was prevented by shading individual flasks with black paper (Figure S2,
Supplementary Materials). The cultivation setup for control samples was a separate shaker
(New Brunswick InnovaTM 44, Eppendorf, Hamburg, Germany) lacking the light system.
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To ensure light-free conditions, the flasks were also shaded with black paper, and the
glass door of the shaker was covered with aluminum foil. Experiments were performed in
500 mL baffled shaking flasks with Duran GL32 Membrane Vented Screw caps (DWK Life
Science, Wertheim, Germany). Sampling for OD600nm was performed twice a day. Samples
for dry cell weight (DCW), carotenoid titers and FA profile were collected after 40 h and
once after 122 h and 94 h.

2.3. Cultivation of R. erythropolis under LED Light for Proteomic Analysis

To determine growth and carotenoid titers and to conduct proteomics analysis, cultures
of R. erythropolis were exposed to white LEDs. Setup consisted of a LED Mini- Matrices
(Spectral color of 6500 K, max. 750 µmol m–2 s–1, 504 LEDs, 27 × 42 cm, 24V; LUMITRONIX®

LED-Technik GmbH, Hechingen, Germany) installed in a rotary shaker (New Brunswick
InnovaTM 42, Eppendorf, Hamburg, Germany) at a height of 30 cm over the incubator
platform. Control samples were collected from cultures incubated in the dark and samples
from all cultures were collected after 40 h and 122 h.

2.4. Growth Analysis

Optical density was measured at 600 nm in a photometer (Nano Photometer NP80,
IMPLEN, Munich, Germany) in standard semi-micro cuvettes made of polystyrene holding
sample volumes of 1 mL.

DCW analysis, 25 mL culture was collected. Subsequently, cultures were centrifuged
(3500× g, 10 min), and cells were washed and lyophilized (−80 ◦C, ≥ 72 h). Gravimetric
measurements were carried out, and the weight of empty vessels was subtracted from
weight of vessels containing lyophilized samples.

A light microscope (Motic BA310E) equipped with a Moticam 5.0 MP (Moticeurope,
Barcelona, Spain) was used to evaluate cell morphology and contamination.

2.5. Pigment Extraction

For pigment extraction from dry biomass, 15 mg of lyophilized biomass was trans-
ferred into a reaction tube and mixed with glass beads (0.5 mm) and 1 mL of HPLC-grade
acetone. Samples were vortexed horizontally for 10 min and centrifuged at 8000× g for
5 min. A volume of 700 µL of the supernatant was carefully transferred into a glass tube
and tightly closed. Reaction tubes and glass tubes were wrapped in aluminum foil to
avoid light exposure. Carotenoid levels were measured at an absorbance of 454 nm (Nano
Photometer NP80, IMPLEN, Munich, Germany), using a solvent-stable cuvette.

For pigment extraction from wet biomass used in proteomic analysis, a volume of
7.5 mL cell suspension was centrifuged and washed with ddH2O. Glass beads (0.5 mm)
and 1.5 mL hexane: acetone: ethanol (2:1:1—v/v/v) were added to the cell pellet. The
suspension was vortexed horizontally for 30 min to lyse the cells. The liquid phases were
separated by centrifugation at 20,000× g for 10 min. The hexane phase was collected and
carotenoids levels were directly measured in a solvent-stable cuvette in a photometer at
454 nm (UV/Vis spectrophotometer Hewlett Packard 8453, HP, Palo Alto, CA, USA).

2.6. Fatty Acid Profile

Lipids extracted from lyophilized biomass were converted into fatty acid methyl ester
(FAME) and then analyzed by gas chromatography. In detail, lyophilized biomass (5 mg)
was transferred into 10 mL glass vials, crimped with bimetallic lid including a septum
(Macherey-Nagel, Düren, Germany). The MultiPurposeSampler MPS robotic (Gerstel,
Linthicum Heights, MD, USA), equipped with QuickMix, CF200, Agitator/Stirrer was used
for methyl esterification of the intracellular triacylglycerides (TAGs). For quantification,
an internal standard of 10 g L−1 glyceryl tridodecanoate (C12:0; Sigma-Aldrich, St. Louis,
MO, USA) solved in toluol as stock solution was prepared and a volume of 490 µL toluol
and 10 µL internal standard were added to the biomass and mixed for 1 min at 1000 rpm.
Then, 1 mL of 0.5 M sodium methoxide in methanol was added and the vial was vortexed



Microorganisms 2022, 10, 1680 4 of 20

at 750 rpm and 80 ◦C for 20 min. The solution was cooled at 5 ◦C for 5 min, then 1 mL of
5% HCl in methanol (Supleco 17935 solution, Merck AG, Darmstadt, Germany) was added,
and the mixture was vortexed at 750 rpm and 80 ◦C for 20 min. Subsequently, the mixture
was cooled at 5 ◦C for 5 min. A volume of 400 µL ddH2O was added and the mixture
was vortexed at 1000 rpm for 30 s, then 1 mL hexane was added. FAMEs were extracted
by three equal intervals of intermittent shaking for 12 s at 2000 rpm. Then, the vial was
centrifuged at 1000 rpm for 3 min. After the vial was cooled at 5 ◦C for 1 min, 200 µL of the
organic phase was transferred to micro vials (Macherey-Nagel, Düren, Germany).

A GC-2025 coupled to AOC-20i Auto injector and AOC-20s Auto sampler (Shimadzu,
Duisburg, Germany) and a flame ionization detector (FID) was used for the ana-lysis
and quantification of the FAMEs [24,25]. The injection temperature was 240 ◦C with
a split ratio of 10 and a purge flow of 3 mL min−1 helium. Injection volume for all
samples was 1 µL. A Zebron ZB-wax column (Phenomenex, Aschaffenburg, Germany)
(30 m × 0.32 mm, film thickness 0.25 µm) was used for separation with an initial oven
temperature of 150 ◦C. This temperature was held for 1 min before increasing at a rate of
5 ◦C min−1 up to a final temperature of 240 ◦C, which was held for 6 min. As carrier gas,
hydrogen with a constant flow rate of 3 mL min−1 was used. FID was measured at 245 ◦C
with a hydrogen flow of 40 mL min−1, synthetic air flow of 400 mL min−1 and nitrogen
as make-up gas at 30 mL min−1. Identification was confirmed with Marine Oil FAME mix
(20 components from C14:0 to C24:1; Restek GmbH, Bad Homburg, Germany) and FAME
#12 mix (C13:0, C15:0, C17:0, C19:0, C21:0; Restek GmbH, Bad Homburg, Germany) as
standards. Normalization was based on the internal methyl laurate (C12; Restek GmbH,
Bad Homburg, Germany) standard. Calibration measurements with marine oil mix were
performed with 20, 5, 1, 0.5, 0.1 mg mL−1. For calibration with FAME #12 5, 2.5, 1.25, 0.5,
0.25, 0.05, 0.01 mg mL−1 were used, with methyl laurate 2, 1, 0.2, 0.05, 0.01, 0.002 mg mL−1

were used. This allowed comparative quantitation. FA profiles were calculated as percent
of total FA content (w/w).

2.7. Proteomics
2.7.1. Protein Extraction and Precipitation

After cell harvest, samples were strictly kept on ice or at 4 ◦C in the centrifuge. Bacterial
cells from 25 mL cultures were pelleted and washed twice with ddH2O and centrifugation
at 8000× g for 10 min. Lysis and extraction were aided by Protein Extraction Reagent
Type 4 (Sigma-Aldrich, St. Louis, MO, USA) (1:3, v/v) and glass beads. Samples were
vigorously vortexed for 30 min, then incubated in an ultrasonic bath for 60 min (Ultrasonic
Cleaner UCD—THD, VWR, Radnor US). After centrifugation at 13,750× g for 30 min,
protein precipitation was achieved by mixing the supernatant 1:1 (v/v) with 20% trichloric
acid (v/v) in HPLC-grade acetone (v/v) supplemented with 10 mM dithiothreitol (DTT).
The mixture was then vortexed and incubated for 1 h, at −20 ◦C. After centrifugation
at 13,750× g for 10 min, the protein pellet was washed twice with 1 mL of acetone sup-
plemented with 10 mM DTT. The pellet was air-dried and then dissolved in 8 M urea
solution supplemented with 10 mM DTT. Three biological and two technical replicates
were prepared for every condition.

2.7.2. Protein Quantification and SDS-PAGE

Protein concentration was determined using a Nanophotometer (NanoPhotometer
NP80, Implen GmbH, München, Germany) at 280 nm absorbance. To visually assess
the qualitative variances in protein levels, protein extracts were separated on a 12% one-
dimensional SDS polyacrylamide gel, according to Awad et al. [26].

