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Abstract 

We live in exciting times! The importance of the once overly dominant production host 

Escherichia coli is dwindling, while cell culture and more exotic microbial hosts are taking 

over the playing field. Within this Thesis I developed fundamental methods – analytic 

procedures and process technology alike – with the capability to catalyze the adoption of the 

extreme thermo-acidophilic Archaeon Sulfolobus acidocaldarius in future commercially 

relevant bioprocesses. 

S. acidocaldarius grows optimally at 75 °C and pH 3. It is amenable to genetic manipulation 

and characterized by several very unique metabolic pathways, making it a promising 

candidate for bioconversion processes (e.g. for upcycling of biogenic waste streams or for 

treatment of process wastewaters), and for the production of unique biological material (e.g. 

tetraether lipids used in medical applications for the formation of drug delivery vehicles). A 

further promising field of application is bioleaching for the economic mining of low grade 

ores in large scale. In general, due to its harsh growth conditions the organism is predestined 

for processes where sterility is difficult to achieve and/or to maintain. Difficult to sterilize 

batches and continuous processes which run over extended periods of time are important 

examples. 

Important prerequisites for the use of S. acidocaldarius in industrial applications, like 

characterization of the host´s biology, development of genetic tools and clinical safety, can be 

considered to be met. Nevertheless, some aspects still need to be investigated in much more 

detail and a selection of remaining challenges were tackled within this Thesis. Firstly, for the 

investigation of the potential of S. acidocaldarius in the field of waste-to-value applications I 

performed extensive growth experiments on wheat straw and beech wood hydrolysates with 

wild type strains and genetically modified S. acidocaldarius mutants to utilize non-food 

substrate streams for the production of value-added products. Secondly, to push into 

pharmaceutical applications and the market of high value products I developed a defined 

cultivation medium adhering to Quality by Design guidelines. The medium was optimized 

in regards of salt and trace element composition. Complex protein hydrolysates, which can 

be inhomogeneous in their composition and are prone to formation of inhibiting substances 

under growth conditions, were replaced by a combination of sodium glutamate and citric 

acid. Thirdly, for the assessment of cell viability, a critical parameter during process 

development and control, fluorescence based assays were developed. Finally, I determined 

critical process parameters during the cultivation of S. acidocaldarius for the direct 

manipulation of the organisms´ membrane composition. Thereby it is possible to generate a 

tailor-made pattern of industrially relevant lipids that might be recoverable to an increased 

yield via a greatly facilitated downstream procedure.  

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 Zusammenfassung 

 

- V - 
 

Zusammenfassung 

Aufregende Zeiten brechen an! Die Bedeutung des einst so dominanten 

Produktionsorganismus Escherichia coli schwindet, während Zellkulturen und deutlich 

exotischere Mikroorganismen auf den Plan treten. Die vorliegende Arbeit beschreibt 

grundlegende analytische und prozesstechnologische Methoden, die das Potential haben, als 

Katalysator für den Einsatz des extrem thermo-acidophilen Archaeons Sulfolobus 

acidocaldarius in zukünftigen kommerziellen Bioprozessen zu dienen. 

S. acidocaldarius wächst optimal bei 75 °C und einem pH Wert von 3. Der Organismus ist 

zugänglich für genetische Manipulation und zeichnet sich durch mehrere einzigartige 

Stoffwechselwege aus. Diese Eigenschaften machen ihn zu einem vielversprechenden 

Kandidaten für Biokonversionsprozesse (z.B. im Upcycling von biogenen Abfallströmen 

oder in der Abwasserbehandlung), sowie für die Produktion von einzigartigen biologischen 

Materialien (z.B. von Tetraetherlipiden welche in pharmazeutischen Anwendungen zur 

Bildung von Vesikeln zur gezielten Arzneimittel-verabreichung verwendet werden). Ein 

weiteres vielversprechendes Anwendungsgebiet ist die biologische Erzlaugung 

(„Bioleaching”) zur effizienten Gewinnung von Metallen aus niedrig konzentrierten Erzen. 

Aufgrund seiner harschen Wachstumsbedingungen ist der Organismus im Allgemeinen 

bestens für den Einsatz in Prozessen gerüstet, in denen sterile Bedingungen kaum 

herzustellen beziehungsweise schwierig aufrechtzuerhalten sind. Aufwändig zu 

sterilisierende Anlagen und Rohstoffe sowie kontinuierliche Prozesse, welche über 

ausgedehnte Zeitspannen laufen, sind hierfür wichtige Beispiele. 

Wesentliche Voraussetzungen für den Einsatz von S. acidocaldarius in industriellen 

Anwendungen, wie etwa die biologische Charakterisierung des Organismus, Entwicklung 

von molekularbiologischen Werkzeugen, sowie die gesundheitliche Unbedenklichkeit, sind 

bereits als erfüllt anzusehen. Indes warten noch einige Aspekte darauf im Detail untersucht 

zu werden und diese Arbeit wird sich eines Teils der noch bestehenden Herausforderungen 

annehmen.  Erstens führte ich Machbarkeitsstudien über die Eignung von Weizenstroh- und 

Buchenholzhydrolysaten als Nährsubstrate durch, um das Potential von S. acidocaldarius im 

Upcycling von biogenen Abfallströmen zu evaluieren. Zweitens entwickelte ich ein 

definiertes Kultivierungsmedium zur Produktion von High-End-Chemikalien unter 

anderem für den Einsatz im pharmazeutischen Bereich, welches, von nationalen und 

internationalen Gesundheitsbehörden geforderten, Quality by Design Kriterien genügt. 

Drittens entwickelte ich fluoreszenzbasierte Analysemethoden zur Beurteilung der 

Zellviabilität, einem entscheidenden Parameter bei Entwicklung und Steuerung von 

Bioprozessen. Viertens bestimmte ich kritische Prozessparameter währen der Kultivierung 

von S. acidocaldarius, die sich zur gezielten Manipulation der Membranzusammensetzung 

des Organismus eignen. Dadurch ist es möglich, ein Muster von maßgeschneiderten, 

industriell relevanten Lipiden mit erhöhten Ausbeuten und deutlich vereinfachter 

Gewinnung und Aufreinigung zu erhalten. 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 Table of Content 

 

- VI - 
 

  

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 Table of Content 

 

- VII - 
 

Table of Content 

Acknowledgements ................................................................................................................ III 

Abstract ................................................................................................................................... IV 

Zusammenfassung ....................................................................................................................V 

Introduction .............................................................................................................................. 9 

The Extremes of Biotechnology ...........................................................................................................................9 

The Extreme Domain of Archaea..................................................................................................................... 11 

The Poly-Extremophilic Genus Sulfolobus ....................................................................................................... 17 

State-of-the-art and Motivation for this Thesis ............................................................................................. 18 

Goal of the Thesis ................................................................................................................... 19 

Scientific Questions ................................................................................................................ 19 

Structure of the Thesis .......................................................................................................... 21 

Achievements and Findings ................................................................................................... 23 

Part I Introduction to the organism Sulfolobus acidocaldarius and its biotechnological relevance ..... 23 

Chapter 1: Review – Sulfolobus in the biotech industry .......................................................................... 23 

Part II Fundamentals for the biotechnological utilization of S. acidocaldarius as production host ..... 24 

Chapter 2: Growth on complex natural substrates ................................................................................ 24 

Chapter 3: Development of a defined cultivation medium .................................................................... 25 

Chapter 4: At-line viability determination for efficient bioprocessing ................................................ 26 

Part III Potential applications of Sulfolobus acidocaldarius in industrial biotechnology .......................... 27 

Chapter 5: Recombinant protein production and whole-cell catalysis ............................................... 27 

Chapter 6: Generation of tailor-made archaeal lipids ............................................................................. 28 

References ............................................................................................................................... 29 

Manuscripts ............................................................................................................................. 37 

Sulfolobus – A Potential Key Organism in Future Biotechnology .............................................................. 39 

Enzymatically treated beech wood hydrolysate as carbon source for Sulfolobus acidocaldarius ........ 55 

Exploitation of wheat straw biorefinery side streams as sustainable substrates for microorganisms - 
a feasibility study ................................................................................................................................................... 67 

