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1. INTRODUCTION

Owing to its contamination of a can of meat that had expected to be sterile
after it had been treated with 4,000 Gray (Gy) of γ rays, Deinococcus radio-
durans R1 was isolated and described by Anderson in the 1950’s of the past
century [Anderson et al., 1956]. The sterilizing dose applied is approximately
250 times higher than that typically used to kill Escherichia coli, a repre-
sentative of radiation sensitive bacterium [Battista, 1997]. Since then D. ra-
diodurans’ immanent radio resistance1 and its accurate repair of fragmented
DNA following γ−radiation has made this non-spore forming bacterium the
investigation object of preference.

Radiation in general causes complex damage to various cell components,
including nucleic acids, proteins and membranes. The damage can be caused
either directly by the radiation or indirectly by free radicals produced by it
as it passes through the cell [Mrazek, 2002]. Of the multiple lesions, DNA
injury has the greatest impact on cell viability. Due to its size, genomic
DNA occupies the largest fraction of the cell volume, therefore represent-
ing the most probable target to be hit. In addition, the genome exhibits
little redundancy since it belongs to the small number molecules. Further-
more, considering the genome’s omnipotent regulatory function in a single-
cell organism, partial loss of functionality would result in a cellular collapse
[Cox & Battista, 2005]. Hence, DNA damage is one of the key ramifications
of ultra violet (UV) radiation on present day Earth. Cockell and Andrady
(1999) identified three cardinal interrelated mechanisms that terrestrial or-
ganisms use for dealing with UV radiation: avoidance, protection and repair.

D. radiodurans meets all mentioned features: it indeed avoids UV ra-
diation since it usually inhabits soil [Moseley, 1983]. Additionally, D. ra-
diodurans is red-pigmented due to carotenoids incorporated in its cell wall
[Brooks & Murray, 1981, Carbonneau et al., 1989], which can be regarded as
a protective means. Carotenoids rather provide UV protection indirectly due
to interaction with UV photons, formation of reactive oxygen species is fa-
cilitated and may result in the initiation of a reaction cascade damaging

1 Whenever D. radiodurans’ ionizing radiation resistance is meant, it can be abbreviated
as radio resistance in this dissertation.
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cell components. Carbonneau et al. (1989) assigned the carotenoids a role
as biological antioxidants against reactive oxygen species and involvement in
defense mechanisms as free radical scavengers than as a direct UV-protectant.

Lastly, returning to the point of departure: D. radiodurans’ exceptional
repair capacity. The latter reflects the incitement for this dissertation. This
dissertation delineates the effort to distinguish elements involved in the com-
plex UV-induced lesion recovery by studying the overall response to UV
radiation of repair-deficient mutant strains of D. radiodurans in comparison
to the wild-type strain and analyzing it with the help of lesion distribution
profiles and stress-induced whole genome expression profiles.

1.1 Deinococcus radiodurans is affiliated to the family
Deinococcaceae

The species of the genus Deinococcus represent a very diverse phylogenetic
lineage within the domain Bacteria of which all are gram-positive, non-
motile and non-spore formers. The methodical approach to ascertain D.
radiodurans’ affiliation included ”16S rRNA gene sequence data that have
been used to differentiate the species of the genus Deinococcus both from
other taxa and from each other” [Rainey et al., 1997, Suresh et al., 2004,
Rainey et al., 2005]. This chemotaxonomic approach revealed an ap-
parently ancient derivation with a specific evolutionary relationship to
the Thermus group [Hensel et al., 1986, Woese, 1987, Weisburg et al., 1989,
Battista & Rainey, 2001, Griffiths & Gupta, 2004], which raises the question
whether they had a thermophilic common ancestor [Makarova et al., 2001].

A distinct feature of the Deinococcaceae is their ability to withstand high
fluences of ionizing and UV radiation that are lethal to virtually all other
living organisms and to tolerate approximately 30-fold more DNA double
strand breaks (dsb) than E. coli before surrendering to the genomic damage
([Cox & Battista, 2005] as well as references therein). There are twenty-
five validly described species: D. erythromyxa, D. proteolyticus, D. radiodu-
rans, D.radiophilus, D. radiopugnans [Brooks & Murray, 1981]; D. geother-
malis, D. murrayi [Ferreira et al., 1997]; D. grandis [Rainey et al., 1997];
D. frigens, D. marmoris, D. saxicola [Hirsch et al., 2004]; D. indicus
[Suresh et al., 2004]; D. deserti [de Groot et al., 2005]; D. apachensis, D.
hohokamensis, D. hopiensis, D. maricopensis, D. navajonensis, D. papago-
nensis, D. pimensis, D. sonorensis, D. yavapaiensis [Rainey et al., 2005];
D. ficus [Lai et al., 2006]; D. mumbaiensis [Shashidhar & Bandekar, 2006]
and D. yunweiensis [Zhang et al., 2007]. Twenty-one of these ”tolerate
what for most microorganisms is a sterilizing dose of ionizing radia-
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tion, exhibiting detectable survival after exposure to 10 kGy γ-radiation”
[Zimmerman & Battista, 2005]. The ionizing radiation resistance of
the species Deinococcus indicus [Suresh et al., 2004], Deinococcus frigens,
Deinococcus saxicola and Deinococcus marmoris [Hirsch et al., 2004] has
not been conveyed yet. The latter being an exceptional group within the
Deinococci in growing well in low-nutrient oligotrophic medium, preferring
low temperatures ranging between 9 - 18◦C and having been isolated from
Continental Antarctica.

The mesophile species grow best in nutrient-rich media at temperatures
between 30 and 37◦C, their doubling time ranging between 1.5 and 3 hours.
However, D. geothermalis and D. murrayi are true thermophiles, with optimal
growth temperatures of 45 − 55◦C as well as D. maricopensis, but growing
at 40◦C. In general, the Deinococci are spherically shaped, exist as single, as
pairs or as tetrads in liquid culture. Whereas D. grandis, D. maricopensis, D.
navajonensis, D. papagonensis, D. pimensis, D. yavapaiensis are rod-shaped
and D. sonorensis either forms spherical or short rod-shaped cells.

D. radiodurans is the type strain of the Deinococcaceae and received
more attention by researchers than the other species. D. radiodurans
features plasma and outer membranes and a multilayer cell envelope
[Makarova et al., 2001]. The D. radiodurans genome is 3.28 Mb, with a GC
content of 67% [Cox & Battista, 2005, Rainey et al., 2005]. The deinococcal
genome is composed of a 2.64-Mb chromosome (chromosome I), a 0.41-Mb
chromosome (chromosome II), a 0.18-Mb megaplasmid MP1 and a 0.045-Mb
plasmid CP1 [Lin et al., 1999]. D. radiodurans has between 4 and 10 genome
copies per cell that are dispersed into the diplo- or tetracoccal compartments,
depending on the bacterial growth stage. During exponential growth 8 to 10
haploid genome copies are present in D. radiodurans and 4 genome copies
during stationary phase [Hansen, 1978, Harsojo et al., 1981].