2.7.3. In-Gel Digestion of Protein Samples and LC-MS/MS Analysis

In-gel digestion of protein samples and LC–MS/MS analysis, using a timsTOF Pro
mass spectrometer equipped with a NanoElute LC System (Bruker Daltonik GmbH, Bre-
men, Germany) on a Aurora column (250 × 0.075 mm, 1.6 µm; IonOpticks, Hanover St.,
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Australia), was carried out according to the method of Fuchs et al. [27] with the following
modifications: Short 12% SDS polyacrylamide gel was used instead of 10% Criterion™
Tris–HCl Protein Gel. The mobile phase comprised two mixtures for reverse-phase separa-
tion: 0.1% (v/v) formic acid—2% (v/v) acetonitrile—water mixture (A) and a 0.1% (v/v)
formic acid—acetonitrile mixture (B), which was added as a binary gradient at a flow rate
of 0.4 µL min−1. A separation cycle of 120 min (linearly: 2–17% B in 60 min, 17–25% B in
30 min, 25–37% B in 10 min, 37–95% B in 10 min, maintaining B at 95% for 10 min) was
performed. To allow measurement normalization, three QC samples, prepared by mixing
1 µL of each sample, were analyzed at equal intervals between samples (first, mid and last).

2.7.4. Bioinformatics Analysis

PEAKS Studio software 10.6 (Bioinformatics Solutions Inc., Waterloo, ON, Canada) [28–30]
was used for peptide and subsequent protein identification. R. erythropolis JCM3201 protein
(fasta) database based on genome assembly was obtained from NCBI (https://www.ncbi.
nlm.nih.gov/genome/?term=txid1833[orgn], accessed on 10 May 2022, 5954 proteins).
Search parameters included a precursor mass of 25 ppm using monoisotopic mass and
fragment ion of 0.05 Da. Trypsin was selected as digestion enzyme, and a maximum two
missed cleavages per peptide were allowed. FDR was set to 1.0%, and search was limited to
at least 1 unique peptide per identified protein. The different groups were compared using
the Quantification tool PEAKSQ, with a mass error tolerance of 20.0 ppm, Ion Mobility
Tolerance of 0.05 Da and a Retention Time Shift Tolerance of 6 min (Auto Detect). Fold
change and significance were set to 2 and all proteins were exported.

KOALA (KEGG Orthology And Links Annotation, https://www.kegg.jp/blastkoala/,
accessed on 4 July 2022) was used for functional characterization of exported protein
sequences [31]. Additionally, annotations were further manually validated with NCBI and
Uniprot databases.

3. Results
3.1. Influence of Light Quality on Growth Characteristics and Carotenoid Accumulation

Throughout the cultivation period, distinct differential growth patterns amongst the
various samples were apparent. Controls grown in dark condition as well as red-light-
illuminated (680 nm) samples peaked at 24 h with an OD600nm of 9. In contrast, cultures
grown under SWW and green light (510 nm) illumination and to a higher extent blue light
(455 nm) illumination exhibited notable reduction in growth compared to the former two
sample groups (Figure 1a). The same effect could be observed during early stationary
phase (40 h). Controls and red-light-illuminated samples reached an OD600nm of 8.4 and
8.3, respectively, while cultures illuminated with different wavelengths stagnated at an
OD600nm of 5.7 and 6.3 for white and green light, respectively and an OD600nm of 4.5 for
blue light. At late stationary phase (122 h), all samples exhibited a slight but proportional
decline in growth, with OD600nm of 6.3 for controls and red-light-illuminated samples, 5.3
and 4.8 for cultures grown under white and green light, respectively, and 4.1 under blue
light illumination.

DCW was determined after 40 and 122 h cultivation. No significant change in biomass
formation was observed between control, white- and red-light-illuminated samples, with
the latter reaching the highest DCW amongst all three samples at both time points (1.8 and
2.1 g L−1, respectively). Samples grown under green light conditions exhibited a slightly
lower biomass formation (1.4 and 1.5 g L−1, at 40 and 122 h, respectively). Blue-light-
illuminated samples formed the lowest DCW of 1.0 g L−1 following 122 h of cultivation
(Figure 1c).

Carotenoid levels also varied between 40 and 122 h. Cultures illuminated with green
light exhibited a significant increase in carotenoid levels after 40 h (0.0145 Abs454nmmg−1

DCW)
compared to control samples grown under dark condition and samples illuminated with red
light (0.0097 Abs454nmmg−1

DCW and 0.0093 Abs454nmmg−1
DCW, respectively). Blue light il-

luminated samples deviated slightly from controls after 40 h of cultivation

https://www.ncbi.nlm.nih.gov/genome/?term=txid1833[orgn]
https://www.ncbi.nlm.nih.gov/genome/?term=txid1833[orgn]
https://www.kegg.jp/blastkoala/
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(0.0081 Abs454nmmg−1
DCW). After 122 h, carotenoid level of samples under blue light

illumination (0.0054 Abs454nmmg−1
DCW) were significantly lower when compared to the

control (0.0127 Abs454nmmg−1
DCW). While carotenoid levels in samples illuminated with

blue light decreased, an increase was observed in the control. This increase was also de-
tected in red-light-illuminated samples, reaching comparable carotenoid levels to samples
illuminated with white light. Samples under white light illumination exhibited only mi-
nor deviation from 40 h to 122 h. Notably, samples grown under green light had decreased
carotenoid levels, reaching comparable values as dark, red and white light illuminated samples.
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Figure 1. Growth of R. erythropolis measured as OD at 600 nm at 236 W s−2 illumination with
white (standard warm white), blue (455 nm), green (510 nm) and red (680 nm) light as well as
control cultivated under exclusion of light, n = 3. (a) Growth for 122 h. (b) Growth for 94 h with
two additional wavelengths (425, 470 nm) of blue light; biomass formation (dry cell weight) and
carotenoid accumulation (normalized to dry cell weight) of R. erythropolis at 236 W s−2 illumination
with white (SWW), blue (455 nm), green (510 nm) and red (680 nm) light as well as a control, * p < 0.05,
** p < 0.01, *** p < 0.001 (t-tests evaluated against respective non-illuminated control), n = 3. (c) Biomass
formation and carotenoid accumulation of R. erythropolis at 40 h and 122 h. (d) Biomass formation
and carotenoid accumulation of R. erythropolis at 40 h and 94 h with two additional wavelengths (425,
470 nm) of blue light.

To further investigate the effect of blue light on growth and pigment formation in R.
erythropolis, two additional wavelengths of blue light (425 and 470 nm) were evaluated.
Since carotenoids reached similar levels in the late stationary phase (122 h), samples were
collected at 94 h, to narrow the time frame during which these changes take place. Cells
cultivated under 425 nm illumination exhibited severely reduced growth (OD600nm 3.4 and
3.2, after 40 and 94 h, respectively) when compared to controls (OD600nm 5.9 and 5.0 after
40 h and 94 h, respectively), and also exhibiting more growth impediment than samples
under green light conditions (OD600nm 4.1 and 3.5 after 40 h and 94 h, respectively). Illumi-
nation with 470 nm wavelength light led to intermediate effects on growth when compared
to green and the 455 nm light, and allowed the formation of biomass at levels comparable
to non-illuminated samples at 40 h. Interestingly, carotenoid accumulation after 40 h was
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highly increased in the 470 nm illuminated cultures (0.0160 Abs454nmmg−1
DCW), while

biomass formation was slightly reduced. In comparison, green-light-illuminated samples
exhibited slightly lower carotenoid level (0.0130 Abs454nmmg−1

DCW), while the control
reached carotenoid level of merely 0.0085 Abs454nmmg−1

DCW (Figure 1b). When compared
to the non-illuminated controls, illumination with 425 nm light did not exhibit differential
carotenoid level in early stationary phase. After 94 h of cultivation, a significant decrease in
carotenoid level was observed (0.0045 Abs454nmmg−1

DCW). Interestingly, carotenoid levels
of samples illuminated with green light or 470 nm light dropped to comparable levels as
white light after 94 h (Figure 1d).

Microscopy of all the Rhodococcus cultures showed agglomeration of cells under blue
light conditions. While agglomeration was enhanced at 455 nm light illumination, only
dense cellular aggregates could be detected in samples illuminated at 425 nm (Figure 2).
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Figure 2. Microscopy images of R. erythropolis exposed to selected light conditions for 46 h. (a) Non-
illuminated control; (b) green light (510 nm); (c) blue light (455 nm); (d) blue light (425 nm). Scale bar
indicates a length of 20 µm.