A defined cultivation medium for Sulfolobus acidocaldarius ......................................................................... 81 

At-line viability determination of Sulfolobus acidocaldarius for  efficient bioprocessing ........................ 95 

Kinetics and Predicted Structure of a Novel Xylose Reductase from Chaetomium thermophilum .. 107 

Heterologous expression of a xylose reductase in Sulfolobus acidocaldarius ........................................ 127 

The influence of growth rate on the lipid composition of Sulfolobus acidocaldarius determined with 
MALDI-MS ............................................................................................................................................................ 139 

Method for producing a composition comprising archaeal lipids from a Sulfolobus cell culture ..... 159 

Conclusions ........................................................................................................................... 163 

Answers to Scientific Questions ..................................................................................................................... 164 

Take-home Message ........................................................................................................................................... 165 

Appendix ............................................................................................................................... 167 

Curriculum Vitae ................................................................................................................................................ 167 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 Zusammenfassung 

 

- 8 - 
 

  

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 Introduction 

 

- 9 - 
 

Introduction 

The Extremes of Biotechnology  

Although traditional biotechnology mostly relies on mesophilic bioprocesses, extremophiles 

are exploited in several fields of the bioprocess industry. One particularly successful 

application is the utilization of their astonishingly stable enzymes, so called extremozymes. 

For this purpose it is sufficient to get hold of the DNA that codes for the enzyme of interest 

and no further cultivation or characterization of the natural host organism is necessary. 

Thanks to the huge amount of available metagenomic data, today even enzymes of not yet 

cultured extremophiles can be utilized in that way via recombinant expression of the 

extremozymes in a heterologous host. The extremozymes are deployed in the feed, food and 

beverage industry, textile and cleaning industry and pulp and paper industry, but also in 

scientific research and diagnostics. A high demand exists for starch-hydrolyzing (Elleuche 

and Antranikian, 2013), (hemi)cellulolytic (Beg et al., 2001; Kuhad et al., 2011), pectinolytic 

(Sharma et al., 2013), chitinolytic (Chavan and Deshpande, 2013), proteolytic (Li et al., 2013), 

and lipolytic (Hasan et al., 2006) enzymes (Elleuche et al., 2015). Applications for the highly 

stable enzymes are found at high or low temperature processes, processes at extreme pH 

values, in organic solvents and under hyper-saline conditions. But also under moderate 

conditions extremozymes show superior properties compared to conventional enzymes 

regarding their long time stability, a most crucial factor in applications with immobilized 

enzymes, where the biocatalysts are used continuously or for multiple consecutive 

conversion steps. 

Besides such applications that utilize only the genes of extremophiles and generally produce 

the extremozymes in a heterologous host organism, a number of applications exist, that are 

based on the use of the whole extremophilic organism, since the product of interest is 

generated via a complex metabolic pathway that cannot simply be implemented at will in a 

heterologous host. This is, for example, the case for the biological production of methane that 

is carried out with methanogenic Archaea today. Production of biomethane is performed 

either for the valorization of biotechnological, agricultural or food waste streams (conversion 

of methyl compounds, formate, acetate or pyruvate), or for the conversion of CO2 and H2 

into methane known by the catchphrases “biological methanation” and “power-to-gas” 

(Frigon and Guiot, 2010; Hedderich and Whitman, 2013; Lecker et al., 2017). 

The field of waste water treatment also harbors interesting applications for extreme 

thermophiles as well as halophilic organisms. In particular industrial waste streams often are 

discharged at high temperatures or come with a high salt burden. Microorganisms that are 

capable of thriving in such environments are successfully utilized for the elimination of toxic 

compounds in waste waters that are otherwise not amenable to biological waste water 

treatment or else would require a preceding cooling or dilution step (Lefebvre and Moletta, 

2006; Duncan et al., 2017). 

Today, approximately 15% of the global copper production and 5% of the global gold 

production are based on biological leaching processes that are used for the treatment of low 
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grade ores (Donati et al., 2016). Since low grade ores will become the dominant resource for 

most metals in the future (Norgate and Jahanshahi, 2010), the importance of bioleaching is 

expected to increase steadily. Leaching in open heap systems is usually carried out with 

moderate thermophiles with a temperature optimum at around 40 to 50 °C, while leaching in 

controlled reactors is preferentially performed using extreme thermophiles with optimal 

growth temperatures of 65 °C and higher (Batty and Rorke, 2006). Advantage of the higher 

temperature is that the most abundant, but under mesophilic conditions not accessible, 

copper mineral, chalcopyrite, (accounting for more than 70% of earth´s copper) can be 

utilized under these conditions and overall higher yields are achievable (Panda et al., 2015). 

Besides copper and gold, cobalt, nickel and zinc are further metals that are produced via 

bioleaching. Although sulfuric acid is a problematic byproduct of bioleaching, the process is 

an attractive alternative to the practice of chemical leaching where huge amounts of 

chemicals, like cyanides, highly toxic both to the environment and human health, are 

employed (Norgate and Haque, 2012; Jerez, 2017). 

Canthaxanthin is a lipid-soluble carotenoid with antioxidant activity used in the cosmetics 

industry, as food dye and feed additive in fish, crustacean, and poultry farms (Esatbeyoglu 

and Rimbach, 2017). Although canthaxanthin can also be produced via chemical synthesis, 

there is an increasing demand for biologically produced canthaxanthin especially in the food 

and cosmetic industry (Global Market Insights, 2018). Natural canthaxanthin is typically 

produced using the halophilic Archaeon Haloferax alexandrines (Asker and Ohta, 2002) and its 

market was over 35 million USD in 2017 with an expected annual growth rate of 3%, while 

the total market of canthaxanthin is expected to reach over 85 million USD by 2024 (Global 

Market Insights, 2018).  

A not yet commercially utilized but potentially interesting product of extremophilic origin is 

bacteriorhodopsin, a membrane-bound pigment protein produced by the haloarchaeum 

Halobacterium salinarum. Bacteriorhodopsin acts as a light-driven proton pump and contains 

a retinal molecule that experiences a conformation change upon absorption of a photon. By 

passing on the conformation change to the surrounding protein, bacteriorhodopsin transfers 

a proton across the archaeal membrane. Consecutively H. salinarum utilizes the forming 

protein gradient for phototrophic generation of ATP. Bacteriorhodopsin was proposed for 

the use in numerous optical applications, e.g. holography, artificial retinas, photochromic 

dyes or spatial light modulators (Coker, 2016). 

Over the last years also archaeal lipids sparked strong interest in the biotech industry as 

vehicles for drug, vaccine and gene delivery due to their outstanding chemical and thermal 

stability (Quehenberger et al., 2017; van Hoogevest, 2017).  

Summarizing, the most important commercial bulk products derived from extremophilic 

organisms are extremozymes, biomethane, cleaned water and extracted metal. An example 

for a commercially important high value compounds is the carotenoid canthaxanthin used in 

the cosmetics, food and feed industry. 
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The Extreme Domain of Archaea 

History and outer phylogeny: In 1977/78 Carl Woese and coworkers discovered and 

described the distinctiveness of Archaea and their classification as separate phylogenetic  line 

of decent (Woese and Fox, 1977; Woese, 1987), a finding that would eventually revolutionize 

the way of how we picture the phylogenetic tree of life: In the year of 1990 Woese, Otto 

Kandler and Mark Wheelis proposed the today commonly acknowledged reclassification in 

three domains of life: Bacteria, Archaea1 and Eukarya. Due to their communality of a lack of 

a membrane bound nucleus, the domains of Bacteria and Archaea are assigned to the group 

of prokaryotes. Many early discoveries of Archaea were made in very harsh environments 

under conditions of elevated temperatures, high pressure, and a limited supply of organic 

carbon sources. Since these conditions were, during that time, thought to prevail during the 

dawn of life, the term “Archaea”, (from “archaios” ancient greek: ancient, primal) was chosen 

based on the assumption these organisms represented the ancestors of all living life forms. 