1.2 No unique DNA repair proteins presently known in
Deinococcus radiodurans

Though D. radiodurans’ genome was sequenced in 1999 [White et al., 1999]
and many investigations were performed to elucidate its repair mechanisms
[Moseley & Laser, 1965, Minton, 1994, Battista, 1997, Daly et al., 2004,
Daly et al., 2007], up to now neither was able to fully explain its repair capac-
ity. Recently roles of genes [Mattimore & Battista, 1996, Earl et al., 2002b,
Earl et al., 2002a, Minsky et al., 2006] or revelation of D. radiodurans’ re-
building mechanism of its shattered genome [Zahradka et al., 2006] following
γ−radiation could shed light on a few DNA repair components.
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But, several studies have shown, that deinococcal proteins related to DNA
damage repair exhibit unique features. Exemplified in deinococcal RecA
(DR2340) which has been attributed not only a pivotal role in DNA repair
but also essential housekeeping function [Cox, 2003]. Deinococcal RecA pro-
cesses single-stranded DNA in the same manner as the prototypical recA
protein of E. coli but preferably binds to double-stranded DNA, facilitat-
ing repair of double-strand DNA breaks [Kim et al., 2002]. Moreover, D.
radiodurans seems to have developed an evolutionary strategy to multiply
the domains of its canonical maintenance proteins resulting in acquiring
novel functions [Haruta et al., 2003, Eggington et al., 2004, Lee et al., 2004,
Wang & Julin, 2004, Leiros et al., 2005]. Especially proteins involved in ho-
mologous recombination repair (HR) have atypical protein structure arrange-
ments, allowing a very efficient and rapid repair of double strand breaks (dsb).
The HR-involved single-strand-binding protein (SSB–DR099 and DR0100)
has two oligonucleotide/oligosaccharide-binding folds (responsible for form-
ing DNA interactions) rather than one, that function as dimer rather than
a tetramer and its concentration is 10x times higher than the normal in
vivo level measured in E. coli [Bernstein et al., 2004, Eggington et al., 2004,
Witte et al., 2005, Eggington et al., 2006]. Moreover, the D. radiodurans
locus encodes the largest bacterial SSB polypeptide investigated so far.

A further example of this evolutionary strategy is the deinococcal recQ
helicase that encodes three helicase and RNAse D C-terminal (HRDC) do-
mains [Killoran & Keck, 2006]. To date the presence of single HRDC domain
was found to be typical in prokaryotes. The results obtained by Killoran and
Keck (2006) indicate that the multiple deinococcal RecQ HRDC domains
can not be regarded as simple repetitive copies of the E. coli recQ HRDC
domain.

Yet, it has become apparent that D. radiodurans is not equipped with a
new or universal remedy but that it has been able to boost the ever-present
typical DNA-repair pathways (excision repair, mismatch and recombinational
repair) by employing specialized properties of existing active or passive sys-
tems. Together these seemingly minor enhancements with a modest contri-
bution might convey such an exceptional skill to cope with radiation injury.

1.3 Effect of radiation

This section will briefly review what is known about D. radiodurans’ physio-
logy and enzymology as it relates to this species’ response to radiation,
slightly skewed by the fact that most studies focused only on γ−radiation-
induced repair mechanisms.
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Cox and Battista (2005) have summarized different strategies that may
be used by D. radiodurans to protect its DNA from the effects of γ−rays. In
comparison, little has been investigated concerning D. radiodurans’ capability
to repair UV-induced lesions including protein damage. However, UV-light
induced protein damage occurs frequently since the absorption maximum of
proteins is λ = 280 nm. At the DNA level, the primary target of UV radiation
damage are DNA bases whereas ionizing radiation causes a broader range of
damage, including single- (ssb) and double-strand breaks (dsb). As stated
by Cox and Battista ”the infrequent occurrence of ionizing-radiation resis-
tance among distinct prokaryotic lineages indicates that this phenotype has
arisen in unrelated species through horizontal gene transfer, or possibly con-
vergent evolution. It is possible that these diverse prokaryotic cells adapted
differently to a similar selective pressure and that there might be multi-
ple mechanisms of radio resistance.” The selective pressure was identified to
be desiccation [Mattimore & Battista, 1996] leading to the interrelated phe-
nomenon of desiccation-tolerance providing ionizing-radiation resistance to
these species.

1.3.1 Ionizing radiation

Ionizing radiation is often labeled as high-energy radiation because it pos-
sesses enough energy to ionize molecules. In general, ionizing radiation is
produced by the decay of radioactive elements. In particular, X− and
γ−radiation belong to the electromagnetic spectrum that includes visible
light and radio waves. γ rays are photons that generate ions by several types
of energy-absorption events and can penetrate deeply into a cell or tissue.
Ion production is accompanied by the release of energetic electrons, gene-
rating multiple ions and electrons in one event. The dose absorbed by the
cell, tissue or other matter, the so-called energy deposition, is measured in
J/kg or in Gray (Gy) per unit mass (SI measurement; 1J/kg = 1Gy). The
radio resistance of microorganisms is compared by measurement of the D37

dose at which 37% of the cells survive. At the D37, each cell on average has
experienced one lethal event (the surviving fraction of cells is balanced by
others that experienced two or more lethal events) [Daly & Minton, 1996].

Ionizing radiation causes multiple types and a broad range of DNA dam-
age like modification of nucleobases, single strand and double-strand breaks
as well as cross-links. Various strategies to prevent DNA from the effects
of radiation have been considered to contribute to the ionizing-radiation re-
sistance of D. radiodurans: protection of cellular targets, recA-dependent,
recA-independent double-strand-break repair and base damage repair.
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1.3.1.1 Protection of cellular targets

One of the central assertions in radiobiology is the declaration of DNA being
the principal target of ionizing radiation. Therefore, measures playing a
role in DNA protection were investigated first. Early studies [Hansen, 1980,
Harsojo et al., 1981] revealed that D. radiodurans contains multiple genome
copies, which provide highly redundant genetic information that could allow
an alignment of homologous sequences between the genome copies to guide
precise recombinational repair of dsbs. Yet, Zimmerman and Battista (2005)
stated that the existence of such an alignment has not been established.
Levin-Zaidman et al. (2003) were the first to educe that the specific toroidal
nucleoid morphology detected in D. radiodurans [Eltsov & Dubochet, 2005]
could protect the DNA fragments formed by dsbs from diffusing apart during
repair [Minsky, 2003]. According to the authors, this mechanism requires two
steps – first, maintenance of linear continuity of D. radiodurans’ genome and
second, fusion of the ring-like nucleoids in neighboring cells, subsequently
undergoing homologous recombination.

Some of the authors’ conclusions have been controversially discussed,
stimulating subsequent studies [Minsky, 2003, Englander et al., 2004,
Ghosal et al., 2005, Ohba et al., 2005, Frenkiel-Krispin & Minsky, 2006],
among which Zimmerman and Battista’s (2005) attempt to correlate
specific nucleoid structure and radio resistance is the most remarkable one.
The authors compared the genomic DNA of extremely radiation-resistant
species of the genus Deinococcus and Thermus with the radiation-sensitive
E. coli. The authors could not determine a relationship between the
specific nucleoid structure and ionizing radiation resistance. Yet, the
genome of the examined resistant species was shown to be more condensed
relative to the sensitive ones, implying that this common feature could
promote repair processes. Other assertions derived from the observation of
Levin-Zaidman et al. (2003) concern the existence of non-homologous end
joining within the proposed toroid-shaped nuclear matrix for D. radiodurans
[Minsky, 2003, Englander et al., 2004, Minsky et al., 2006], and will be
discussed in chapter 1.3.1.2.