3.2. Influence of Light Quality on Fatty Acid Composition

The influence of light on the FA profiles were assessed by FAME analysis. The FA
content of R. erythropolis ranged between 45.6 and 59.4 µg mg−1

DCW for all cultures. Relative
quantification of FAs are depicted as percentage of total FAs (w/w). Vaccenic acid (C18:1),
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palmitic acid (C16:0) and palmitoleic acid (C16:1) remained the major FA components.
Although the FA profile shifts induced by light stress only slightly diverged over time, the
profile shift is most apparent in the increase in odd chain fatty acids (OCFAs; Figure 3).
This shift in distribution can be observed as an increase in pentadecanoic acid (C15:0) as
well as heptadecenoic acid (C17:1) in cells stressed under white and green light compared
to non-illuminated control. After 40 h, OCFAs in cells treated with white light increased to
7.1% (C15:0) and 5.4% (C17:1). OCFAs in cells treated with green light increased to 8.1%
(C15:0) and 5.6% (C17:1) compared to the control (2.7% C15:0 and 3.7% C17:1) (Figure 3a).
These observations were recorded at all time points; over time, the concentration of OCFAs
in the cultures remained nearly constant (Figure 3). Red light showed no significant effect
on the FA profile compared to the control. For blue light wavelengths, a shift from C16:1
to C16:0 was detected. Illumination at 425, 455 and 470 nm wavelength resulted in C16:0
content of 24.8%, 25.5% and 24.2% as well as C16:1 content of 12.4%, 12.2% and 12.9%,
respectively. In comparison, the control contained 17% of C16:0 and 16.6% of C16:1 at 40 h
(Figure 3c). This measurement was consistent with samples collected at 94 h (Figure 3d).

Microorganisms 2022, 10, x FOR PEER REVIEW 9 of 20 
 

 

  

(a) (b) 

 

(c) (d) 

Figure 3. Fatty acid profiles of R. erythropolis at 236 W s−2 illumination with white (standard warm 
white), blue (425, 455 and 470 nm), green (510 nm) and red (680 nm) light as well as a control (n = 
3). “Other” constitutes fatty acids with a representation below 2% of total fatty acid content (w/w), 
and include C14:1, C17:0, C18:0, C20:1, C20:5, C22:1. (a) Fatty acid profile collected at 40 h, (b) at 122 
h, (c) at 40 h, (d) and at 94 h. 

3.3. Effect of Light on Protein Levels 
To elucidate the response of R. erythropolis to light stress, a time-resolved proteomics 

approach was implemented. As we were interested in the physiologically relevant stress 
response to natural light conditions, a daylight LED (6500 K) was chosen for further test-
ing. Carotenoid titers are shown in Figure S3 (Supplementary Materials). A total of 3565 
proteins of 5954 annotated proteins in the database were identified with at least one 
unique peptide, corresponding to a coverage of 60%. Time-resolved proteomics revealed 
355 proteins (significance ≥ 2, fold change ≥ 2, detected in at least one sample per group, 
based on LFQ by PEAKS Studio; see Table S1, Supplementary Materials) as differentially 
regulated after 40 h under light stress. This set of proteins comprises 141 upregulated and 
214 downregulated proteins compared to control (Figure 4a). After 122 h, 704 proteins 

Figure 3. Fatty acid profiles of R. erythropolis at 236 W s−2 illumination with white (standard warm
white), blue (425, 455 and 470 nm), green (510 nm) and red (680 nm) light as well as a control (n = 3).
“Other” constitutes fatty acids with a representation below 2% of total fatty acid content (w/w), and
include C14:1, C17:0, C18:0, C20:1, C20:5, C22:1. (a) Fatty acid profile collected at 40 h, (b) at 122 h,
(c) at 40 h, (d) and at 94 h.
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3.3. Effect of Light on Protein Levels

To elucidate the response of R. erythropolis to light stress, a time-resolved proteomics
approach was implemented. As we were interested in the physiologically relevant stress
response to natural light conditions, a daylight LED (6500 K) was chosen for further
testing. Carotenoid titers are shown in Figure S3 (Supplementary Materials). A total of
3565 proteins of 5954 annotated proteins in the database were identified with at least one
unique peptide, corresponding to a coverage of 60%. Time-resolved proteomics revealed
355 proteins (significance ≥ 2, fold change ≥ 2, detected in at least one sample per group,
based on LFQ by PEAKS Studio; see Table S1, Supplementary Materials) as differentially
regulated after 40 h under light stress. This set of proteins comprises 141 upregulated and
214 downregulated proteins compared to control (Figure 4a). After 122 h, 704 proteins
were differentially regulated, of which 287 proteins were upregulated and 417 proteins
downregulated compared to control (Figure 4b). In contrast to the phenotypic observations
of increased carotenoid accumulation at 40 h, R. erythropolis exhibited a strong response on
the proteomic level at 122 h; twice the number of proteins were differentially regulated by
light stress, in comparison to 40 h.
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Figure 4. Volcano plots of proteins extracted from cultures grown under LED light compared to
the control. Analysis was performed based on label-free quantification (LFQ). The significance is
plotted against the fold change ratio. The non-axial vertical lines denote fold change thresholds of
2 (upregulated ≥ 2 in red and downregulated ≤ 0.5 in green), the non-axial horizontal lines denote
a significance threshold of 2. Figure compiled by PEAKS Studio Xpro. (a) Volcano plot after 40 h.
(b) Volcano plot after 122 h.

Differentially regulated proteins (fold change and significance ≥ 2) were annotated to
molecular functions by KEGG; orthologs may be assigned with the same KEGG Object (KO)
identifier. At 40 h, 53.3% of down- and 44.7% of upregulated proteins were matched to
KO identifiers. At 122 h, 53.5% of down- and 50.5% of upregulated protein were matched.
Fold changes above 1 represent upregulation, while downregulation is illustrated by fold
changes below 1.

Table 1 highlights proteins related to the stress response of R. erythropolis under
light conditions with different abundance compared to the control at 40 and 122 h. Dis-
tinctly, four different transcription factors involved in oxidative stress response were iden-
tified: WP_020906739.1 (40 h 2.38-fold), WP_019747469.1 (40 h 2.38-fold; 122 h 3.88-fold),
WP_060939090.1 (122 h 3.29-fold) and WP_020906601.1 (122 h 4.51-fold).



Microorganisms 2022, 10, 1680 10 of 20

Additionally, several enzymes involved in inactivation of ROS were identified: WP_
003940303.1 (40 h 3.06-fold; 122 h 2.80-fold), WP_021346030.1 (40 h 2.60-fold) and WP_
003942119.1 (40 h 2.35-fold; 122 h 2.16-fold). However, a bifunctional catalase/peroxidase
was identified in a cluster of downregulated genes (WP_060938296.1; 40 h 0.45-fold).
A second protein, that exhibited a decreased level is WP_019749140.1 (122 h 0.49-fold).
Two more stress-related proteins were upregulated: WP_019747464.1 (122 h 2.0-fold),
WP_019749386.1 (40 h 2.39-fold). The regulation of WP_003942530.1 inverted during
cultivation, displaying downregulation after 40 h and upregulation after 122 h (40 h 0.43-
fold, 122 h 2.86-fold).

The shift in FA profile of R. erythropolis under light stress towards OCFAs could be
connected to differentially regulated proteins involved in the propanoate pathway. At 40 h,
2-oxoisovalerate dehydrogenase E1 component alpha subunit (WP_060938994.1, K00166)
and beta subunit (WP_060938993.1, K00167) as well as 2-oxoisovalerate dehydrogenase E2
component (WP_020970089.1, K09699) synthesizing propanoyl-CoA from 2-oxobutanoate
were upregulated 3.82-, 2.63- and 3.05-fold, respectively. Dihydrolipoamide dehydro-
genase (WP_174531767.1, K00382), which facilitates the reaction of dihydrolipoamide-E
to lipoamide-E was downregulated by 0.41-fold. This enzymatic step branches off the
propanoyl-CoA production pathway from 2-oxobutanoate. Furthermore, the acetyl-CoA
synthetase (WP_019745948.1, K01895) facilitating the reaction from propanoyl-CoA to
propanoate is downregulated by 0.46-fold (Figure 5).

At 122 h, the following enzymes remained upregulated (K00166, K00167, K09699):
WP_060938994.1, 2.73-fold; WP_060938993.1, 2.62-fold; WP_020970089.1, 3.10-fold. In
contrast to this, proteins matched to the same activity and therefore the same KO identifiers
were downregulated: WP_060938768.1, WP_060938769.1 and WP_060938770.1 with a 0.42-,
0.23-, 0.35-fold change, respectively. The enzyme bccA (WP_060939079.1) synthesizing
malonyl-CoA from acetyl-CoA was upregulated at both time points (40 h 3.28-fold; 122 h
3.92-fold).

Additionally, two enzymes of the cyclopropane-fatty-acyl-phospholipid synthase
family were significantly upregulated. After 40 and 122 h, levels of WP_060938639.1
increased 22.02- and 18.92-fold. The level of WP_060938640.1 increased 43.79- and 31.54-
fold, respectively (Table 2).

Microorganisms 2022, 10, x FOR PEER REVIEW 12 of 20 
 

 

The shift in FA profile of R. erythropolis under light stress towards OCFAs could be 
connected to differentially regulated proteins involved in the propanoate pathway. At 40 
h, 2-oxoisovalerate dehydrogenase E1 component alpha subunit (WP_060938994.1, 
K00166) and beta subunit (WP_060938993.1, K00167) as well as 2-oxoisovalerate dehydro-
genase E2 component (WP_020970089.1, K09699) synthesizing propanoyl-CoA from 2-ox-
obutanoate were upregulated 3.82-, 2.63- and 3.05-fold, respectively. Dihydrolipoamide 
dehydrogenase (WP_174531767.1, K00382), which facilitates the reaction of dihy-
drolipoamide-E to lipoamide-E was downregulated by 0.41-fold. This enzymatic step 
branches off the propanoyl-CoA production pathway from 2-oxobutanoate. Furthermore, 
the acetyl-CoA synthetase (WP_019745948.1, K01895) facilitating the reaction from propa-
noyl-CoA to propanoate is downregulated by 0.46-fold (Figure 5). 