Today, we know that, although Archaea and Bacteria share a prokaryotic morphology and 

similar pathways for central metabolism and energy conversion, information-processing in 

Archaea and Eukarya is driven by analogous enzymes; though archaeal systems are much 

simpler. This assumption of Archaea being the ancestors of life as we know it is disproven by 

this similarity between Archaea and the highly developed Eukarya, forming an exclusive 

monophyletic clade and due to the fact that Archaea and Bacteria differ substantially in 

many physiologic and genetic aspects. Key distinctive features between Archaea and 

Bacteria are: 1) Structure and composition of the ribosomal RNA (mainly 16S-rRNA); 2) 

Structure of the RNA polymerase and components involved in translation; 3) Lack of 

peptidoglycan (murein) and instead presence of pseudopeptidoglycan, glycoproteins or  

S-layer; 4) Due to the different cell wall composition and genetic system Archaea are 

resistant towards many antibiotics commonly employed against Bacteria (e.g. penicillin, 

chloramphenicol, kanamycin, rifampicin), while diphtheria toxin, a substance that inhibits 

protein synthesis in Eukaryotes, is also toxic for Archaea; 5) Composition of archaeal 

membrane lipids that consist of an isoprenoid core structure linked to glycerol in sn-2,3 

position via ether bonds compared to in sn-1,2 position linked bacterial fatty acid ester lipids; 

6) Archaea feature unique metabolic pathways and utilize unusual cofactors and vitamins 

(Martin, 2004). In addition to the alternatingly shared properties with Bacteria and Eukarya, 

as much as 50% of the genes found in archaeal genomes are estimated to encode novel 

proteins with no obvious counterparts in the other domains of life (Allers and Mevarech, 

2005). 

Inner phylogeny: The overwhelming majority of culturable and well-investigated archaeal 

species are members of the two phyla Euryarchaeota and Crenarchaeota. Several additional 

phyla have been proposed, often motivated by the discovery of very few, or even only a 

                                                 

1 Today “Archaea” is the established term for the description of the phylogenetic entity, although in colloquial 
language and older scientific literature the (outdated) term “Archaebacteria” can still be encountered 
occasionally. This dates back to the time before the “Woesian Revolution”, when Archaea were still classified 
as Bacteria, which back then were divided in the two separate domains “Eubacteria” and “Archaebacteria”.  
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single species, that differ significantly from the members of the established phyla. To date 

Korarchaeota, Nanoarchaeota (Huber et al., 2002), Thaumarchaeota and Lokiarchaeota 

(Spang et al., 2015) are most prevalent, in addition to the two major phyla. Furthermore, 

several superphyla (“TACK”, “DPANN”, “Asgard”) emerged that comprise monophyletic 

clades of various proposed phyla including also lesser known phylogenetic entities. The 

current state and historical development of the archaeal tree of live are described in an 

excellent review by Spang et al. (2017). 

Ecology: Archaea are renowned for their colonization of extreme habitats, ranging from 

psychrophile, piezophile, halophile, alkalophile, acidophile to (hyper) thermophile 

environments. Today it is established that besides these hostile habitats, Archaea also live in 

mesophilic environments. Due to the fact that oftentimes Archaea occupy unique ecological 

niches or live in symbiosis with other microorganisms, many species have yet not been 

cultivated in the lab or can only be grown in co-cultures. This is also the reason why only 

recently, aided by the rise of environmental metagenomics, the ubiquitous nature of the 

archaeal domain was revealed (Venter et al., 2004). Still, there is one ecological niche 

unoccupied by Archaea: so far no pathogenic archaea have been found. 

Physiology and Metabolism: Due to their appearance in such diverse habitats, Archaea are 

exceptionally versatile in their trophic lifestyles and are a source of numerous unique 

metabolic pathways. Their metabolism can be aerobe, facultative anaerobe or obligate 

anaerobe. Besides heterotrophs there are facultative and obligate chemolithoautotrophs that 

use organic substrates or hydrogen gas as electron donor and elemental sulfur as electron 

acceptor instead of oxygen, and others that aerobically oxidize elemental sulfur. Another 

common strategy for energy generation is the oxidation of divalent metal ions such as Fe2+. 

CO2 fixation is practiced by a number of chemolithoautotrophs via the 3HP/4HB cycle, the 

dicarboxylate/4HB cycle, the reductive acetyl-CoA pathway or the reductive citric acid cycle. 

Halobacteria can perform CO2 fixation via photosynthesis utilizing the purple membrane 

pigment bacteriorhodopsin in addition to their heterotrophic lifestyle. Some species are 

known to fixate molecular N2, to satisfy their nitrogen demand. 

Genomics: As mentioned, Archaea share traits with both Bacteria and Eukarya. The same 

divide is also reflected in the archaeal genome, where genes coding for information 

processing resemble their eukaryotic counterparts and genes coding for housekeeping 

functions are similar to bacterial genes. This should not disguise the fact that Archaea on 

their own are a plentiful source of unique genes. Actually, in an investigation of euryarchaeal 

genomes 9-15% of inspected protein-coding genes were identified as signature genes, i.e. 

genes with no known counterparts in the other two domains of life (Graham et al., 2000).   

Interestingly, the share of bacterial genes which is estimated to range from 10-30%  

(Garcia-Vallvé et al., 2000; Koonin et al., 2001) varies significantly between different Archaea 

and is subject to a constant change via lateral gene transfer. Since informational genes 

typically represent subunits of larger complexes, they are less prone to lateral gene transfer 

compared to operational genes that oftentimes encode for independently functional 

enzymes. Some archaea are more prone to lateral gene transfer than others. Especially the 
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metabolically diverse groups of methanogens and halophiles, which oftentimes naturally 

occur in co-culture with Bacteria, were found to incorporate large fractions of bacterial genes 

(Deppenmeier et al., 2002).  

Transcription is carried out with the archaeal RNA polymerase whose core and holoenzyme 

share remarkable similarity with the eukaryotic RNA polymerase II. The enzymes also share 

the requirements for efficient promotor recognition, like the TATA-box binding protein and 

transcription factor B (Blombach and Grohmann, 2017). Nevertheless, the archaeal version of 

the transcription machinery is much simpler than the eukaryotic counterpart and therefor 

used as important model system for investigation of transcription processes in eukaryotic 

systems. 

Translation in Archaea is again strikingly similar to Eukarya while the whole process can be 

seen as mosaic of bacterial and eukaryal features. rRNA and other major components of 

archaeal ribosomes are very similar to their eukaryotic homologues and also the number of 

initiation factors (>10 in Archaea and Eukarya) cannot be found in Bacteria which require 

only 3 initiation factors (Dennis, 1997). Archaea, like Eukarya, use methionine for initiation, 

while Bacteria rely on N-formylmethionine. Then again, Archaea process polycistronic 

mRNA, and mRNA recognition often happens at a Shine-Dalgarno sequence in the  

5’ uncoding region, features that are characteristic for Bacteria (Bell and Jackson, 1998). 

Nevertheless another mechanism of archaeal translation initiation on leaderless mRNA is 

described which resembles the eukaryal initiation process (Benelli et al., 2003).    

Genomic structure is very similar in Archaea and Bacteria since they both harbor a single 

chromosome while they lack a nucleus. Yet again, the archaeal machinery for DNA 

replication is, although simpler in its composition, more similar to the eukaryotic 

counterparts (Grabowski and Kelman, 2003) and Euryarchaeota even organize their genome 

as chromatin with histones, while histones are completely absent in Crenarchaeota (White 

and Bell, 2002).  

DNA repair sparks obvious interest since many archaeal model organisms have to face harsh 

environmental conditions. Unfortunately, not nearly as much is known about the archaeal 

DNA repair systems as for the other domains of life (Kelman and White, 2005; Zatopek et al., 

2018). Interestingly, the otherwise ubiquitous MutS/MutL repair mismatch repair system is 

absent from Archaea. Nevertheless, studies of Sulfolobus acidocaldarius have shown that 

Archaea can be as efficient at DNA repair as Escherichia coli and mutation rates are 

comparable with or even lower than those of other microorganisms (Grogan, 2000). 

Halophiles which are naturally exposed to strong UV radiation are the best studied Archaea 

in regard of their DNA repair systems of UV-induced DNA damage (Jones and Baxter, 2017). 