As the ultrastructural basic approach to understand why bacteria as D.
radiodurans are ionizing radiation resistant has been exhausted, new tech-
nologies were required to investigate the underlying molecular mechanisms.
DNA microarrays following exposure to ionizing radiation have launched new
possibilities for large-scale gene expression profiling. Tanaka et al. (2004)
used this approach and identified five hypothetical novel genes implicated
in the recovery from ionizing irradiation. These genes contribute notably to
recA-dependent and recA-independent repair processes (cf. chapter 1.3.1.2).
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Of these five novel genes, the DdrA protein was described first.
The DdrA protein protects the broken 3′ DNA ends to limit DNA degra-

dation occurring post-irradiation and during desiccation [Harris et al., 2004].
As DNA strand breaks accumulate, nuclease action could disintegrate ge-
nomic DNA. Protection of DNA ends facilitates preserving genome integrity
until environmental conditions become suitable to perform energetically un-
favorable processes like cell proliferation and DNA repair.

It was recently hypothesized that the protection of alternative cellu-
lar targets may contribute to the high radio resistance in D. radiodurans.
Daly and coworkers proposed ionizing radiation-induced protein oxidation
rather than DNA injury to be crucial for radio resistance [Daly et al., 2004,
Ghosal et al., 2005, Daly et al., 2007]. These recent studies ”support the
idea that the extreme-resistance phenotype of D. radiodurans and other bac-
teria with high intracellular Mn/Fe concentration ratios is dependent on the
redox cycling of Mn(II) that protects proteins from oxidative damage during
irradiation, with the result that enzyme systems involved in recovery survive
and function with great efficiency.” Mn(II) scavenges simple peroxyl radi-
cals to provide immediate cytosolic protection and prevent lethal secondary
oxidative modifications of proteins. Consistently the authors showed that
resistant and sensitive bacteria are equally susceptible to a given dose of
ionizing radiation-induced damage but that the amount of protein damage
caused by that dose varied with intrinsic radio tolerance.

One additional mechanism was proposed by Cox and Battista (2005)
who derived a joint strategy from the mechanisms described by Minsky’s re-
stricted diffusion (2003) and Daly’s Mn(II) redox cycling [Daly et al., 2004,
Daly et al., 2007], which they have named ’cryptic dsb’ repair. The authors
speculate that D. radiodurans has a mechanism that provides genome stabi-
lization by avoiding dsbs induced by (secondary) oxidation. Assuming that
such a protein-based or local DNA stabilization environment exists and is
physically fostered by intracellular ionic composition that limit dsb dissocia-
tion, genomic continuity is preserved and repair of the cryptic dsbs would be
error-free and recA-independent. If proteins are responsible for DNA stabi-
lization, the authors assume that ”they will be functionally analogous to the
structural maintenance-of-chromosomes (SMC) proteins that are present in
many eukaryotic and prokaryotic species,” designated as cohesins and con-
densins ([Cox & Battista, 2005] and references therein). Remaining single-
strand breaks could be further processed via single-strand annealing and/or
homologous recombination (cf. chapter 1.3.1.2).
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1.3.1.2 Repair of double strand breaks

Two general types of double-strand break (dsb) repair pathways exist that re-
constitute a DNA helix [Friedberg, 2003]. Homologous recombination (HR)
or DNA crossover requires information from a sister or homologous chromo-
some for accurate dsb repair. Whereas non-homologous end joining (NHEJ)
allows joining of DNA termini even if there is no sequence similarity between
the ends. Single-strand annealing (SSA) can be regarded as an aberrant
homologous recombination since recombination occurs at non-homologous
sites. NHEJ can be, and SSA is always, accompanied by a deletion event
that spans one of the two homologous repeats or the intervening sequence.

The general process flow of dsb repair:

1. Detection of dsb

2. Recruitment of processing enzymes to cleave dsb sites (nuclease and
polymerase)

3. DNA termini processing to create ligatable 5′−phosphate or 3′−OH
nicks

4. Gap filling with remaining nicks

5. Nick sealing, ligation of the two strands by DNA ligase

6. Dissociation of repair proteins

7. Repaired DNA helix

The most recent model for HR is called synthesis-dependent strand anneal-
ing Figure 1.1B, a conservative DNA synthesis mechanism, differing from the
semi-conservative replication occurring during normal chromosome duplica-
tion. The HR mechanism is distinguished from NHEJ in that it requires a
recA-mediated strand invasion, strand isomerization (or branch migration)
and subsequent loop digestion before reforming the DNA helix Figure 1.1.
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A: RecF pathway

Fig. 1.1: To give a summary of dsb-repair pathways of D. radiodurans, synthesis-
dependent strand annealing (SDSA) and the RecF-pathway are exempli-
fied. A: RecF-pathway [Lee et al., 2004] – DNA is degraded by RecJ and
RecQ at the dsb site (1). Single-strand binding protein (SSB) stabilizes
the lesion site (2) so that RecF, RecO, and RecR can associate to limit
the degradation by RecJ and RecQ (3). The RecFOR-complex promotes
the loading of RecA (4), an ATP-dependent reaction in which SSB disas-
sociates from the lesion site, and facilitates the RecA filament formation.
B: SDSA – Breakage of the DNA helix (1) iniates this mechanism of
error-free dsb repair by 5′ to 3′ resection from the 3′ strand (2). One
of the 3′ strands invades a homologous region on an undamaged sister
strand (3) preparing new DNA synthesis and creating a D-loop (4). By
unwinding from the template, the newly synthesized DNA (light grey)
can anneal and ligate (5), sealing the dsb (6).

Experiments on the HR mechanism in E. coli have shown that the
heterotrimeric nuclease RecBCD complex is essential for recA-mediated
recombination [Arnold & Kowalczykowski, 2000]. The RecBCD complex
produces single-strand tails by its nuclease activity and promotes load-
ing of RecA onto these tails. Comparison of genome sequences revealed
that no such complex exists in D. radiodurans [Makarova et al., 2001,
White et al., 1999] but that the deinococcal RecA is rather in fa-
vor of double-stranded than of single-stranded DNA [Kim & Cox, 2002,
Haruta et al., 2003]. Further classical bacterial proteins involved in HR,
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besides recA, that have been identified in D. radiodurans are single-
strand-binding protein (SSB), recombinase D (RecD) [Wang & Julin, 2004];
DNA polymerase I (polA) [Zahradka et al., 2006], recombinase R (RecR)
[Lee et al., 2004], recombinase O (RecO) [Leiros et al., 2005] and recQ
helicase [Killoran & Keck, 2006]. Recent results obtained, seem to assign
deinococcal recD protein rather a role in antioxidant pathway than in dsb
HR repair [Wang & Julin, 2004, Servinsky & Julin, 2007].