 
Figure 5. Schematic illustration of an excerpt from the propanoate metabolism in R. erythropolis. 
After 40 h of growth, proteins which are at least 2-fold upregulated by light stimulation are depicted 
in red, proteins downregulated at least 2-fold are depicted in green. Each enzyme is represented 
with its respective KO identifier. Cys = Cysteine, Met = Methionine, Gly = Glycine, Ser = Serine, Thr 
= Threonine. Adapted from KEGG pathway 00640 Propanoate metabolism. Created with BioRen-
der.com. 

At 122 h, the following enzymes remained upregulated (K00166, K00167, K09699): 
WP_060938994.1, 2.73-fold; WP_060938993.1, 2.62-fold; WP_020970089.1, 3.10-fold. In con-
trast to this, proteins matched to the same activity and therefore the same KO identifiers 
were downregulated: WP_060938768.1, WP_060938769.1 and WP_060938770.1 with a 
0.42-, 0.23-, 0.35-fold change, respectively. The enzyme bccA (WP_060939079.1) synthesiz-
ing malonyl-CoA from acetyl-CoA was upregulated at both time points (40 h 3.28-fold; 
122 h 3.92-fold). 

Additionally, two enzymes of the cyclopropane-fatty-acyl-phospholipid synthase 
family were significantly upregulated. After 40 and 122 h, levels of WP_060938639.1 in-
creased 22.02- and 18.92-fold. The level of WP_060938640.1 increased 43.79- and 31.54-
fold, respectively (Table 2).

Figure 5. Schematic illustration of an excerpt from the propanoate metabolism in R. erythropolis.
After 40 h of growth, proteins which are at least 2-fold upregulated by light stimulation are depicted
in red, proteins downregulated at least 2-fold are depicted in green. Each enzyme is represented
with its respective KO identifier. Cys = Cysteine, Met = Methionine, Gly = Glycine, Ser = Serine,
Thr = Threonine. Adapted from KEGG pathway 00640 Propanoate metabolism. Created with
BioRender.com.
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Table 1. Selected proteins involved in oxidative stress discussed here. Protein abundance and fold change in samples grown under white light were compared to
non-illuminated control. NCBI accession numbers as well as matched KO identifiers are listed. Further identified unique peptides, significance and fold change at
40 h and 122 h of samples are stated. Fractions below 1 depict downregulation. n.d. = not detected.

Transcription Factors Involved in Oxidative Stress
40 h 122 h

Accession
Number Description KO-ID Identified Unique

Peptides Significance Fold Change Identified Unique
Peptides Significance Fold Change

WP_019747469.1 SigB; RNA polymerase
sigma-B factor K03090 1 3.8 2.38 1 2.2 3.88

WP_020906601.1
hspR; MerR family
transcriptional regulator,
heat shock protein hspR

K13640 2 2.36 1.38 1 4.19 4.51

WP_020906739.1
MULTISPECIES: RNA
polymerase sigma factor
SigF [Rhodococcus]

K03090 1 4.35 2.38 n.d. n.d. n.d.

WP_060939090.1
hspR; MerR family
transcriptional regulator,
heat shock protein hspR

K13640 5 4.07 1.39 4 4.52 3.29

Catalases and Peroxidases

WP_019749140.1
BCP, PRXQ, DOT5;
thioredoxin-dependent
peroxiredoxin [EC:1.11.1.24]

K03564 8 0.11 0.99 8 3.13 0.49

WP_021346030.1 katE, CAT, catB, srpA;
catalase [EC:1.11.1.6] K03781 14 26.31 2.6 14 0.19 1.06

WP_003940303.1 SOD; superoxide dismutase,
Fe-Mn family [EC:1.15.1.1] K04564 5 47.57 3.06 3 4.34 2.8

WP_003942119.1
ahpC; lipoyl-dependent
peroxiredoxin subunit C
[EC:1.11.1.28]

K24126 16 47.31 2.35 16 3.56 2.16

WP_060938296.1 katG; catalase-peroxidase
[EC:1.11.1.21] K03782 27 23.13 0.45 24 1.78 0.63

Other Stress-Related Proteins
WP_003942530.1 trxA; thioredoxin K03671 2 9.59 0.43 3 4.05 2.86

WP_019747464.1 dps; starvation-inducible
DNA-binding protein K04047 14 0.32 0.98 14 2.98 2.0

WP_019749386.1 dnaJ; molecular
chaperone DnaJ K03686 12 5.42 2.39 13 0.78 1.28
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Table 2. Selected proteins involved in propanoate metabolism and cyclopropane-fatty-acyl-phospholipid synthesis discussed here. Protein abundance and fold
change in samples grown under white light were compared to non-illuminated control. NCBI Accession numbers as well as matched KO identifiers are listed. Further
identified unique peptides, significance and fold change at 40 h and 122 h of samples are stated. Fractions below 1 depict downregulation. n.d. = not detected.

Propanoate Pathway
40 h 122 h

Accession
Number Description KO-ID Identified Unique

Peptides Significance Fold Change Identified Unique
Peptides Significance Fold Change

WP_019745948.1 acs; acetyl-CoA synthetase
[EC:6.2.1.1] K01895 20 26.37 0.46 15 13.6 0.08

WP_020970089.1

bkdB; 2-oxoisovalerate
dehydrogenase E2
component (dihydrolipoyl
transacylase) [EC:2.3.1.168]

K09699 7 29.17 3.05 7 4.78 3.1

WP_060938768.1

bkdA1; 2-oxoisovalerate
dehydrogenase E1
component alpha subunit
[EC:1.2.4.4]

K00166 22 20.92 0.59 19 4.81 0.42

WP_060938769.1

bkdA2; 2-oxoisovalerate
dehydrogenase E1
component beta subunit
[EC:1.2.4.4]

K00167 11 28.47 0.57 11 8.94 0.23

WP_060938770.1

bkdB; 2-oxoisovalerate
dehydrogenase E2
component (dihydrolipoyl
transacylase) [EC:2.3.1.168]

K09699 21 23.64 0.55 18 5.08 0.35

WP_060938993.1

bkdA2; 2-oxoisovalerate
dehydrogenase E1
component beta subunit
[EC:1.2.4.4]

K00167 11 30.2 2.63 12 4.09 2.62

WP_060938994.1

bkdA1; 2-oxoisovalerate
dehydrogenase E1
component alpha subunit
[EC:1.2.4.4]

K00166 12 50.3 3.82 13 4.41 2.73
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Table 2. Cont.

Propanoate Pathway
40 h 122 h

Accession
Number Description KO-ID Identified Unique

Peptides Significance Fold Change Identified Unique
Peptides Significance Fold Change

WP_060939079.1

bccA, pccA; acetyl-
CoA/propionyl-CoA
carboxylase, biotin
carboxylase, biotin carboxyl
carrier protein [EC:6.4.1.2
6.4.1.3 6.3.4.14]

K11263 31 58.35 3.28 34 5.63 3.92

WP_060939587.1 acs; acetyl-CoA synthetase
[EC:6.2.1.1] K01895 23 33.08 2.28 20 4.29 2.39

WP_174531767.1
DLD, lpd, pdhD;
dihydrolipoamide
dehydrogenase [EC:1.8.1.4]

K00382 22 30.59 0.41 16 8.77 0.19

Cyclopropane-Fatty-Acyl-Phospholipid Synthase Family

WP_060938639.1
cfa; cyclopropane-fatty-acyl-
phospholipid synthase
[EC:2.1.1.79]

K00574 2 76.43 22.02 1 6.24 18.92

WP_060938640.1
cfa; cyclopropane-fatty-acyl-
phospholipid synthase
[EC:2.1.1.79]

K00574 3 105.03 43.79 4 11.05 31.54
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4. Discussion
4.1. Effects of Light Illumination on Growth

In accordance with previous studies [7,10–14], blue light exhibits antimicrobial activity
on R. erythropolis. Spectrophotometric (OD600nm) data and DCW consistently revealed a
significant decrease in bacterial growth when illuminated with 425 or 455 nm blue light.
To a lesser extent, cells illuminated by 470 nm light also exhibited reduced growth, with
OD600nm values between 455 nm and green light illumination. Wang et al. [11] reported
similar results when comparing the effects of 405 nm to 470 nm light illumination on the
human pathogen Neisseria gonorrhoeae, the causative agent of Gonorrhoeae. Furthermore,
Mathews and Sistrom [32] reported that carotenoid-deficient mutants of the pigment-
producing non-phototrophic organism Sarcina lutea were highly susceptible to sunlight.
However, lethal effects could only be observed under aerobic conditions, while wild-
type cells were not affected by either condition (light anaerobic condition, light aerobic
condition). They concluded that photo-oxidative conditions were required to exhibit
antimicrobial effects on S. lutea, as stand-alone light stress was not sufficient to cause lethal
effects. Furthermore, they stated, that carotenoids can protect cells against photo-oxidative
damage, as wild-type was not susceptible to sunlight treatment [32]. This cumulative
data suggests that the antimicrobial effect of blue light could, in part, be propagated by
endogenous photosensitizer present in R. erythropolis. These photosensitizers would absorb
light-energy and transfer the excitation energy or electrons onto oxygen, resulting in ROS
among other reaction products [6–8].