Known mechanisms include photoreactivation (a process that utilizes visible light to revert 

cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidone photoproducts by directly 

rearranging bonds with help of a photolyase), nucleotide excision repair (resynthesis of a 

excised damaged strand by a DNA polymerase), base excision repair (replacement of 

(oxidatively) altered nucleobases) and homologous recombination (excision and creation of 
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recognition sites at the broken ends followed by recombinase binding and reconnection of 

the strands).  

Archaeal model organisms and their genetic tools: For a microbial species to emerge as 

“model organism” the development of efficient genetic tools for its investigation on a 
molecular level is of crucial importance. Compared to Bacteria and Eukarya, only a limited 

number of genetics tools are available for the manipulation of Archaea. Factors that hinder 

the development of efficient genetic tools are that many archaeal species are resistant against 

conventional antibiotics utilized for selection in established bacterial genetic systems, caused 

by fundamental differences in membrane composition and replication machinery. In 

addition, the environmental requirements of extremophilic archaeal species prevent (thermo-

)labile conventional selection markers and antibiotics. Nevertheless, for a few model 

organisms powerful genetic tools have been developed capable of gene knock-out and 

insertion of whole genetic cassettes of interest (Leigh et al., 2011; Atomi et al., 2012). On top 

of their genetic amenability these archaeal model organisms can be readily cultivated in the 

laboratory with acceptable effort, exhibit reasonable doubling times and allow for biomass 

titers of at least ~1 g/L which is sufficient for performing investigations on a biomolecular 

level. Among Euryarchaeota, genetic systems have been developed for halophiles 

(Halobacterium salinarum and Haloferax volcanii), methanogens (Methanococcus and 

Methanosarcina), and members of Thermococcales (Thermococcus kodakarensis and Pyrococcus 

furiosus). In Crenarchaeota, genetic tools are available for species of the genus Sulfolobus 

(Sulfolobus islandicus, Sulfolobus solfataricus and S. acidocaldarius). An overview of important 

genetic tools for the most important archaeal model organisms is shown in Table 1. 

Halophiles: Halophiles were the first Archaea that were routinely transformed with foreign 

DNA utilizing PEG-mediated transformation (Charlebois et al., 1987; Cline et al., 1989). 

Genetic systems based on resistances against the antibiotics novobiocin, a gyrase inhibitor, 

and mevinolin/simvastatin (inhibition of 3-hydroxy-3-methylglutaryl coenzyme A  

(HMG-CoA) reductase) are available and applied in Escherichia coli shuttle vectors (Holmes 

and Dyall-Smith, 1990; Holmes et al., 1994). Also, autotrophic selection and counterselection 

based on uracil/5-FOA has been utilized in a number of halophiles (e.g. Halobacterium 

salinarum, Haloferax mediterranei, and Haloarcula hispanica (Liu et al., 2011). 

Methanogens: In methanogens introduction of DNA is performed using PEG-mediated 

transformation (Tumbula et al., 1994) and liposome-mediated transformation (Metcalf et al., 

1997). A system utilizing the antibiotic puromycin and a resistance based on a puromycin 

transacetylase gene (Gernhardt et al., 1990) is frequently used. Also, counterselection 

methods have been developed (Moore and Leigh, 2005) based on 6-azauracil and  

8-azahypoxanthine. Fortunately, genetic tools can be transferred between different 

methanogen species. 

Thermococcales: CaCl2-mediated heat shock transformation for introduction of foreign DNA 

was demonstrated for Thermococcus kodakarensis (Sato et al., 2003) and Pyrococcus furiosus 

(Waege et al., 2010), while PEG-mediated transformation is used in Pyrococcus abyssi (Lucas 

et al., 2002). Genetic tools are mostly developed for T. kodakarensis and P. furiosus, although 
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for P. abyssi shuttle vectors are also described (Lucas et al., 2002). For T. kodakarensis 

(Matsumi et al., 2007) and P. furiosus (Waege et al., 2010) the antibiotic simvastatin and an 

resistence HMG-CoA reductase overexpression cassette are available. Counterselection in  

T. kodakarensis (Sato et al., 2005) and P. furiosus (Lipscomb et al., 2011) is possible with the 

known 5-FOA/pyrF system. 

Sulfolobus: Members of the genus Sulfolobus represent the only genetically amenable 

crenarchaeal species to date. In the early days, a number of natural genetic elements (Zillig et 

al., 1998, 1998; Stedman et al., 2000), including transposons, viruses and cryptic plasmids, 

were harnessed as transformation tools for S. solfataricus and S. acidocaldarius (Schleper et al., 

1992, 1992; Aagaard et al., 1996; Elferink et al., 1996; Berkner and Lipps, 2008; Wagner et al., 

2009). Nowadays, transformation is routinely carried out via electroporation. The 

development of potent manipulation systems based on selectable markers like lacS/-

galactosidase for S. solfataricus on lactose minimal medium and later a uracil/5-FOA based 

system for pyrEF deletion mutants of S. acidocaldarius, S. islandicus (Deng et al., 2009; She et 

al., 2009; Wagner et al., 2009, 2012) and eventually S. solfataricus posed a significant leap 

forward in the development of the genetic toolbox of the genus Sulfolobus. Today, a wide 

range of E. coli-Sulfolobus shuttle vectors and over-expression plasmids are available and 

described in detail in the literature (Aravalli and Garrett, 1997; Stedman et al., 1999; 

Jonuscheit et al., 2003; Albers et al., 2006; Aucelli et al., 2006; Berkner and Lipps, 2008). In a 

recent advancement it was possible to harness the endogenous CRISPR/Cas system of  

S. islandicus for targeted genome editing (Li et al., 2016). This is a next step in the direction of 

facilitated and accelerated manipulation of the genus Sulfolobus.   
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Table 1: An overview of important genetic tools for the most important archaeal model organisms. Further sources can be found in the text of this 
Thesis and in two excellent reviews on archaeal genetic tools by Leigh (2011) and Atomi et al. (2012). 

  Antibiotics Selection marker 
Transformation 

method 

Relevant reviews and selected 

publications  

Halophiles 

Halobacterium salinarum 

novobiocin, 

mevinolin/ 

simvastatin 

uracil/5-FOA PEG-mediated 
Book chapter that reviews the 
genetic systems for halophiles: 
(Berquist et al., 2006);  

Strains and plasmids for inducible 
overexpression in H. volcanii: (Allers 
et al., 2010) 

Haloferax volcanii 

novobiocin, 

mevinolin/ 

simvastatin 

uracil/5-FOA, leucine, 

thymidine, tryptophan, 

histidine, methionine 

PEG-mediated 

Methanogens 

Methanococcus puromycin 

6-azauracil/8-

azahypoxanthine, 

histidine 

auxotrophy/prototrophy 

PEG-mediated 

 

Review of genetic tools in 
Methanococcus: (Tumbula and 
Whitman, 1999) 

Methanosarcina puromycin 8-aza-2,6-diaminopurine 
liposome-

mediated 

Overview of genetics and genetic 
tools for Methanosarcina: (Kohler and 
Metcalf, 2012) 

Thermococcales 

Thermococcus kodakarensis simvastatin 
uracil/5-FOA, agmatine, 6-

methylpurine 
heat shock 

Transformation system for 
Thermococcus kodakaraensis: (Sato et 
al., 2005) 

Pyrococcus furiosus simvastatin 
uracil/5-FOA, tryptophan 

auxotrophy 
heat shock 

Transformation system for 
Pyrococcus based on a vector 
conferring simvastatin resistance: 
(Waege et al., 2010) 

Sulfolobus 

Sulfolobus islandicus - uracil/5-FOA electroporation 
Overview of genetic tools for the 
genus Sulfolobus:  (Peng et al., 2017); 

endogenous CRISPR system as 
genetic engineering tool for  
S. islandicus:  (Li et al., 2016);  

Gene disruption via homologous 
recombination (S. solfataricus): 
(Albers and Driessen, 2007);  

Genetic toolbox for S. acidocaldarius: 

(Wagner et al., 2012) 

Sulfolobus solfataricus - uracil/5-FOA electroporation 

Sulfolobus acidocaldarius - uracil/5-FOA electroporation 
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The Poly-Extremophilic Genus Sulfolobus  

The genus Sulfolobus comprises some of the best characterized members of the phylum 

Crenarchaeota, a group of mostly extreme thermo-acidophilic organisms that represent the 

second major phylum of the archaeal domain besides the Euryarchaeota. Natural habitat of 

Sulfolobus species are solfataric fields all around the world, including the USA, Costa Rica, 

Mexico, Russia, Japan, China, New Zealand, Germany, Italy and Iceland. The outstanding 

characteristic of these organisms have been investigated since the year of 1972, when Brock 

et al. coined the term “Sulfolobus” and described the first species of the group: Sulfolobus 

acidocaldarius2 (DSM 639; former strain 98-3).  