Zahradka et al. (2006) assigned deinococcal DNA polymerase I a signifi-
cant role in its recently revealed molecular mechanism for shattered chromo-
some reassembly that has been termed extended synthesis-dependent strand
annealing (ESDSA), which requires HR as the final step to full-fledged cir-
cular chromosomes. The premises for high fidelity ESDSA are existence of
at least two genome copies and random DNA fragmentation. Extensive syn-
thesis of homologous single strands is achieved by utilizing information from
overlapping complementary DNA fragments as primer (recipient strand) and
as template (donor strand).

Deinococcal recQ consists of three HRDC domains, whereof each has
distinct sequence characteristics and individually intervenes in the structure-
specific DNA binding, DNA-dependent ATP hydrolysis and DNA unwinding
activity of the RecQ protein. Killoran and Keck (2006) regard their data
to agree with the proposed key role of RecQ in bacterial RecF-mediated
recombination (a first working model for a deinococcal recF pathway was
proposed by [Lee et al., 2004]; modified in Figure 1.1A). RecQ DNA heli-
case (DR1289) and RecJ 5′ − 3′ single strand (ss) DNA exonuclease have
been proposed to process dsbs, whereas the RecF pathway proteins RecR
(DR0198), along with RecF (DR1089) and RecO (DR0819), assist RecA
(DR2340) loading onto ssDNA [Ivancic-Bace et al., 2003]. RecO is the
only strand-annealing enzyme so far found in the D. radiodurans genome
[Makharashvili et al., 2005].

The first suggestion to account for a temporal progression and interaction
of more than one intrinsic repair mechanism in D. radiodurans was proposed
by Daly and Minton in 1996. They presented evidence for a two-step repair
chronology following ionizing radiation: a recA-independent reaction prepon-
derates in the first 1.5 h post-irradiation recovery, maybe functioning as a
preparatory phase, and a subsequent recA-dependent homologous recombi-
nation apparent between 5 and 9 h post-irradiation. The recA-independent
reaction considered by the authors was hypothesized to be single-strand-
annealing (SSA) whereas NHEJ was ruled out because of the exceptional re-
sistance of D. radiodurans to killing and mutation induced by DNA-damaging
agents.
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Theoretical considerations and in vitro studies postulated a pre-existing
reaction to account for an efficient sequence homology search to take
place within a physiologically appropriate time slot [Daly & Minton, 1995,
Minton & Daly, 1995, Minsky, 2003]. Though recA-mediated homologous
recombination (HR) is the sole pathway to ensure high-fidelity repair of
dsbs, it can be easily disabled as soon as a vast excess of fragments per
genome is encountered. In this respect, the search for homologous DNA
sites becomes futile because it takes more time for a nuclease to find re-
peats located further from a dsb and in the worst case, no intact template is
left [Minsky, 2003, Englander et al., 2004, Minsky et al., 2006]. In order to
counteract the need of homology search Minton and Daly (1995) proposed
that dsb repair in D. radiodurans is promoted by a continuous chromosomal
alignment that ensures accurate repair by always supplying a template in
close proximity.

In contrast, non-homologous end joining (NHEJ) is usually referred to
as an error-prone mechanism because it lacks sequence-specific processing
enzymes that would deliver the dsbs to a homologous target site. However, if
cohesion of shattered DNA fragments is ensured – either through nucleosome
structure or mediated by proteins – an error-free rejoining can be performed
[Frenkiel-Krispin et al., 2004, Minsky, 2003].

Levin-Zaidman et al. (2003) provided structural evidence of the signifi-
cant contribution of chromosomal morphology in protecting and maintaining
genome integrity. They demonstrated that DNA in D. radiodurans adopts an
ordered and highly compact ring-like structure (toroid). The tightly packed
shape of the DNA toroids act as rigid matrices, therefore, limiting molecular
diffusion of the numerous irradiation-generated DNA breaks and arranging
for close proximity between the fragments. Indicating that such an assembly
enables an error-free and template-independent dsb repair, even following
massive fragmentation [Levin-Zaidman et al., 2003].

Recent studies presented proteins (PolX and PprA) with predicted ac-
tivities concurring to a deinococcal NHEJ system involved in dsb repair
[Lecointe et al., 2004, Narumi et al., 2004]. The radiation-induced PprA binds
to DNA termini, protects the strands from nuclease digestion and facili-
tates DNA end joining catalyzed by ATP- and NAD-dependent DNA lig-
ases [Minsky et al., 2006, Ohba et al., 2005]. Irradiation induces the ATP-
dependent ligase but down-regulates the NAD-dependent ligase, leading Ohba
et al. (2005) to suggest that the small size ATP-dependent ligase might be
involved in post-irradiation recovery. Especially its small size enables an
unimpeded access to dsbs within the highly condensed DNA toroids. A
topical review [Pitcher et al., 2007] concedes the case against a deinococcal
NHEJ due to their attained premise that the prokaryotic NHEJ requires a Ku
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protein and a multifunctional ATP-dependent DNA ligase (LigD). However,
up to date no Ku homologs have been found in D. radiodurans.

1.3.2 Ultra-violet (UV) radiation

UV radiation comprises a wide wavelength spectrum and is subdivided into
vacuum-UV (VUV), UVC, UVB and UVA ranging from >100 to 200 nm,
100 to 280 nm, 280 to 315 nm and 315 to 400 nm, respectively (definition of
the spectral bands follows German norm DIN 5031-7). Due to the absorption
of the short-wavelength portion of UV radiation by the stratospheric ozone
layer existent on present Earth, all biological systems are protected from this
energetically more damaging UV spectrum. Therefore, the total solar UV
radiation flux on present Earth is composed of nearly 0% UVC, approx. 5%
UVB and the remaining 95% attributes to the UVA fluence rates.

UV radiation causes formation of bipyrimidine photoproducts, the main
photoproducts being cyclobutane pyrimidine dimers (CPD) and pyrimidine
(6−4) pyrimidone photoproducts (6−4PPs) between two adjacent pyrimidine
bases (cf. chapter 2.5.1).

1.3.2.1 Earth’s UV radiation evolution

The existence of an ozone column provides Earth with a unique protection
measure, but this feature was accumulated over time. In the Archean period
(3.9 to 2.5 Ga ago), before the Earth experienced an ozone build-up, primor-
dial colonizers of Earth’s surface had to cope with a UV radiation environ-
ment consisting of higher UVB and UVC portions resulting in UV-fluences
exhibiting a 1000 times higher biological effectiveness than those at present
comprising λ > 295 nm [Cockell & Horneck, 2001, Rettberg et al., 1998,
Horneck et al., 1998].