White light and green light also had distinct effects on cell growth. Here, cultures
exhibited slightly decreased growth compared to the control for around 24 h from inocu-
lation. After that, differences in growth slowly decreased. This is likely correlated to the
induction of intracellular adaptation mechanisms such as increasing carotenoid content,
which, following initial adaptation period, enabled growth more similar to those of control
samples. Red light did not have an effect on culture growth and carotenoid accumulation.

4.2. Changes in Carotenoid Content

Spectrometric analysis of sample extracts after 40 h growth revealed a drastic increase
in carotenoid level, particularly when cells were illuminated with blue (470 nm) and
green (510 nm) light and to a lesser extend with white light. This observation suggests
that carotenoids in R. erythropolis serve as protectors against photo-oxidative damage. As
carotenoids themselves generally absorb light in the range of 400 to 550 nm, they can protect
endogenous photosensitizers from exciting light of that wavelength. Available models
describe the reaction of carotenoids with reactive oxygen species (e.g., singlet oxygen),
where the former drain the excitation energy from the singlet oxygen and subsequently
dissipate the captured energy via heat formation. They might react similarly with different
endogenous excited photosensitizers, preventing the formation of ROS. Other models also
predict possible reactions with radicals, generating different mechanisms by which these
reactions and the subsequent recovery of reacted carotenoids could occur [6,8,15].

Following 122 h of cultivation, 425 nm blue light led to a significant decrease in
carotenoid content, consistent with the severe decrease in biomass formation. Growth
under dark conditions and red light illumination led to comparable carotenoid levels to
those of cultures grown under white or green light. Here, carotenoid levels under dark
conditions and red light illumination increased, while samples under green light conditions
exhibited decreased carotenoid accumulation. Nutrient limitation, especially nitrogen
limitation, can trigger carotenoid accumulation in Rhodococcus, this could explain the
increase in carotenoids in control and red-light-illuminated samples [33,34]. As nitrogen
limitation often occurs simultaneously with oxidative stress, carotenoid accumulation
could present as an adaptation response mechanism [35]. This is in line with the 2.0-fold
increase in Dps, a starvation-inducible DNA-binding protein, after 122 h. Dps is mainly
regulated by nutrient deprivation and also acts in oxidative stress response. In our work,
no differential regulation of Dps was observed at 40 h [36–38]. As stated earlier, carotenoid
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level in cells illuminated with green or blue (470 nm) light significantly increased during
the first 40 h of cultivation, but decreased in late stationary phase (94 h and 122 h). This
change in accumulation levels could occur due to nutrient deficiency in late stationary
phase and the resulting energy demand being too severe to maintain these high amounts of
carotenoids. Therefore, expendable amounts of carotenoids were degraded. Comparison
between samples taken at 122 h and 94 h revealed that the observed decrease in carotenoids
in light treated samples already occurred before 122 h. However, an increase in carotenoid
content in non-illuminated controls and red-light-illuminated samples did not occur after
94 h of cultivation.

In summary, the detected increase in carotenoids under white, green and blue (470 nm)
light represents an early response (40 h) to light stress, while the later increase in carotenoid
levels for control and red illuminated samples (122 h) depicts an adaptive response
to nitrogen limitation, which occurs at a later point. In accordance to these findings,
Cohen et al. [39] observed an increase in carotenoid content in Rhodococcus sp. APG1 iso-
lates when grown under light.

4.3. Transcription Factors

Proteomics analysis allowed identification of several proteins involved in photo-
oxidative stress response. Sigma factor sigF (WP_020906739.1) is part of the heat stress and
oxidative stress response in Mycobacterium smegmatis [40,41]. Within this studies’ data, sigF
displays a 2.38-fold increase in protein level after 40 h; however, it was not differentially
regulated after 122 h of cultivation. In contrast, sigB (WP_019747469.1) a light- and heat-
stress-related sigma factor, was significantly up-regulated at 40 h and 122 h (2.38-fold and
3.88-fold, respectively). sigB is well characterized in Listeria monocytogenes and Synechocystis
sp. PCC 6803 and is induced as an essential factor during heat-, oxidative- and light-stress
response, especially under blue light [42–46]. Furthermore, Hakkila et al. [45] and Turunen
et al. [44] reported similar results in the cyanobacterium Synechocystis sp. PCC 6803. The
former group was able to engineer mutants of S. sp. PCC 6803 with deletion mutations in
all group 2 σ factors except sigB. The mutants exhibited high carotenoid accumulation and
good growth under singlet oxygen and high light stress [45].

Two more proteins belonging to the hspR MerR transcriptional regulator family
(WP_060939090.1 and WP_020906601.1) were upregulated after 122 h (3.29- and 4.51-fold)
and were recently reported to be involved in hydrogen peroxide-induced oxidative stress
response. Additionally, Lu et al. [47] established, that mutants missing hspR activity
exhibited greater sensitivity to hydrogen peroxide. Furthermore, they identified ahpC,
coding for a lipoyl-dependent peroxiredoxin, to be upregulated by hspR activity.

4.4. Catalases and Peroxidases

Three enzymes involved in ROS-inactivation were identified as additional indicators
of photo-oxidative stress after 40 h. A superoxide dismutase (SOD) (WP_003940303.1) was
3.06-fold upregulated, while a monofunctional catalase (WP_021346030.1; katE) was upreg-
ulated 2.60-fold under light compared to the control. SOD converts superoxide radicals to
hydrogen peroxide, the catalase reduces two hydrogen peroxide molecules to water and
molecular oxygen. katE is of major interest, as it is reported to be induced by hydrogen
peroxide. On the contrary katG (WP_060938296.1), a gen coding for a catalase/peroxidase
found in a cluster of downregulated proteins after 40 h (0.45-fold), is reported not to be
affected by hydrogen peroxide level [20,35,48].

The third enzyme, ahpC (WP_003942119.1), more specifically a subunit of the respec-
tive enzyme exhibited a 2.35-fold increase in protein abundance. This enzyme belongs to a
group of peroxidases that utilize cysteine residues for reduction in alkyl-peroxides.

After 122 h, SOD and ahpC levels remained upregulated under light conditions (2.80-
and 2.16-fold, respectively); however, no other differentially upregulated catalases were
confirmed. Interestingly, another peroxidase (thioredoxin-dependent thiol peroxidase;
WP_019749140.1) exhibited a 2-fold decrease in protein level after 122 h.
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4.5. Other Proteins Related to Stress

Besides proteins specific to certain types of stress response dnaJ a molecular chaperon
is part of the overall stress response [20,35]. However, upregulation was only detected after
40 h (WP_019749386.1 2.39-fold). Furthermore, levels of thioredoxin trxA, another part of
an antioxidant system [20,35], was downregulated after 40 h of cultivation (0.43-fold), but
exhibited elevated levels after 122 h (WP_003942530.1 2.86-fold).

Interestingly, a starvation-inducible DNA-binding protein (Dps) (WP_019747464.1)
did not differ in protein abundance after 40 h, but increased 2.0-fold after 122 h, indicating
severe nutrient deficiency in samples at late stationary phase. Previous reports presented
data linking Dps to nutrient deprivation as well as oxidative stress, where its production is
induced as part of the stress response [36–38].

4.6. Influence of Light on Fatty Acid Composition

One aspect of adaptation to various stress conditions takes place at the cell mem-
brane. To maintain biological functions, bacteria adapt their lipid composition to maintain
membrane fluidity by changing the level of FA saturation [49–51]. Properties, such as
membrane fluidity and permeability, are of major importance for cell survival. Temperature
fluctuation, oxidation of cellular lipids and other stressors can threaten cell viability and
trigger changes in membrane composition, modulating these properties [18,19].

While oxidative stress led to increased lipid accumulation in the closely related R.
opacus [52], the FA content remained in a similar range of around 5% (g g −1

DCW) in all R.
erythropolis samples subjected to light stress.

After exposure to H2O2-induced oxidative stress, a decrease in cell size and the ten-
dency to form multicellular conglomerates was observed in R. opacus 1CP [22]. In our study,
R. erythropolis cells subjected to blue light stress also agglomerated (455 nm)/aggregated
(425 nm) (Figure 2). In this manner, inner cells of the agglomerate/aggregate could be
shielded from damaging blue light [53,54].