Since Sulfolobus spp. can be grown and manipulated under laboratory conditions, they are 

popular model organisms to study Archaea. Research has been focused on their biology and 

physiology. Currently, genomics (Bell et al., 2002; Dai et al., 2016), proteomics (Chong and 

Wright, 2005; Ellen et al., 2010; Pham et al., 2010; Kort et al., 2013), metabolomics (Ulas et al., 

2012; Bräsen et al., 2014), composition and function of the archaeal membrane (Albers and 

Meyer, 2011) and the archaellum (Albers and Jarrell, 2015), as well as interaction with 

archaeal viruses (Prangishvili et al., 2006) are important fields of research. Nevertheless, 

there is also growing interest in the utilization of this genus in biotechnological applications 

and the development of engineered strains to exploit the organisms´ unique characteristics. 

Sulfolobus spp. are a source of unique enzymes (Littlechild, 2015), biomaterials (Benvegnu et 

al., 2009; Besse et al., 2015) and metabolic pathways (Bräsen et al., 2014). As most prominent 

examples, the branched Entner-Doudoroff pathway (Kouril et al., 2013) as well as Weimberg 

and Dahms pathways for the degradation of hexoses and pentoses (Nunn et al., 2010) should 

be named. These diverse catabolic pathways present a promising field for the exploitation of 

novel products (Ahmed et al., 2005; Siebers and Schönheit, 2005). 

Among the eight Sulfolobus species established in literature, S. islandicus, S. solfataricus and  

S. acidocaldarius are by far the best described members of the genus. While S. islandicus is 

used as a model organism for comparative genomics and genetics (Reno et al., 2009) and for 

host-virus interactions (Held and Whitaker, 2009), no type strain has been designated and 

strains are not commercially available yet. S. solfataricus is the metabolically most diverse 

species and many catabolic enzymes have been investigated in detail (Bräsen et al., 2014). 

Unfortunately, this diversity comes along with a significant genetic instability caused by the 

presence of several hundred mobile elements identified in its genome (Brügger et al., 2002). 

By contrast, the genome of S. acidocaldarius is much more stable (Chen et al., 2005). This 

makes S. acidocaldarius interesting for industrial applications, where strain stability is of 

utmost importance.  

A more in-depth review that highlights the potential of the genus Sulfolobus in future 

biotechnology can be found in Part I of this Thesis. 

                                                 

2 The lexeme of the genus is a copulative compound consisting of the terms “Sulfo” (lat. Sulfur) and “lobus” (lat. 
lobe), while the species name is a compound of “acido” (lat. acid) and “caldarius” (lat. warm or hot), thereby 
describing the habitat and morphology of the organism.  

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 Introduction 

 

- 18 - 

 

State-of-the-art and Motivation for this Thesis 

Before an organism can be utilized as production strain in the biotech industry several 

subjects have to be investigated and a certain basis of fundamental process technological and 

analytical tools has to be established. Physiology, metabolism and genetics of S. acidocaldarius 

are reasonably well characterized and reliable genetic tools are available and easily 

applicable. Moreover, S. acidocaldarius has a stable genome and thus low mutation rates of 

production strains can be expected. This genetic stability is especially important for 

continuous fermentations, a cultivation mode that is highly attractive for extremophiles due 

to the low risk of contamination. On the other hand important issues still remain to be 

tackled: Hardly any results are published on the use of sustainable, low-cost media derived 

from industrial waste streams for the production of sustainable bulk chemicals or the use of 

Sulfolobus species in biorefinery concepts. Also on the other side of the biotechnological 

spectrum, in the production of pharmaceuticals, the demand for an inexpensive and defined 

cultivation medium that meets the requirements of Quality by Design (QbD) guidelines is 

not met, since no such media formulations have been published yet. Strain characterization, 

development of regimes for high cell density cultivations, and development of sophisticated 

monitoring tools for advanced bioprocess development and characterization are further 

topics that still remain to be investigated in much more detail.  

This Thesis is motivated by the promising properties of the potential future biotechnological 

host S. acidocaldarius and strives to clear the way for its utilization in an industrial context by 

shedding light on some of the above mentioned topics.  
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Goal of the Thesis 

Goal of this Thesis is to describe the potential of S. acidocaldarius as host organism in 

industrial biotechnology, and to find and evaluate possible applications of the 

microorganism that are suitable for commercialization. 

Scientific Questions 

1. Can lignocellulosic hydrolysates be used as carbon source for S. acidocaldarius? 

Approach: Conduction of feasibility studies for testing hydrolysates of two highly abundant 

sustainable sources of lignocellulose, namely wheat straw and beech wood, for their 

suitability as carbon sources for S. acidocaldarius. Potentially present inhibitors were to be 

removed via appropriate simple detoxification steps. 

Hypotheses:  

 The content of fermentable sugars in beech wood and wheat straw hydrolysates lead 

to a significant increase in growth of S. acidocaldarius compared to reference media 

that lack these carbon sources. 

 Mild hydrolysis steps (enzymatic pretreatment and hot water hydrolysis at maximum 

120 °C) lead to low amounts of inhibitors thereby facilitating growth of  

S. acidocaldarius. 

2. Can we find a composition for a defined cultivation medium that supports growth of 

S. acidocaldarius with biomass yields and specific growth rates comparable to a 

complex medium based on protein hydrolysates? 

Approach: Substitution of NZ-amine, a routinely used complex carbon source for the 

cultivation of S. acidocaldarius, with single, defined constituents aiming for highest specific 

growth rates and biomass yields and systematic reduction of salts and trace elements until 

the threshold of growth limitation, via one-factor-at-a-time changes. Investigation of the 

effect of potential growth promoting agents and search for a suitable buffer system. 

Hypotheses:  

 A complex carbon source can be substituted by one, or a mixture of, single 

constituent(s) without reduction of specific growth rate or biomass yield. 

 The commonly used “Brock Medium” contains an excess of most salts and trace 

elements and a reduction of these components can be achieved without growth 

impairment.  

 Substitution of vitamins has a growth promoting effect on S. acidocaldarius. 

3. Are the results of fluorescence based, at-line methods for the determination of the 

viability of S. acidocaldarius comparable with a plating assay that is considered the 

gold standard of viability assays? 

Approach: Screening of fluorescence dyes that are commonly used in Bacteria and Eukarya 

regarding their staining efficiency of S. acidocaldarius cells using a fluorescence microscope 

with subsequent transfer to a flow cytometer and fluorescence plate reader as more 

automated and statistically sound analysis techniques. 
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Hypotheses:  

 Fluorescence based viability assays for S. acidocaldarius generate correlating results 

with a plating assay. 

 Using fluorescence based viability assays it is possible to monitor an S. acidocaldarius 

culture over the course of a bioreactor cultivation so that changes in viability can be 

timely detected. 

4. Can S. acidocaldarius be used for the expression of a eukaryotic gene with the goal of 

intracellular conversion of xylose to xylitol? 

Approach: Literature search for a thermostable xylose reductase followed by biochemical 

characterization of the thermostable enzyme candidate. Subsequent expression of the xylose 

reductase gene in S. acidocaldarius strains with knock-outs in the pentose degradation 

pathway in order to produce xylitol at low pH and elevated temperature. 

Hypotheses: 

 The fungal kingdom can be tapped as source for a xylose reductase that is stable at 

temperatures of ~75 °C. 

 Transcription, translation and folding of genes and proteins of eukaryotic origin are 

possible in S. acidocaldarius. 

 Gene deletions in the pentose degradation pathway of S. acidocaldarius can increase 

the substrate flux towards xylitol formation. 