In contrast, the UV climate of Mars during the early geological time-scale
was characterized rather by a steady increase of UV flux due to the increase
in solar luminosity (a 25% less luminous Sun is assumed for early Earth and
Mars; [Cockell et al., 2000]) and decrease of atmospheric pressure. Pressure
decrease is associated with an increase of the DNA damaging UV fluence,
because the incident UV radiation is skewed more towards shorter wave-
lengths, which exhibit a higher killing efficiency [Cockell & Andrady, 1999].
This corroborates calculations that on present-day Mars the biologically ef-
fective UV irradiance is approx. three orders-of-magnitude higher compared
to today’s Earth [Cockell et al., 2000], resulting from the low atmospheric
pressure ranging at 7 hPa on average, a high concentration of carbon diox-
ide (CO2) along with a much thinner atmosphere. Since CO2 absorbs UV
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radiation below 190 nm, the shorter spectral bands of UVC (190−280 nm) as
well as UVB reach Mars surface un-attenuated, accounting for about 99.9%
of the increase in biologically effective fluence for DNA compared to Earth
[Cockell & Andrady, 1999]. The UVC fluence rate on the surface of equato-
rial Mars has been estimated to range between 8− 10% of the total UV flux
([Schuerger et al., 2006] and references therein).

Due to the lack of a protective ozone layer the incident solar UV radiation
can only be attenuated by vapor droplets, water or CO2-ice particles and dust
in the martian atmosphere that foster absorption, reflection or scattering of
UV radiation [Nicholson et al., 2005]. Additionally, a subsurface depth of
just 1 to 2 mm would reduce the Mars surface UV flux to terrestrial levels
under the shielding atmosphere of an ozone layer [Cockell & Andrady, 1999].

Despite these harsh present-day Mars conditions to terrestrial life, mod-
els predict that the spectral irradiances on present Mars are comparable to
those of the Archean Earth [Ronto et al., 2003, Patel et al., 2003]. Hence,
the biologically effective UV flux on present Earth is not the maximum radi-
ation burden that some organisms can endure if assumed that organisms on
Archean Earth developed repair processes for dealing with lesions induced
by higher DNA damaging irradiances. Using terrestrial biology as baseline,
the UV-induced damage accumulated during the present martian day might
still be within the threshold of efficient repair processes acquired then and
may not be a decisive constraint to life [Cockell, 2000, Cockell et al., 2000].

1.3.2.2 UV-induced damage repair

The predominant UV-induced lesions are cyclobutane pyrimidine dimers
(CPD) and pyrimidine (6 − 4) pyrimidone photoproducts (6 − 4 PPs) be-
tween two adjacent pyrimidine bases (thymine or cytosine - constellations of
interest: TT, TC, CT and CC lesion cf. chapter 2.6.4, p. 37), whereas its
distribution profile depends on the incident wavelength (chapter 2.5.1). UV
damaged DNA causes torsional strain resulting in a distortion angle of 44◦

or ∼ 30◦ of the normal helical DNA structure due to formation of 6− 4 PPs
or CPDs, respectively.

Bipyrimidine photoproducts are usually repaired by nucleotide excision
repair (NER) or base excision repair (BER) and if these altered bases are re-
garded as mismatch, they could be repaired by the mismatch repair (MMR)
mechanism as well. The fundamental difference between BER and NER is
that BER can only be initiated when a specific enzyme, an appropriate DNA
N−glycosylase, is capable of recognizing that specific altered base. Due to
the limited number of DNA N−glycosylases, the more flexible NER mecha-
nism evolved in cellular organisms. The NER mechanism detects damaged
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DNA sites based on their abnormal structure (distorted double helix) and
biochemistry, as indicated above. Several genes that are involved in either re-
pair mechanism BER, NER or MMR have been identified in D. radiodurans.
Mennecier and co-workers studied the MMR mechanism in D. radiodurans
extensively and characterized it [Mennecier et al., 2004]. They could affirm
mutS1 (DR1039) and mutS2 (DR1976), mutL (DR1696) and mutU/uvrD
(DR1775) as core proteins of MMR. The functional deinoccal MMR process
requires both MutS1 and MutL proteins together with the associated UvrD
helicase, however, MutS2 was assigned a subordinate part. Mennecier et al.
(2004) used MMR-deficient D. radiodurans cells to determine the function of
this repair system in the overall genome-damage-prevention complex. The
MMR-deficient strains remained resistant to γ−rays, mitomycin C (MMC)
and UV radiation, indicating that the deinococcal MMR is not essential for
genome reconstitution after DNA damage but ”by its capacity to inhibit re-
combination between partially divergent sequences might contribute to the
maintenance of genome stability.”

Nucleotide excision repair (NER) system was the first to be examined,
because the sequencing of the D. radiodurans R1 genome [White et al., 1999]
revealed that gene orthologs of all components of the NER pathway of
E. coli were present. Early studies proposed [Moseley & Evans, 1983,
Evans & Moseley, 1983, Evans & Moseley, 1985] that D. radiodurans pos-
sesses two excision repair (ER) pathways, one mediated by UV endonuclease
α, an E. coli homolog of the UvrABC endonuclease [Agostini et al., 1996,
Narumi et al., 1997] and an optional excision repair involving UV endonucle-
ase β [Earl et al., 2002b, Tanaka et al., 2005]. Both are equally contributing
to D. radiodurans’ UV resistance, because either is independently capable
of restoring wild-type UV-resistance and to acquire UV-sensitivity, but both
have to be inactivated to produce an excissionless phenotype [Minton, 1994].
This corresponds to the two mechanisms, one involving an endo- as well as an
exonuclease and the excinuclease mechanism, proposed by Sancar for excision
repair [Sancar, 1996, Sancar, 1999].

Excision repair can be scaled down to three formal steps [Sancar, 1996]:

1. Damage recognition

2. Dual incisions

3. Repair synthesis

Next to excision nuclease, ER requires the repair synthesis proteins uvrD
(Helicase II) to release the protein complex or to create a gap by excising a
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complete section of damaged DNA, Pol I (polymerase) to synthesize DNA,
eventually, to fill-in the incurred gap, and DNA ligase (dnlJ DR2069) to
repair the strands.

The UV endonuclease α−mediated system corresponds to the excinu-
clease UvrABC mechanism. To recognize a damage site this mechanism
needs a molecular matchmaker that ”in an ATP-dependent reaction, brings
two compatible yet solitary macromolecules together, promotes their as-
sociation, and then dissociates to allow the matched protein complex to
carry out its effector function” [Sancar, 1996]. The molecular matchmaker
in E. coli as well as D. radiodurans is UvrA. The deinococcal UvrA pro-
tein (DR1771) is rather comprised of two subunits, UvrA1-UvrA2 (UvrA2),
as derived from experiments with corresponding mutants either UvrA1- or
UvrA2-deficient [Agostini et al., 1996]. Due to the partial or full complemen-
tation of uvrA-deficient D. radiodurans strains by E. coli UvrA, Agostini et
al. (1996) inferred that a hypothetical deinococcal UvrB protein (DR2275)
exists that interacts with the E. coli UvrA to establish a UvrA2B complex
embedded in the UvrABC system (DR1354 subunit C of UvrABC). UV en-
donuclease α of D. radiodurans excises bulky adducts, interstrand cross links
and bipyrimidine photoproducts of which the (6 − 4) bipyrimidine adducts
are mended preferably [Moseley & Copland, 1978, Moseley & Evans, 1983,
Evans & Moseley, 1983, Minton, 1994, Agostini et al., 1996].