The FA composition of R. erythropolis shifts towards saturated FAs, especially C16:0,
in contrast to the observation reported by Solyanikova et al. [22] for R. opacus 1CP, where
upon H2O2 exposure, levels in unsaturated FAs increased. The increase in saturated FA
detected in our work is in accordance with Wu et. al., whereby methicillin-resistant S.
aureus (MRSA) displayed decreased levels of unsaturated FAs, namely, C16:1, C20:1 and
C20:4, when illuminated with blue light (415 nm) [55]. It is hypothesized that an increase
in saturated FAs in the membrane renders the membrane less permeable [20].

The levels of saturated OCFAs, mainly C15:0 and C17:0 (2- to 3-fold), and branched
(10-methyl) FAs were reported to be increased in R. opacus in the presence of aromatic
compounds [56]. In our work, elevated content of OCFAs were detected under green
and white light conditions. OCFAs were produced in Yarrowia lipolytica and Rhodococcus
sp. YHY01 when supplemented with propionate as carbon source. Propanoyl-CoA was
proposed as primer for OCFA synthesis in Rhodococcus, while malonyl-CoA, generated
from acetyl-CoA, acts as primer for even chain fatty acid synthesis [57,58]. As a metabolic
intermediate, propanoyl-CoA can be synthesized by the degradation of propionate, OCFAs
and some amino acids such as cysteine, methionine and threonine. Due to the cellular
toxicity of propanoyl-CoA at high concentrations, microorganisms evolved to regulate
its accumulation [59,60]. As depicted in Figure 5, 2-oxoisovalerate dehydrogenase E1
component subunits (K00166 and K00167) as well as 2-oxoisovalerate dehydrogenase E2
(K09699), responsible for the synthesis of propanoyl-CoA are upregulated at 40 h and 122 h
for cells cultivated under white light. Increased availability of these enzymes could explain
the increase in OCFAs, namely, C15:0 and C17:1, in R. erythropolis cells. The bidirectional
acetyl-CoA synthetase (K01895) could be tightly regulated under feedback mechanisms to
limit the adenylation of propanoyl-CoA back to propionate, ensuring ample levels of the
building block for OCFA production. The enzyme level is downregulated by 2-fold under
light conditions.
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Furthermore, time-resolved proteomics revealed a significant increase in cyclopropane-
fatty-acyl-phospholipid synthase family proteins. Specifically, levels of two proteins,
WP_060938639.1 and WP_060938640.1, exhibited a drastic 22.0-fold and 43.8-fold increase
after 40 h under light conditions and an 18.9-fold and 31.5-fold increase after 122 h, respec-
tively. These enzymes are responsible for modification of FA double bonds by adding cy-
clopropyl moieties, a modification that was found to increase resistance to different stresses
in E. coli and other bacteria, namely, high pressure, acidity and heat resistance [18,19]. Our
work demonstrates that protein production of this group of enzymes is also subject to light
stress. The effect of heat or temperature stress, especially in combination with light stress,
could be further investigated in R. erythropolis.

5. Conclusions

The results obtained in this study provide insight into adaptation mechanisms of R.
erythropolis when subjected to photo-oxidative stress. To that end, an increase in stress-
related sigma factors and other proteins, specifically peroxidases, was detected by time-
resolved proteomic analysis. Most proteins discussed here were directly linked to oxidative
stress specifically, indicating that light stress in R. erythropolis likely acts via endogenous
photosensitizers and oxygen. Blue light (425, 455 nm) significantly curbed growth, while
green (510) and white (SWW) light led to slightly reduced growth compared to control
under dark conditions, further adding to previous studies investigating antimicrobial
properties blue light. Blue light of 470 nm wavelength exhibited an intermediate effect
between white/green and blue (455, 425 nm) light. Additionally, carotenoid levels were
found to be increased in samples illuminated with SWW light and to much higher extent
when treated with green (510 nm) and blue (470 nm) light. In regard to previous studies,
these results imply carotenoids are synthesized as part of a photo-oxidative stress response.
Stress adaptations further involved a shift in FA composition towards OCFAs as well as
saturated and branched FAs, likely altering membrane properties.
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4 Discussion and Outlook 

4.1 Medium Optimization of R. erythropolis for Efficient Growth and Lipid 

Formation 

One of the most important factors in industrial fermentation processes is the medium 

composition, as the cost of the growth medium is estimated to be around 60 % of the process 

costs for microbial lipid production. Glucose is the largest contributor with around 80 % of the 

cost [158,159]. In the techno-economic analysis of microbial lipid production in C. oleaginosus 

raw materials only accounted for around 18 % of the cost, with capital and operation cost 

attributing to around 41 % each. In the cost of operation the utilities, mainly power and chilled 

water, were the biggest factor [15]. As every production strain has unique nutritional 

requirements, screening of carbon and nitrogen sources as well as their combinations can 

substantially enhance the microbial biomass and yield of product, thereby increasing the 

viability of a process [123]. For example, glucose was found to have a repression effect on 

penicillin production in Penicillium chrysogenum, whereas lactose is a slowly assimilating 

source, with which increased production titres were achieved [160,161]. Microbial lipid 

production first consists of a phase of growth with sufficient nitrogen, followed by lipid 

accumulation with an abundance of carbon and a limitation of nitrogen. In a microbial process, 

the maximum lipid yield depends on the optimum ratio between the growth rate and the lipid 

biosynthesis rate, as well as progression over time, ensuring that the most carbon is used for 

lipid production at the end of fermentation [25,162]. For each individual microorganism and 

fermentation process, the optimal conditions have to be identified. Further, alternatives for 

expensive components have to be determined to lower the cost [123]. For these reasons, the 

formulation and optimization of growth medium remains very important in biotechnology. In 

this study, the nutrient requirements of R. erythropolis and the efficiency of uptake and 

metabolism of commonly available and non-toxic substances including nine nitrogen and eight 

carbon sources with different chemical compositions were investigated. 

To optimize the medium composition, different strategies are used frequently. The classical 

method is the OFAT approach, which can be grouped into removal experiments, 

supplementation experiments, and replacement experiments [123]. Due to its simple and 

convenient design, it is often the preferred choice for screening in the initial stages of medium 

composition design [123,163]. Its disadvantages include being expensive and time-consuming. 

Further, OFAT approach can lead to misinterpretation of the results, as it is unable to consider 

interactions between the factors [164]. For example, the fungus Umbelopsis ramanniana 

exhibited the highest carotenoid production when supplied with diammonium hydrogen 
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phosphate as nitrogen source and maltose as carbon source, compared with other nitrogen 

sources, whereas the lowest carotenoid yield was recorded when glucose was used as the 

carbon source [165]. This insight might be easily overlooked with an OFAT approach and must 

be taken into account at all times.  

Further, statistical methods, also known as Design of Experiment (DOE) can be used for 

medium optimization. Here the efficiency and reliability of the medium optimization is increased 

using a reduced number of experiments and time. Furthermore, DOE enables the detection of 

interaction between the factors [166]. In order to screen for the significant factors from a larger 

list, designs such as fractional factorial design, Plackett-Burman design and Taguchi design 

are most commonly used. While in full factorial designs, every combination of the factors is 

tested, in a fractional factorial design only a few selected combinations are tested. For the 

optimization of already identified significant factors, RSM is commonly used, with designs such 

as full factorial design, CCD and Box-Behnken design [123,167,168]. 

In this work, different carbon and nitrogen sources have been screened with an OFAT 

approach in a series of replacement experiments. When grown on the five tested inorganic 

nitrogen sources, an extended lag phase of R. erythropolis was observed. The best growth, 

without a detectable lag phase, could be observed on the complex organic sources yeast 

extract and tryptone/peptone and the defined organic source ammonium acetate [135]. 

Complex media, rich in peptides, vitamins and minerals, offer the advantage of lower cost and 

more robust cell growth [169]. Contrary, a defined medium with a known amount of each 

component can be used to study the minimal nutritional requirements of a microorganism as 

well as to carry out a wide variety of physiological and metabolic studies [170]. A synthetic 

media also offers advantages such as enhanced process consistency and better control and 

monitoring [169,170]. When investigating the cost for bacterial cellulose production, the major 

fraction of the medium cost was attributed to yeast extract and peptone. The use of a defined 

minimal medium was determined as a viable possibility to lower production cost with 

comparable yields [170].  

Since a large part of the cost arises from the carbon source, low-cost feedstock should be used 

in order to ensure that the process is economically viable. In addition, by utilizing waste 

streams, a circular economy can be established, preserving the value of the product for as 

long as possible and avoiding waste. Microorganisms capable of assimilating xylose can 

efficiently utilize cellulose and hemicellulose degradation products [171] including wheat bran 

[51], corn stover [172] or unbleached kraft hardwood pulp hydrolysate [43]. The ability to utilize 

xylose and arabinose has been successfully transferred to R. opacus PD630 [43-45]. For 

xylose utilization, the xylose isomerase xylA and xylulokinase xylB from the related 
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Streptomyces lividans or Streptomyces padanus have been expressed in the Rhodococcus 

strains R. jostii RHA1 and R. opacus PD630 [43,44]. In the here presented work, limited to no 

growth of R. erythropolis could be detected on xylose, arabinose, galactose, lactose and 

maltose [135]. In order to establish R. erythropolis as a platform organism, the utilization of 

xylose could be enabled in a similar manner. In general, the viability of a process can be 

increased by generating mutants able to utilize cheaper raw materials [123].  