5. Do growth temperature and specific growth rate affect the lipid pattern of  

S. acidocaldarius regarding distribution of lipid classes and lipid species and if yes, 

how?  

Approach: Cultivation of S. acidocaldarius in a continuous stirred-tank reactor at different 

growth temperatures and specific growth rates and subsequent extraction and analysis of the 

generated lipid pattern with MALDI-MS analysis. Adoption of a stable physiological state 

and enabling of reproducibility of the lipid pattern by employing continuous cultivation 

conditions.  

Hypotheses: 

 In order to adapt to external influences S. acidocaldarius modulates its membrane 

composition by changing the ratio of lipid classes and lipid species within its 

membrane. 

 Besides growth temperature, the nutrient supply is one such external influence. 
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Structure of the Thesis 

The Thesis is structured into 3 parts containing 6 chapters in total. It comprises 3 scientific 

publications, 3 submitted manuscripts, 2 monographic chapters and 1 filed patent. 

Part I  Introduction to the organism Sulfolobus acidocaldarius and its 
biotechnological relevance 

Chapter 1: Review – Sulfolobus in the biotech industry 

A description of the properties that make Sulfolobus species useful hosts for industrial 

biotechnology and of the drawbacks and limitations of the organism, as well as 

potential applications that have been described in the literature. 

Part II Fundamentals for the biotechnological utilization of Sulfolobus 
acidocaldarius as production host 

Chapter 2: Growth on complex natural substrates 

A feasibility study to evaluate 1) the potential of enzymatically treated beech wood 

hydrolysate as carbon source for S. acidocaldarius as well as 2) the utilization of  

S. acidocaldarius for the valorization of hot water treated wheat straw hydrolysate. 

Chapter 3: Development of a defined cultivation medium 

Description of a novel citrate buffered defined cultivation medium based on the 

carbon sources monosodium glutamate and glucose for the cultivation of  

S. acidocaldarius. 

Chapter 4: At-line viability determination for efficient bioprocessing 

Development of fluorescence based methods for the determination of viability of  

S. acidocaldarius during bioreactor cultivation. 

Part III Potential applications of Sulfolobus acidocaldarius in industrial 
biotechnology 

Chapter 5: Recombinant protein production and whole-cell catalysis 

An investigation of the microbial conversion of xylose to xylitol by mutants of  

S. acidocaldarius with knock-outs in the pentose degradation pathway via use of a 

heterologous xylose reductase. 

Chapter 6: Generation of tailor-made archaeal lipids 

Investigation of the influence of growth temperature and specific growth rate on the 

lipid pattern of S. acidocaldarius, with the goal to steer the ratio of tetraether to diether 

lipids and number of cyclopentane rings via adjustment of the examined process 

parameters. 
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Achievements and Findings 

In Part I of this Thesis I give a general overview of the current status of S. acidocaldarius in the 

biotech industry in form of a published review paper. In Part II I investigate 3 fundamental 

prerequisites for the adoption of S. acidocaldarius in biotechnological applications, described 

in the chapters on growth on complex natural substrates (submitted manuscript and 

monographic chapter), on the development of a defined cultivation medium (scientific 

publication) and the determination of cell viability for efficient bioprocessing (monographic 

chapter). Finally, in Part III I present the investigations of two concrete applications of  

S. acidocaldarius as heterologous host for whole-cell biocatalysis (scientific publication and 

monographic chapter) and source of commercially relevant tetraether lipids (submitted 

manuscript and filed patent). 

Part I Introduction to the organism Sulfolobus acidocaldarius and its 
biotechnological relevance 

Chapter 1: Review – Sulfolobus in the biotech industry 

Overview: Biotechnological processes could benefit in several ways from the use of the 

extreme thermo-acidophile members of the genus Sulfolobus: greatly reduced contamination 

risk, high substrate solubility, adaption to harsh substrate pretreatment conditions, 

facilitated removal of volatile products and elimination of cooling costs. The genus is a 

source of a broad variety of temperature and acid stable enzymes and produces unique 

biomaterials and metabolites. A well-developed genetic toolset makes exploitation of these 

features possible and emergence of metabolically engineered production strains is reasonable 

in the near future. 

However, there is still considerable need for careful bioprocess development. No continuous 

processes are reported in the literature and sophisticated tools for monitoring and control, 

like on-line measurement techniques for assessing cell viability, are lacking completely. 

Furthermore, media development and optimization have been neglected for too long. For the 

establishment of a competitive, long-lasting or continuous bioprocess, it is mandatory to 

expand process knowledge to be able to understand and control the bioprocess.  

My contribution: I wrote the review on the potential of S. acidocaldarius in industrial 

biotechnology and refined it together with Oliver Spadiut. Sonja-Verena Albers, Bettina 

Siebers and Lu Shen contributed the chapters on genetic tools, central carbon metabolism 

and its graphical description, respectively. 
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Part II Fundamentals for the biotechnological utilization of Sulfolobus 
acidocaldarius as production host 

Chapter 2: Growth on complex natural substrates 

Overview: The utilization of industrial lignocellulosic waste steams has great potential as 

carbon source for heterotrophic biotechnological production hosts. Following the waste-to-

value concept they represent a cheap alternative to food-based carbon source like glucose 

derived from wheat or corn, thereby greatly reducing their social and environmental 

footprint. A strong incentive for using lignocellulosic biomass as substrate for extremophilic 

bioprocesses with S. acidocaldarius is that the growth conditions of the organism (regarding 

pH and temperature) match the conditions for substrate pretreatment. This means, before its 

utilization, there is no need for substrate cooling and neutralization leading to savings in 

cooling costs and a significant reduction of chemicals required for pH regulation. 

Goal: Evaluation of the potential of lignocellulosic hydrolysates derived from wheat straw 

and beech wood for the use as substrate for S. acidocaldarius and, if necessary, discovery of 

ways to remove unwanted inhibitors.  

Examined Scientific Question: (1) Can lignocellulosic hydrolysates be used as carbon source 

for S. acidocaldarius? 

Challenge: 1) Raw materials are very different depending on their origin and tend to exhibit 

strong variations depending on geographic production area, applied production techniques, 

production cycles, season and feedstock used in the lignocellulose processing industries;  

2) during the pretreatment of lignocellulosic biomass, which is generally performed at high 

temperatures and extreme pH values, a significant amount of inhibitors (organic acids, 

furfural, hydroxymethyl furfural and phenolic compounds) is released or formed. These 

inhibitors have the potential to compromise growth of the production organism and 

therefore may have to be removed in a detoxification step; 3) hydrolysates often contain low 

concentration of fermentable sugars compared to media formulations that are used in 

traditional bioprocesses. 

Results: The growth promoting effect of both enzymatically treated beech wood hydrolysate 

and hot water treated wheat straw could be shown. To achieve this effect a detoxification 

method based on activated carbon was developed. In the course of these studies a flow 

cytometry based method for biomass determination in turbid media was developed. 

My contribution: The studies were designed together with Oliver Spadiut. Experiments and 

analytical measurements were planned, performed and evaluated. The methods for 

hydrolysate detoxification and biomass determination in turbid media were developed. The 

manuscript on the use of beech wood hydrolysate was written and the manuscript on the 

utilization of wheat straw was co-authored. 
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Chapter 3: Development of a defined cultivation medium 

Overview: To date, many cultivation media used for the growth of Sulfolobus species are 

based on a formulation published in 1972 by Brock et al. (“Brock Medium”). This medium 

holds some substantial drawbacks: 1) complex media components, like NZ-amine or yeast 

extract, with high batch-to-batch variability, foil reproducibility, substrate analytics, strain 

characterization and selective media optimization; 2) the presence of inhibiting compounds 

in complex media is reported (Park and Lee, 2000); 3) the fluorescence background due to the 

presence of aromatic amino acids impedes direct fluorescence measurements in the medium 

(e.g. use of fluorescent biomarkers); 4) the formation of precipitates is a hindrance for 

reproducible media preparation; and 5) costs are significantly higher compared to 

formulations based on sugars or selected amino acids. 

Goal: Substitution of NZ-amine, used in state-of-the-art media formulations for the 

cultivation of S. acidocaldarius, with a reasonable number of defined components while 

maintaining yield, maximum cell density and specific growth rate. 