The UV endonuclease β-mediated system, however, corresponds to the
endonuclease-exonuclease mechanism. UV endonuclease β (DR1819) rec-
ognizes pyrimidine dimers and catalyzes incision of the phosphodiester bond
adjacent to the lesion [Evans & Moseley, 1988], enabling removal of the nicks.
Such UV-induced dimer endonucleases (UVDE proteins were first detected
in Sacharomyces pombe and Neurospora crassa [Sancar, 1996]. Suggesting
that the endonuclease-exonuclease mechanism in D. radiodurans may process
similarly and that UV endonuclease β may recognize a broad range of UV-
induced lesions, including apurinic/apyrimidinic sites (AP sites2) and base
mismatches next to the bipyrimidine photoproducts CPD and 6−4 PP. This
has been corroborated by [Earl et al., 2002b], who showed that deinococcal
UV endonuclease β shares 30% amino acid sequence identity with the UVDE
protein of S. pombe. Summarized, deinococcal UV endonuclease β recognizes
the UV-induced damage, introduces a nick adjacent to the detected lesion,
then an exonuclease digests the altered strand and finally, DNA synthesis
takes place resulting in fill-in of the incurred gap.

2 Apurinic/apyrimidinic or abasic sites (AP sites) are produced, when either a purine
or pyrimidine base is forfeited.
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Though various enzymes expected to function in the base excision re-
pair route have been identified, e.g. DNA-AP lyase mutM, DR0493, Uracil-
(DR0689) as well as a putative 3-methyladenine (DR2074) DNA glcosylase,
its occurrence has not been verified yet [Minton, 1994].

One efficient mechanism identified in E. coli to remove UV-254 nm-
induced lesions that lead to an arrest of replication is the RecF pathway.
A simplified model outlining the function of RecF, RecO, and RecR during
the recovery of replication after UV-induced DNA lesion is shown in Figure
1.2, slightly modified from [Chow & Courcelle, 2004].
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Fig. 1.2: UV-254 nm-induced lesions that lead to an arrest of replication are ef-
ficiently mended by the RecFOR complex. UV-induced DNA lesions
block the replication process (1,2), following the arrest of replication the
nascent DNA is partially degraded by RecJ and RecQ, so that NER
proteins can repair the lesion (3). The RecFOR-complex promotes the
filament formation of RecA at the DNA junction site (4), to maintain the
integrity of the replication fork until replication can resume (5).



2. MATERIALS AND METHODS

Previous studies [Pogoda de la Vega et al., 2005] have shown that besides
the well-known DNA mechanisms - nucleotide excision repair (NER) and
homologous recombination repair (HR) - a yet undefined pathway must exist
in Deinococcus radiodurans, which may be activated only when the previously
mentioned pathways are inactivated. In order to investigate the involvement
of either enzymatic DNA mechanism, two repair-deficient and UV-sensitive
deinococcal strains as well as a mutant strain exhibiting similar ultraviolet
(UV)-resistance as the wild-type strain were chosen. The UV-sensitive mu-
tant strains either carry mutations in the uvr-gene complex [Moseley, 1983]
or recA-gene [Gutman et al., 1994].

These strains were selected from the assortment of species supplied by
A. Vasilenko and M. Daly, Uniformed Services University of the Health
Sciences (USUHS), Bethesda, Maryland (MD), United States of America
(USA). The genotype of the selected strains are assorted in Table 2.1.

2.1 Investigated strains of Deinococcus radiodurans

The wild-type strain investigated in this study is the strain that has been
sequenced and deposited at The Institute for Genomic Research (tigr) by
White et al. (1999). The authors had erroneously reported that the se-
quenced strain was the D. radiodurans R1 type strain maintained at the
ATCC under the designation 13939.

However, several studies revealed that the sequenced strain accumulated
many mutations [Southworth & Perler, 2002], as suggested by the many base
pair changes due to nucleotide deletions and insertions found between the
ATCC 13939 strain and the sequenced strain [Eggington et al., 2004] and
[Mennecier et al., 2004]. Instead a D. radiodurans R1 strain from the Minton
laboratory collection, now maintained by M. Daly (USUHS), was sequenced
[Correction & Clarifications, 2003]. It has been registered with the ATCC
and is now catalogued as ATCC BAA-816.

The mutant strains 262 (uvrA-2) and UVs78 (uvrA-1 uvsE) were gener-
ated by the mutagenic effect of N−methyl−N ′−nitro−N−nitrosoguanidine
(MNNG), followed by scrutinizing for sensitivity to UV radiation, Mitomycin
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C (MMC) or ionizing radiation [Minton, 1994, Moseley & Evans, 1983] and
[Moseley & Copland, 1978]. The mutant strain 262 (uvrA-2) was obtained
as an isolate exhibiting sensitivity to MMC, but not to UV radiation and
”carries a 1,300-bp insertion sequence (IS) element, designated IS2621, that
inserted 986 bp from the 3′ end of the uvrA-1 gene” [Narumi et al., 1997].
Anecdotal reports even mention a slightly higher repair capacity of bipyrim-
idine dimers than compared to wild-type strain R1 [Earl, 2003].

The UV-sensitive strain UVs78 (uvrA-1 uvsE) was first described by Mose-
ley and Copland (1978) and was produced by applying chemical mutagenesis
as well. Though chemical mutagenesis seldom results in defined or targeted
gene defects, the induced defects in UVs78 (uvrA-1 uvsE) could be attributed
to both UV endonuclease- α and UV-endonuclease- β ([Minton, 1994] and
[Evans & Moseley, 1983]), resulting in UV-sensitivity and inability to excise
bipyrimidine dimers (genotype uvrA-1 uvsE, cf. Table 2.1). Further evidence
for this genotype was provided by Earl [Earl et al., 2002b] who created a UV-
sensitive mutant strain designated LSU1000 that duplicates the sensitivity
pattern observed in UVs78 (uvrA-1 uvsE).

The recA-deficient strain was generated in the lab of M. Daly (cf. chapter
2). It was acquired by targeted insertional mutagenesis [Gutman et al., 1993,
Gutman et al., 1994] coupled with the selective marker Chloramphenicol (Cm).
By continuously testing the resistance to Cm, DNA damage-sensitive isolates
could be selected, which confirmed that this feature is attributed solely to
a defect in the recA gene [Gutman et al., 1994]. It was chosen because it
exhibits the same phenotype as the mutant strain rec30, which is well de-
scribed in the literature and has also been MNNG-generated and described
by Moseley and Copland (1975). Because of rec30’s extreme sensitivity to
ionizing radiation, it has been used in the first studies to enlighten the repair
mechanism of D. radiodurans.

2.1.1 General culturing of the D. radiodurans strains

All D. radiodurans strains were grown aerobically and maintained on TGY
broth (0.5% Bacto Tryptone, 0.3% Bacto Yeast extract, both Bacto products
have been purchased from BD Becton, Dickinson and Co, Difco Laborato-
ries, Sparks, MD, USA, as well as 0.1% D(+)-Glucose-Monohydrate, Merck
KGaA, Darmstadt, Germany) at their temperature optimum of 30◦C. In
case of the mutant strain 1R1A (recA), the nutrient media was supplemented
with Cm at a concentration 3 µg/ml. The cultures were generally grown
for 40 h, then transferred into conical tubes and centrifuged at 5675 g (lab-
oratory centrifuge 5810 R, Eppendorf AG, Hamburg, Germany) for 8 min
for each wash step. The supernatant (TGY broth) was removed, and the
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Tab. 2.1: List of Deinococcus radiodurans strains and their relevant genotypes.