4.2 RSM based optimisation of carbon and nitrogen concentration 

In this work, carbon and nitrogen concentrations have been optimized with a CCD for increased 

yield of biomass, lipids and carotenoids. While biomass production was enhanced with 

increased carbon and nitrogen concentrations, lipid production increased with decreasing 

nitrogen concentration. The highest carotenoid yield was achieved with a high nitrogen and 

low carbon concentration. 

RSM results in the best model from the fewest observations, enabling a rapid and cheap 

exploration of the design space [173,174]. In classical experimental design, modelling and 

optimisation are separated, while newer approaches can incorporate optimisation into the 

modelling process. One machine learning based approach to experimental design is Bayesian 

Optimisation (BO). The sample efficient algorithm allows to optimise black-box systems, 

indicating that the function does not have a closed-form representation and only allows point-

wise evaluation [173,175]. Factorial designs assume a linear model and therefore sample at 

orthogonal corners of the design space. While for classical DOE the sampling pattern is 

determined before measurements are made and cannot be adapted during the course of the 

experiment, BO uses adaptive sampling, a sequential process which determines the next 

sampling point based on two criteria: Exploration for model improvement and exploitation for 

determination of the optimal parameters [173,176]. It has been claimed that BO can reduce 

the number of experiments needed for optimal formulation and process parameters in 

pharmaceutical product development from 25 in DoE to 10 [176]. The optimization of a cell 

culture media consisting of 14 components for cell agriculture was performed with BO in 38 % 

less experiments than with DoE methods [177]. While BO is an iterative method reducing 

experimental time and resources [178], experiments have to be performed successively, 

increasing the time until the final formulation is available. Plakett-Burman and CCD have been 

successfully coupled with a Bayesian Network step in order to minimize the number of 

experiments to optimize the antifungal metabolite expression of Bacillus amyloliquefaciens, 

therefore a coupling of these techniques could also be advantageous [179]. 

The data generated in shake flasks rarely match the behaviour in fermenters [123,180,181]. 

Key differences are an uncontrolled pH, poor oxygen transfer, insufficient mixing and 
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significant evaporation [123]. In order to control the C:N ratio for enhanced lipid production, 

three different fermentation modes, namely batch, fed-batch and continuous fermentation, are 

commonly used. As the most reliable mode, fed-batch fermentation offers precise control over 

nutrient flow rates, thereby providing an efficient and reproducible lipid production process 

[182,183]. In the future, new parameters could be included in the optimization of the 

fermentation process of R. erythropolis, such as temperature or pH at a larger scale.  

4.3 Modulation of Lipid and Carotenoid Production 

While lipids are accumulated during the early stationary phase, carotenoids are mainly 

produced during the late stationary phase of microorganism growth [184], further an 

appropriate carbon source needs to be available for the production of both compounds 

[25,185]. To induce lipogenesis, nutrient limitation, particularly nitrogen, is often used [186]. In 

order to produce lipids and carotenoids in the same process, first a high C/N ratio for lipid 

production is necessary, than as growth progresses, the ratio shifts and carotenoids, produced 

at a lower C/N ratio, can be accumulated [184,187,188]. This is in line with the response of 

R. erythropolis at different C:N ratios [135]. Additionally, the choice of nitrogen and carbon 

source as well as medium composition, such as metal ion supplementation, influences the 

yield of both products [127,189,190]. Carotenoids are overproduced in microorganisms as part 

of the stress response. As stressors a wide variety of factors have been investigated such as 

light, temperature, aeration, metal ions and salts as well as solvents and chemical agents 

[185,191,192]. The yeast Rhodotorula glutinis was subjected to UV irradiation, oxidative stress 

in form of H2O2 supplementation and osmotic stress in form of NaCl supplementation. Each 

stress stand-alone as well as in combination leads to increased carotenoid production [193]. 

In R. toruloides, concomitant production of lipids and carotenoids was increased through 

osmotic stress with high salt concentrations [187]. Light stress, on the other hand, only 

increased carotenoid production, not lipid production in R. toruloides [194].  

To identify these exogeneous stress factors and apply in a targeted manner would allow 

regulated overproduction of carotenoids. This strategy can especially be used in situations 

were the use of genetically modified strains is not preferred [193].  

4.4 Regulation of the Light Induced Synthesis of Carotenoids in R. erythropolis 

Detailed information on cellular stress response and involved metabolic processes of 

Rhodococcus cells enable a knowledge-based increase of product yield in subsequent 

biotechnological processes. The precursors for all terpenoids, including carotenoids, are IPP 

and DMAPP, which are produced via die MEP pathway in Rhodococcus [111]. Terpenoids, 

which includes terpenes as well as their functionalized derivatives, are one of the largest and 

most structurally diverse natural compound groups with applications such as pharmaceutical, 
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cosmetics, flavouring and agricultural industry [116,195]. In carotenogenic organisms the 

necessary metabolic pathways are already in operation, which than can be engineered to 

further increase terpenoid yields [116,196]. Further, carotenoid production can be used as a 

simple colorimetric readout system for enhanced isoprenoid productivities [197]. The 

adaptation mechanisms of R. erythropolis to photo-oxidative stress was investigated in the 

second chapter of this study [198]. Here, an increase in carotenoid production in R. erythropolis 

cultures under white (SWW), green (510 nm) and blue (470 nm) light could be detected. The 

production of carotenoids is a photoprotective mechanisms [99]. Adaptation to light stress was 

also associated with a shift in the fatty acid composition towards OCFA or saturated and 

branched fatty acid. By altering the membrane properties, the stress resistance might be 

increased. The cellular response of stress adaptation to white light was not yet described in 

literature. In order to investigate the adaptation of R. erythropolis to light stress, a time-resolved 

and quantitative proteomics approach was performed to identify the underlying changes in 

protein abundancy. While several oxidative stress-related proteins as well as enzymes 

involved in the synthesis of propanoyl-CoA, a primer for OCFA biosynthesis, could be detected, 

no proteins in the MEP pathway could be identified as significantly upregulated [198]. 

Proteomics refers to techniques that yield information on the abundance, interactions and 

activities of proteins within a given sample [199]. In case of stress, two complementary 

mechanisms remodel the proteome, on the one hand rewiring of the transcriptome and on the 

other hand modulating proteolysis [71]. While transcriptomic analysis allows direct insights into 

gene expression, proteomic analysis illuminates the set of proteins in a given sample at a 

precise timepoint. There is evidence that in a wide spectrum of organisms, such as 

Rhodobacter sphaeroides, the abundance of RNA does not generally correlate with the 

abundance of proteins. This difference could be explained by post-transcriptional regulation 

[200,201]. Additional investigation of the adaptation mechanism with transcriptomics and an 

increased number of time points could allow a better understanding of the stress adaptation 

mechanism. In R. toruloides, the regulation of carotenoid biosynthesis under light stress has 

been shown to be controlled at a transcription level [194].  

While a general understanding of stress response in bacteria has been achieved, often the 

inducing signal, all players and their interactions as well as the resulting behaviour are not yet 

known [71]. The understanding of both the bioregulation of carotenoids and lipids as well as 

their interaction is important to determine optimal production conditions [194]. Further, process 

conditions with increased carotenoid yields could enable conditions with increased precursors 

for production of a range of terpenoids. So are the target products of OleoBuild, ß-ionone and 

cembratrienol, also produced via the MEP pathway and could therefore potentially be 
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produced at an increased yield. The identification of proteins which are elevated in abundance 

via proteomics enables the targeted genetic modification of the terpenoid production pathway.  

4.5 Effect of Growth Conditions on the Lipid Composition  

Oleaginous microorganisms are promising platforms for the production of lipid-based 

chemicals [8]. The fatty acid profile plays a decisive role for the industrial application of a SCO. 

For example, the fatty acid composition of lipids produced by R. erythropolis has shown 

similarities with cocoa butter before [202]. To a certain degree, the desired fatty acid profile for 

an application can be obtained by careful selection of the cultivation parameters such as the 

source of nutrients [1]. So did the degree of saturation vary in the fatty acid profile of 

C. oleaginosus depending on the carbon source used [127]. The fatty acid profile of 

Y. lipolytica A101 differed depending on the batch of crude glycerol used as substrate. The 

different batches were waste products derived from soap, bio-diesel or stearin production and 

pure glycerol as a control [203]. Variances in the fatty acid profile can strongly influence the 

quality of a product. For example, the properties of biodiesel varies depending on fatty acid 

type, chain length as well as number and position of double bonds of the used lipids [204,205].  