Examined Scientific Question: (2) Can we find a composition for a defined cultivation 

medium that supports growth of S. acidocaldarius with biomass yields and specific growth 

rates comparable to a complex medium based on protein hydrolysates? 

Challenge: The exact composition of NZ-amine is not known and it is also uncertain which 

component or effect leads to the growth promotion upon addition of NZ-amine. Possible 

benefits can be a chemical buffer effect, compatible solute properties, the benefit of single 

nutrients or synergic effects, content of unknown trace elements, or a combination thereof.  

Results: The presented results satisfy the urgent demand for a standardized and defined 

growth medium. During this study the following achievements were made: 

 Substitution of complex substrate with monosodium glutamate 

 Removal of precipitates 

 Improved buffer capacity via addition of citric acid for higher final cell densities 

 Reduction of salt and trace element concentrations for lower costs and reduced risk of 

growth inhibition 

Using the described VD-Medium for shake flask cultivations of S. acidocaldarius yields 1.1 g/L 

dry cell weight (OD600=1.7) after a typical incubation time of 95 h with an overall biomass 

yield of 0.33 g/g and a maximum specific growth rate of 0.08 h-1 compared to the Brock 

Medium with 1.2 g/L dry cell weight (OD600=1.8), an overall biomass yield of 0.5 g/g and a 

maximum specific growth rate of 0.12 h-1. The average specific growth rates of both media are 

nearly identical, when comparing the growth over the whole course of the cultivation. 

My contribution: The study was designed together with Oliver Spadiut. Experiments and 

analytics were planned, performed and evaluated. The manuscript was written. 
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Chapter 4: At-line viability determination for efficient bioprocessing 

Overview: Bioprocesses need to be monitored – for efficient process development, process 

control and in order to comply with QbD guidelines (“only viable biomass is producing 

biomass”). Today´s state-of-the-art method for viability determination of Sulfolobus species is 

based on plating assays. It is obvious that due to the long delay of at least 5 days until 

availability of results, the task of bioprocess monitoring cannot be achieved via a culture 

based assay. Therefore, there is a strong demand for the development of a fast and reliable 

at-line method for the assessment of cell viability. 

Goal: Development of methods for the simple and timely at-line determination of viability 

parameters based on fluorescence staining.  

Examined Scientific Question: (3) Are the results of fluorescence based, at-line methods for 

the determination of the viability of S. acidocaldarius comparable with a plating assay that is 

considered the gold standard of viability assays? 

Challenge: The unique cell wall (S-layer) and membrane composition of S. acidocaldarius 

compared to Bacteria and mammalian cells, for which most fluorescence dyes have been 

developed, poses a serious challenge for finding suitable viability stains. In-situ methods but 

also at-line methods have to be evaluated carefully regarding the effect of elevated 

temperature (in-situ) and pH (in-situ and at-line) on reagents, probes and equipment; a 

straightforward method transfer from mesophilic hosts generally cannot be expected.  

Results: A plate reader assay as well as a flow cytometry assay, both based on the enzymatic 

hydrolysis of fluorescein diacetate by endogenous esterases, were development. Comparison 

with a culture based plating assay, regarded the gold standard for viability determination, 

revealed a high correlation with the developed methods and the developed assays are 

capable of reflecting different physiological states of the host organism. 

My contribution: I planned, performed and evaluated the experiments and analytical 

measurements for this study. The methods for fluorescence based viability determination 

were developed together with Andrea Tramontano. I wrote the monographic chapter on the 

determination of cell viability for efficient bioprocessing. 
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Part III Potential applications of Sulfolobus acidocaldarius in industrial 
biotechnology 

Chapter 5: Recombinant protein production and whole-cell catalysis  

Overview: Xylitol is an important C5-sugar alcohol which is in strong demand for food 

applications, pharmaceutics, cosmetics and dental care. Unfortunately, the state-of-the-art 

production of xylitol via Raney-nickel is environmentally harmful due to the use of energy 

intensive process conditions, the use of fossil fuel based reducing agents and huge amounts 

of organic solvents. To overcome these negative aspects a biotechnological production 

process for xylitol is desirable. The utilization of extremophiles for whole-cell biocatalysis 

combined in a one-pot reaction with hydrolyzed lignocellulosic substrates as source of xylose 

and energy is envisioned as sustainable solution for this problem. 

Goal: Characterization of a thermostable xylose reductase and in vivo production of xylitol 

from xylose using S. acidocaldarius as whole cell biocatalyst. 

Examined Scientific Question: (4) Can S. acidocaldarius be used for the expression of a 

eukaryotic gene with the goal of intracellular conversion of xylose to xylitol? 

Challenge: An enzyme capable of catalyzing the reduction of xylose to xylitol at a 

temperature of ~75 °C with a reasonable activity has to be found. An S. acidocaldarius knock-

out strain that does not metabolize xylose has to be found so that the sugar is still available 

for conversion to xylitol. The thermostable xylose reductase has to be integrated in the 

mutant strain, produced and correctly folded, so that the intracellular conversion can take 

place. 

Results: We characterized a xylose reductase from Chaetomium thermophilum and introduced 

and translated the respective gene in a xylose negative mutant of S. acidocaldarius. 

Nevertheless the xylose reductase was not detectable via western blot analysis and as 

consequence also no conversion of xylose to xylitol was possible. 

My contribution: The study was designed together with Oliver Spadiut. Cloning, expression 

experiments, enzyme characterization and analytics were planned, performed and 

evaluated. I wrote the manuscript on the biochemical characterization of the enzyme and the 

monographic chapter on the bioconversion experiments. 
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Chapter 6: Generation of tailor-made archaeal lipids 

Overview: The unique structure of their membrane lipids is one of the most prominent 

phenotypic differences between Archaea vs. Bacteria and Eukarya. Due to their unusual 

chemical properties (bipolar structure, ether bonds, and linkage in the sn-2,3 position) 

archaeal lipids are significantly more resistant to high temperature, low pH, oxidation and 

enzymatic degradation compared to conventional lipids. Additionally, in members of the 

phylum Crenarchaeota condensation of two (monopolar) archaeal diether lipids to a single 

(bipolar) tetraether lipid as well as formation of cyclopentane rings in the isoprenoid core 

strongly reduce permeability of archaeal membranes.  

A large number of studies exist that discuss archaeal lipids as building blocks for drug-, 

gene- and vaccine delivery vehicles. Also unconventional applications like the utilization as 

antimicrobial coating are proposed due to outstanding compactness and increased 

hydrophobicity (e.g. for coating of medicinal devices like catheters, and implants). 

Nevertheless, no such applications are currently realized on an industrial scale. The reason 

for the lacking commercialization is the expensive production of the archaeal lipids due to 

low growth rates, low cell densities and low biomass- and extraction yields combined with 

high downstream costs. A procedure for the production of tailor made archaeal lipids would 

greatly increase their economic potential due to mitigating downstream costs by already 

predetermining the lipid pattern during the upstream process. 

Goal: Determination of critical process parameters during the upstream process that 

influence the lipid pattern regarding lipid classes and lipid species and tailoring the lipid 

pattern by purposeful manipulation of these parameters. 

Examined Scientific Question: (5) Do growth temperature and specific growth rate affect 

the lipid pattern of S. acidocaldarius regarding distribution of lipid classes and lipid species 

and if yes, how? 

Challenge: To ensure steady process conditions for the generation of reproducible lipid 

compositions the controlled environment of a bioreactor is crucial. Downstream processing 

and analytics are highly challenging due to generally low extraction yields of archaeal lipids. 

Results: We showed that S. acidocaldarius changes its lipid composition as reaction to a shift 

in the growth rate caused by nutrient limitation. We thereby identified a novel factor for 

influencing the lipid composition of S. acidocaldarius and were able to determine the effect of 

this factor on the archaeal lipidome by using MALDI-MS: A shift in the specific growth rate 

from 0.011 h-1 to 0.035 h-1 during continuous cultivation of S. acidocaldarius led to a change in 

the ratio of diether to tetraether lipids from 1:3 to 1:5 and in the average cyclization number 

from 5.1 to 4.6. In other words, limitation of the growth rate led to an increase of the share of 

diethers, while the remaining tetraether lipids featured a higher average cyclization number.  