Parental Sensitivity to Mutated Repair
Strain strain UV γ MMC MMS genotype features References

R1 WT R R R R none Anderson et
al. 1956

262 R1 R R S R uvrA2 high biP Moseley &
repair rate Copland 1978

1R1A R1 S S S R recA HR deficiency Gutman et
al. 1994

UVs78 302 S R S R uvrA1 uvsE ER deficiency Moseley &
Evans 1983

γ – γ radiation, MMC – Mitomycin C, MMS – Methyl-methane-sulfonate; R – resistant, S – sensitive;

biP – UV-induced bipyrimidine dimers, ER – Excision repair, HR – Homologous recombination repair

pellet was washed twice in ice-cold phosphate buffer solution (saline: 0.7%
Na2HPO4 × 2H2O, 0.3% KH2PO4, 0.4% NaCl) and regained in sterile
saline. After the first two washes, the sedimented cells were resuspended
either in sterile saline or in defined synthetic minimal media (DMM as
described in [Venkateswaran et al., 2000]). Resuspension of the culture in
DMM was always performed when the cells were exposed to UV radiation
and post-irradiation monitored photoproduct repair kinetics (chapters 2.5
and 2.5.2).

2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) was applied to gain insight into
the ultrastructure of the biological (living) organisms that have been in-
vestigated in this work (cf. also chapter 5). Prior to the TEM study the
biological specimen had to undergo chemical fixation, dehydration, infiltra-
tion/embedding, followed by sectioning. The sectioning was performed at the
University of Barcelona, Serveis Cientifico-Tecnics, Microscopia electronica,
Campus Casanova, Barcelona, Spain and supervised by Dr. Nuria Cortadel-
las. The sections were cut with an ultramicrotome to a thickness of approx.
70 nm. Specimens were examined in a Zeiss 902 A transmission electron
microscope (Carl Zeiss AG, Oberkochen, Germany) operated at an acceler-
ation voltage of 80 kV throughout. TEM images were taken with a digital
camera CCD iTem and analysed either with the analysis software SI Viewer
(Olympus Soft Imaging Solutions GmbH, Muenster, Germany) or ImageJ
Launcher (Image processing Analysis in Java, NIH, USA).
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2.2.1 Fixation

For fine structural studies chemical fixation is necessary, first, to preserve cell
organisation ideally as near as possible to the native state, and second, to pro-
tect the specimen against subsequent preparation steps with minimal dete-
rioration of fine-structure. Glutaraldehyde has become the fixative of choice
for routine electron microscopy, because it forms a network of cross-links
mainly between amino groups, which stabilize the cells [Hajibagheri, 1999,
Hayat, 1981, Slot et al., 1989]. One of the advantages of glutaraldehyde lies
in its uncharged form providing a free passage through biological membranes.
Fixation was employed in buffered 4% glutaraldehyde for 2 hours, followed by
4 wash steps of 15 min with 0.1 M Potassium-Sodium phosphate buffer. The
final extent of glutaraldehyde cross-linking leads to a sol-gel-processing of the
cytoplasm and rigidification of the cell compounds. After the pre-fixation D.
radiodurans cells have then been embedded in 2% agarose, cooled and cut
into blocks with an edge length of max. 1 - 1.5 mm. This step is followed
by postfixation and staining with 1% buffered osmium tetroxide (OsO4).
The heavy metal OsO4 enables contrasting cell structures, cross-linking pro-
teins and binds lipids as well, especially membranes. Osmicated cells show
a similar appearance in micrographs as in unfixed hydrated cryosections
[Griffiths, 1996]. Additional wash steps, as indicated above, were performed
to remove the unbound OsO4. Glutaraldehyde fixation followed by OsO4

acts rapidly, effectively and irreversibly.

2.2.2 Dehydration

Following fixation, two additional procedures are required for specimen prepa-
ration for conventional electron microscopy: dehydration and resin embed-
ding. Since fine structural studies are performed under vacuum, the biological
specimens have to be freed of water, which can be achieved by substituting
the water present in cells by ethanol.

The stepwise dehydration is performed with an ethanol series as follows:

1. 30 min in 30% ethanol

2. 30 min in 50% ethanol

3. 30 min in 70% ethanol

4. replace with fresh 70% ethanol, leave overnight

5. 1 h in 80% ethanol
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6. 1 h in 90% ethanol

7. 2 × 30 min in dried 100% ethanol (ethanol abs.)

2.2.3 Spurr resin embedding

The advantage of the Spurr procedure [Spurr, 1969] is the rapid infiltration
of the specimen with the resin and the low viscosity of the embedding me-
dia. The applied embedding mixture ”Spurr’s Kit” (Electron Microscopy
Sciences, Hatfield, Pennsylvania, USA) has been chosen for its low viscos-
ity as well as penetration qualities, its complete compatibility with ethanol
and because the resin hardness can be adjusted by changing the amount of
the mixing ingredients. It has been found effective to alter the supplier’s
modifications for the resin constitution ”hard” as shown in Table 2.2.

Tab. 2.2: Preparation of a hard Spurr’s low viscosity embedding mixture.

Ingredients ERL 4206 DER 736 NSA DMAE S-1
Initial weight [g] 20.0 8.0 52.0 0.8

ERL 4206 — Vinyl cyclohexen dioxide is a cycloaliphatic diepoxide.
DER 736 — Diglycidyl ether of polypropylene glycol is a flexibilizer to control the

hardness of the polymerized block.
NSA — Nonenyl succinic anhydride is a hardener with a relatively low

viscosity.
DMAE S-1 — Dimethylaminoethanol (S-1) is an accelerator with low viscosity,

rapid cure and the chosen concentration results in blocks with colour
transparency.

The infiltration procedure was started by adding a 3 : 1 mixture of dehy-
drating fluid/embedding medium in the vial with the cell-containing agarose
blocks (see chapter 2.2.1), swirled, and allowed to stand for 1 h. Then the
mixture was replaced by a solution of embedding media/ethanol abs. (de-
hydrating fluid) (1 : 1), swirled and left to stand for another 1 h. After
repeated drainage of the mixture, the 1 : 1 solution was replaced by a 1 : 3
ethanol abs./embedding medium, swirled and again left to rest 1 h. Next
to last solely the embedding media was added, and after 2 h penetration, it
was replaced by fresh embedding media left to stand overnight at room tem-
perature. The infiltrated specimens were transferred into embedding moulds
and fresh resin was added. Polymerisation was induced in an oven for 5 h at
40◦C and overnight at 70◦C.
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2.3 Test dependant sample preparation

Cultures destined to be exposed to low temperature (cold shock, chapter 2.8),
to vacuum (chapter 2.7) and to the Mars-Environment-Simulation Studies
(MESS, chapter 2.9) had to be desiccated prior to the test performance.
Whereas the cultures assigned to UV-irradiation followed by profiling the
repair of the UV-induced DNA photoproducts (chapters 2.5 and 2.5.2) have
always been irradiated in suspension and were kept on ice.