OCFA are positively related to human health [206] and are produced from odd-chain 

precursors such as propanoyl-CoA [207]. In microorganisms, the content can be increased 

through fermentation strategies, although maximum OCFA concentration remained lower than 

2 g L-1 in bacterial cultures, thereby hindering commercial production. Carbon sources 

including propionate, propionic acid and 1-propanol significantly increased OCFA production, 

as they can be used to synthesise propanoyl-CoA [206]. Rhodococcus sp. YHY01 produced 

up to 69 % OCFA when grown on propionate [130]. In R. erythropolis increased quantities 

have been detected when grown on lactose or maltose as carbon source [135]. Additionally, 

higher amounts have been detected when grown under white (SWW) or green (510 nm) light 

compared to non-illuminated samples, although the quantity of C15:0 as well as C17:1 always 

remained lower than 10 % of the fatty acid profile [135,198]. In the future, this content could 

be increased with feeding techniques, by which an increased pool of OCFA precursors are 

made available, or genetic engineering, where identified bottleneck enzymes could be 

overexpressed. 

Genetic engineering has been employed in various microorganisms to alter the fatty acid profile 

to mimic a complex product or increase the yield of a specific fatty acid. The fatty acid profile 

of cocoa butter was mimicked by Y. lipolytica by engineering of its desaturases. A palette of 

different fatty acid profiles while maintaining high lipid strains was achieved [208]. In attempts 

to increase OCFA the biomass and oil content of engineered strains has been relatively low 

[206]. In that regard, most attempts focus on the increase of propanoyl-CoA concentration 
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[157,206,209]. In the oleaginous yeast Y. lipolytica, PHD1 was disrupted and OCFA production 

significantly increased. This gene, encoding a 2-methylcitrate dehydratase, is part of the in the 

methyl citrate cycle and converts propanoyl-CoA to 2-methyl aconitate, thereby decreasing the 

propanoyl-CoA pool [157]. 

In this work, the fatty acid profile of all tested conditions was examined. The influence of 

different nitrogen and carbon sources on the lipid yield and fatty acid profile can help determine 

an appropriate medium composition or the composition of a suitable waste stream for each 

intended industrial application. 

4.6 R. erythropolis as a recombinant platform organism  

Rhodococci are getting recognition as a rapidly developing platform organism for biocatalysis, 

biodegradation as well as biosynthesis. While R. opacus PD630 and R. jostii RHA1 are often 

used as oleaginous models in the Rhodococcus genus due to their high lipid titres [210], 

R. erythropolis generally produces lower amounts of lipids when grown on sugars, organic 

acids or hydrocarbons [202,211]. As the produced fatty acid composition varies between 

different Rhodococcus strains [202], different strains have to be investigated for different 

applications. R. erythropolis is a highly versatile bacterium due to a wide set of enzymes, which 

enables various bioconversion and degradation reactions [49]. In order for Rhodococcus to 

become a widely used biotechnological platform organism, the ability for genetic engineering 

has to be expanded with a wide set of available genetic parts and tools specific to the genus. 

This includes a variety of vectors, expression control elements, reporter proteins, genome 

editing methods and also specifically designed laboratory strains (Figure 5). Unfortunately, the 

majority of tools and genetic parts used for E. coli are not compatible in Rhodococcus. Thus 

far, there is a dependency on E. coli, as most cloning steps are carried out in E. coli cells. 

Therefore, the use of shuttle vectors is necessary. Due to genetic diversity between different 

Rhodococcus strains, the use of universal vectors for the whole genus is potentially limited. 

While Rhodococcus has been extensively studied in the last few years, there is a lack for 

multicopy plasmid replicons, cells have a low electro-competence as well as low transformation 

and recombination efficiencies [19,212].  
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Figure 5. Schematics of genetic elements, gene transfer techniques and genome editing tools developed 
for Rhodococcus. Adapted from Liang and Yu (2021) [19]. Created with BioRender.com. 

So far, there is a lack of model strains as well as industrial strains of Rhodococcus. The stability 

of cloning vectors as well as the ability to produce a specific product can be increased by 

genome reductions, as it has been shown in E. coli [213] or Bacillus subtilis [214] strains [19]. 

As Rhodococcus strains often have large and complex genomes with highly redundant 

pathways, this could enable the production of more efficient strains [19,58]. Recently, an 

effective plasmid curing method has been developed using the Cre/loxP system. With this, a 

genome-structure-stabilized host strain can be developed, lacking unfavourable genes or 

functions [57].  

The use of omics technologies, including genomics, transcriptomics, proteomics and 

metabolomics, will allow an in-depth understanding of the cellular physiology and metabolic 

fluxes in Rhodococcus cells, thereby enabling an increased production of valuable chemicals 

[215]. A wide variety of factors such as consumption of intermediates by differing pathways, 

mRNA and protein abundance and enzyme activity may influence pathway performance. 

Monitoring pathway intermediates at a metabolic levels is often difficult as pathways might 

divert, therefore bottlenecks for the final product formation are disguised, some intermediates 

degrade rapidly or are isomers such as IPP and DMAPP. Efficient pathway optimization is 

depended on balanced protein production levels [216]. With proteomics, the abundance of a 

protein in a culture can be identified, among other techniques this can be achieved through 

“label-free” quantification or selected-reaction monitoring (SRM) mass spectrometry, which 
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allows the quantification of specific proteins in a sample with increased sensitivity [216-219]. 

SRM mass spectrometry was used to monitor proteins levels of the MEP pathway in E. coli, 

which was engineered to produce a sesquiterpene. This method allowed the identification of 

bottlenecks. Subsequent protein overexpression resulted in an increased product titre [216]. 

Selected identified proteins, upregulated under light-stress, can be overexpressed to modify 

R. erythropolis for increased production of compounds such as OCFA or carotenoids. The 

proteomics analysis also allowed a better understanding of the adaptation of the bacterium to 

light stress. As good targets for forward-engineering strategies, proteins and pathways which 

are part of the stress response can be identified and utilized. This strategy was used in the 

construction of a robust production strain of the cyanobacterium Synechocystis PCC6803 for 

butanol production. By proteomics and transcriptomics analysis, a protein was identified as 

part of the butanol stress response and the subsequent gene knock-out increased stress 

resistance of the strain [220,221].  

Due to the progress in bioinformatics and the availability of genome sequences, isolation of 

interesting genes from new natural microorganisms is much more efficient [215]. For example, 

a new oleate hydratase, producing hydroxy fatty acids, as well as a lycopene β-cyclase, 

producing asymmetric carotenoids, were identified in R. erythropolis [58,115,222]. So far, only 

six carotenoids are deemed industrially significant, namely astaxanthin, β-carotene, 

canthaxanthin, lutein, lycopene and zeaxanthin [223]. The identification and characterization 

of the carotenoids produced in R. erythropolis could broaden this spectrum. 

To be commercially viable, the yield of lipids and carotenoids has to be increased, while 

simultaneously utilizing inexpensive waste streams as energy source. This work provided 

insights into the substrate flexibility and nutrient requirements of R. erythropolis to facilitate the 

identification of suitable waste streams [135]. Further, it investigated the adaptation 

mechanisms of R. erythropolis when subjected to photo-oxidative stress in the form of light. 

Significantly upregulated proteins involved in the production of propanoyl-CoA, a primer for 

OCFA synthesis have been identified [198], which can be targeted with genetic engineering 

for an increased production of the valuable OCFA.  
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Concluding remarks  

The continuously growing world population and the associated demand for sustainable, 

biobased materials, make the production of valuable oleochemicals such as lipids and 

carotenoids with the help of microorganisms increasingly interesting and important. In regards 

to enhanced yields, strain improvement and media optimization are valuable tools [123]. 

This work can be used as a guide for researchers throughout the development stages of 

bioprocesses using R. erythropolis. The use of statistical modelling for the optimization of 

carbon and nitrogen concentration for the production of biomass, lipids and carotenoids was 

demonstrated. A wide range of nitrogen and carbon sources were tested for their effect on 

R. erythropolis. In future work, additional factors, such as optimal pH, temperature and trace 

elements, could be identified on a larger scale. Commercial effort will likely focus on high-value 

specialty oleochemicals such as OCFA and monocyclic carotenoids. Finally, adoption of a 

circular bioeconomy and thereby utilization of low-value feedstocks could enable the 

commercialization of this sustainable biotechnology.  

Further, the adaptation mechanism of R. erythropolis to photo-oxidative stress has been 

investigated. In response to light, enhanced amounts of carotenoids and OCFA were detected. 

Time-resolved quantitative proteomics were used to detect changes in protein abundance 

between samples grown in the dark or under light stress. This understanding of stress 

adaptation allows a deeper understanding of metabolic changes. Moreover, targets for genetic 

engineering were identified to either increase the resistance of the strain to oxidative-stress or 

increase production of carotenoids and OCFA without the externally induced light stress. 

R. erythropolis is a bacterium with tremendous potential. In order to be established as a 

platform organism, its genetic engineering toolbox has to be expanded and simplified. 

Furthermore, its production pathways and regulation mechanisms have to be elucidated. With 

this knowledge, increased lipid and carotenoid production can be achieved and the bacterium 

can be used commercially in a wide range of biotechnological processes. 
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