My contribution: The study was designed together with Oliver Spadiut. Experiments were 

planned, performed and evaluated. Analytical measurements were performed under 

guidance and together with Ernst Pittenauer. I wrote the submitted manuscript. 
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Conclusions 

Key achievements of this Thesis are 1) the development of a pretreatment step for the 

utilization of biomass hydrolysates for waste-to-value applications, 2) the development of a 

method for biomass determination in turbid media, 3) the development and optimization of 

a cheap and defined cultivation medium for the production of high value components in  

S. acidocaldarius bioprocesses, 4) development of novel and improved methods for 

monitoring of viable biomass during a fermentation process as well as 5) the description of 

critical process parameters for steerage of the lipid pattern of S. acidocaldarius.  

Following the review on the biotechnological potential of Sulfolobus in the first chapter,  

the second chapter of this Thesis showed once again that complex natural substrates are 

unpredictable in their nature and their utilization as carbon source is challenging even for an 

extremophile like S. acidocaldarius. For the organism to thrive on the tested substrates 

(enzymatically hydrolyzed beech wood and hot water treated wheat straw) removal of 

inhibitors via activated carbon and acetate removal via distillation proved to be necessary. 

Such an additional process step for substrate preparation adds extra costs to any envisioned 

industrial application. Therefore, I conclude that at the current state the use of biomass 

hydrolysates cannot be considered advantageous for S. acidocaldarius based bioprocesses due 

to the organism´s sensibility to inhibitors that are formed during the pretreatment processes 

and the necessity of an additional detoxification step that strongly burdens process 

efficiency. Consequently these limitations render the use of lignocellulose hydrolysates 

economically infeasible, certainly for the production of low value bulk chemicals. An option 

that remains to be investigated is the utilization of lignocellulosic hydrolysates or similar 

substrates (with high inhibitor concentrations and low amounts of fermentable sugars) in 

continuous perfusion processes, where unwanted inhibitors are continuously removed while 

high cell concentrations can be maintained. Additionally, fermentable sugars could be 

supplied in sufficient quantity by employing feed rates greater than the critical dilution rate. 

Meanwhile S. acidocaldarius should be employed in a more controlled biotechnological 

environment with reproducible feedstock used in defined media. Thereby crucial knowledge 

about large scale processes can be acquired and the extremophile can be exploited for its 

unique enzymes, pathways and metabolites as well as for high value building blocks that are 

not present is mesophiles. 

An economically more attractive option for an S. acidocaldarius bioprocess would be the 

production of high value chemicals according to QbD guidelines. Among other 

requirements, these guidelines demand the utilization of educts and products with little 

variations, and the employment of defined media as described in the third chapter of this 

Thesis. To reduce medium costs I was able to eliminate the most expensive component, a mix 

of polypeptides known as NZ-amine, or similar protein hydrolysate based components, from 

the Sulfolobus standard medium (“Brock Medium”) by substituting it with the relatively 

inexpensive bulk chemical MSG and coined the term “VD Medium” for the newly developed 
formulation. 
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Bioprocesses in compliance with QbD guidelines require not only defined media but also 

monitoring tools that can delivery timely responses for efficient bioprocess development and 

control. Therefore, in the fourth chapter this Thesis includes the adaption of monitoring 

tools established in Bacteria and Eukarya for at-line monitoring of the viability of S. 

acidocaldarius cultures. Due to the unusual nature of the archaeal cell envelope, many 

techniques that are successfully used in Bacteria or Eukarya cannot be used for S. 

acidocaldarius. Thus, I propose that in the future there is potential and demand alike for the 

adaption of novel concepts with unconventional approaches which are orthologous to 

existing monitoring tools established in conventional bioprocess development. Although not 

investigated in this Thesis, this could be achieved for example by soft sensors based on 

online data acquired during the fermentation process. 

The fifth chapter demonstrates that on the field of potential applications of S. acidocaldarius 

in production processes it is critical to note that although the molecular basis for genetic 

manipulation is well founded and gene insertions or deletions can be carried out in a straight 

forward way, recombinant production of eukaryotic proteins can be difficult due to their 

different nature regarding protein structure and stability. Possibly, the much more straight 

forward way of exploiting S. acidocaldarius as source of a high value component presented in 

the final (sixth) chapter of this Thesis might, in the end, pose the more successful application 

in future biotechnology: In order to exploit the unique nature of S. acidocaldarius in the most 

direct way I propose the utilization of the membrane of the Archaeon for the production of 

tailor-made archaeal lipids. Based on the presented results, steerage of the production 

pattern regarding lipid classes and lipid species might be possible in future applications via 

regulation of critical process parameters like temperature and growth rate in a controlled 

bioreactor environment. 

Answers to Scientific Questions 

1. Can lignocellulosic hydrolysates be used as carbon source for S. acidocaldarius? 

Yes. The tested lignocellulosic hydrolysates could be used as growth promoting 

substrates thereby substituting a significant amount of carbon source, but detoxification 

of the hydrolysates and addition of minor amounts of supplementary substrate like 

monosodium glutamate or NZ-amine were necessary for efficient growth. 

2. Can we find a composition for a defined cultivation medium that supports growth of 

S. acidocaldarius with biomass yields and specific growth rates comparable to a 

complex medium based on protein hydrolysates? 

Yes. A novel media formulation with improved buffer capacity, reduced number of 

component, reduction of most salts and trace elements by 50 to 70% and lower raw 

material cost was developed. The medium is completely defined, less prone to 

precipitation, easier in its preparation and capable of providing a similar average growth 

rate and final cell density compared to conventional complex media. 
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3. Are the results of fluorescence based, at-line methods for the determination of the 

viability of S. acidocaldarius comparable with a plating assay that is considered the 

gold standard of viability assays? 

Yes. Method comparison over the course of a bioreactor cultivation lasting for more than 

300 h revealed a high correlation between the methods and showed that stress inducing 

events are reflected in a drop in viability also in all methods. Nevertheless, results have 

to be interpreted carefully, since in some incidences, although the assays reveal the same 

phenomena, the response can be chronologically shifted, as shown for the viability 

increase during the lag/early exponential phase. 

4. Can S. acidocaldarius be used for the expression of a eukaryotic gene with the goal of 

intracellular conversion of xylose to xylitol? 

No. Although the gene of interest was successfully introduced and transcribed in  

S. acidocaldarius, neither the protein could be detected via western blot analysis, nor was 

any xylitol present in the culture broth or cytosol.  

5. Do growth temperature and specific growth rate affect the lipid pattern of  

S. acidocaldarius regarding distribution of lipid classes and lipid species and if yes, 

how? 

Yes. An increase in growth temperature also leads to an increase of the average 

cyclization number of tetraether lipids. The specific growth rate influences both the ratio 

of diether to tetraether lipids as well as the average cyclization number, where a 

limitation of the growth rate leads to an increase of the share of diethers, while the 

remaining tetraether lipids feature a higher average cyclization number. 

Take-home Message 

In this Thesis I investigated fundamental topics for the utilization of S. acidocaldarius as 

biotechnological production host. The majority of the presented achievements serve to 

satisfy the requirements of regulatory authorities as stated in the ICH Guideline Q8 on 

Pharmaceutical Development. I envision that by pursuing these QbD principles skepticism 

towards extremophilic bioprocesses, which is still present in the biotechnological and 

specifically pharmaceutical industry, will be overcome more easily. In combination with an 

approach of integrated bioprocess development this will facilitate applications of continuous 

biomanufacturing with S. acidocaldarius. The utilization of complex natural substrates has to 

be evaluated critically and on an individual basis for each possible substrate, since no 

generalizations can be made owing to the diverse properties of the raw materials. In general, 

due to slow growth, relatively high requirements on substrate composition and susceptibility 

towards growth inhibiting components S. acidocaldarius´ biotechnological potential should be 

valued highest in the field of the production of unique high value chemicals.  

In the future, besides exploitation of specialized metabolic pathways and prospection of 

unique biological compounds it will be necessary to further investigate the impact of critical 

process parameters in the upstream process on host physiology, downstream processing and 

critical quality attributes.   
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