Fig. 2.1: The decisive 100 h desiccation period is exemplified [de la Vega, 2004]
by a representative of each UV-susceptible class - R1 representing the
UV-resistant and UVs78 the UV-sensitive class.

2.3.1 Preparation of desiccated layers of bacteria on quartz discs

If desiccated cells were required for the experimental setup, the cells were cul-
tured, harvested and washed as described in chapter 2.1.1. Subsequently the
washed cells were resuspended in ice-cold saline to attain about 1× 108 cells
per ml. 200 µl of the liquid culture was evenly spread on 25 × 25 mm glass
slides and dried in an exsiccator over CaSO4 (Kali-Chemie AG, Hanover,
Germany) to achieve a relative humidity of max. 5%. The dried bacte-
ria layer remained 100 h in the exsiccator. This desiccation period repre-
sents the critical value after which the desiccated cells do not show further
inactivation related to the dehydration process (Figure 2.1 modified from
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[de la Vega, 2004]). Therefore, the results obtained from the following expo-
sure measures can truly be attributed to the applied experimental parame-
ters.

2.4 Numerical and statistical analysis

All results gathered in this dissertation represent averages of the mean of
nine measurements (3 independent experiments, 3 replicates per experiment)
expressed with their standard errors and standard deviation, unless otherwise
noted.

2.4.1 Numerical analysis

To determine the number of cells per milliliter, one frequently employed ap-
proach is to count the number of macro-colonies on nutrient agar plates that
appear after the agar plates have been incubated at the bacteria’s temper-
ature optimum; D. radiodurans’ optimum is 30◦C. The enumeration is ex-
pressed in colony forming units (cfu). Throughout this work, it is described
as cfu per ml. In the case of the mutant strain 1R1A (recA) a 3 µg/ml
Cm-supplementation to the agar plates was required, followed by incubation
at 30◦C for up to 3 days, whereas the agar plates of the other investigated
strains were solely incubated for 2 days, irrespective if treated or untreated
cells had been spread on the plates.

2.4.2 Statistical analysis

The numbers of surviving bacteria (N) exposed to UV irradiation within
the scope of the Mars-Environment-Simulation Studies (chapter 2.9) were di-
vided by the numbers of surviving bacteria in control treatments (N0) placed
within the exposure unit but not exposed to UV-irradiation. Thus, the values
N/N0 represent the percentages of the initial bacterial populations surviv-
ing after both UV-exposure as well as exposure to Mars-typical conditions
(pressure, diurnal temperature and humidity periods, and gas composition),
see chapter 2.9.3 for further details.

Data in the experiment to measure the effects of vacuum (chapter 2.7) on
bacterial survival were analyzed with student t-tests (P ≤ 0.05) in which the
experimental mean of surviving populations inside the pumping unit were
individually tested against the laboratory control constant of N/N0 = 1.

In general, raw microarray data (chapter 2.10) underlie technical and
biological variability immanent to the experiment. Applying statistical tools
for the data analysis allows to extract reliable information and to assess the
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significance of differentially expressed genes. Before the statistical analysis
can be performed, initial data analysis including normalization of the raw
data, background correction and visualization of chip-to-chip variation is
required [Knudsen et al., 2003]. Normalization is used to reduce unwanted
technical artifacts across multiple DNA microarray chips. By correcting for
overall chip brightness, amount and quality of target hybridization, amount of
stain applied and labeling efficiencies of different sequences and other factors
that influence the numerical value of expression intensity, the gene expression
estimates between samples can be compared more confidently. There are
several different methods for normalizing data [Grant et al., 2007].

For this experiment, the normalization method ’quantile’ was selected.
The goal of the quantile method is to make the distribution of probe inten-
sities for each array in a set of arrays the same. The concept assumes that
a quantile-quantile plot shows the same distribution of two data vectors if
the plot is a straight diagonal line and not the same if it is other than a
diagonal line [Bolstad et al., 2003]. The extracted data is defined by the ap-
plied experimental conditions in the sense that the conditions determine the
necessary statistical tools. Comparison analysis helps to identify genes with
large differences between individuals and small differences within individuals,
and for this, it requires an adequate set of replicates. It uses the variability
within the replicates to assign a confidence level as to whether the gene is
differentially expressed. Furthermore, statistical inferences cannot be made
with a sample size of one. Though it is better to have as many replicates as
possible, three replicates have become common practice [Grant et al., 2007].

Cluster analysis identifies patterns of gene expression. Based on these
patterns the genes are segregated into subsets. In this study, one time point
and one treatment was applied to three individuals, i.e. the wild-type strain
R1 and the two UV-sensitive mutants, resulting in three conditions (terms of
condition are noted in chapter 2.10). For each UV-sensitive mutant three bio-
logical replicates and for the wild-type strain four biological replicates have
been generated, which also represent the amount of hybridization experi-
ments performed for each strain. Therefore, t-statistics was chosen for the
comparison analysis. The software to analyze the micrarray data ArrayStar
(Version 2.0.0 build 61, DNASTAR, Inc. Madison, Wisconsin, USA) uses an
unpaired, two tailed, equal variance Student’s Test [Draghici et al., 2003].

The P-value from a comparison test is the risk of discarding the null
hypothesis, when it is actually valid. The null hypothesis (H0) states that
there is no significant difference in means of expression values between com-
pared experimental conditions [Bolstad et al., 2003]. A threshold or error
rate of 0.05 was defined. It represents a user-specified cut-off below which
the results are classified as statistically significant. The list of genes with
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significant differential expression is output and log fold changes calculated.
In this dissertation, the fold change is the same as the ratio of the means of
the normalized intensities measured (cf. chapter 2.10.1).

2.5 UV irradiation

First, it was necessary to generate a profile of the repair capacity of each
strain of the UV-induced DNA photoproducts (chapter 4.1, p. 64). For this
reason, the cultures were subjected to UV radiation exposure of different
wavelength ranges, followed by post-irradiation monitored photoproduct re-
pair kinetics (chapter 4.2, p. 66). The selected wavelength ranges comprise
the simulated UV radiation environment (λ >200 nm) of the early Earth
(before the built-up of the ozone layer) or of the planet Mars as well as
selected spectral ranges of the environmental UV (λ >315 nm) climate on
present Earth (cf. chapter 1.3.2.1, p. 20). In order to compare the results
with literature data, the effects of monochromatic UV radiation at 254 nm
were analyzed as well.

2.5.1 Applied UV ranges

Environmental UV is of polychromatic nature, i.e. it corresponds to broad-
band UV light and causes various chemical interactions depending on the
applied wavelength. These photochemical reactions include photo-induced
reversion of cyclobutane pyrimidine dimers (CPD) at shorter wavelengths
(λ <254 nm), photoisomerization [Ravanat et al., 2001] of the bipyrimi-
dine (6− 4) adducts into their Dewar valence isomers at longer wavelengths
(λ >320nm), or, in case of photoreactivation, photoenzymatic reversion of
CPD at longer wavelengths (λ >380 nm) [Bockrath & Li, 1997]. The solar
simulator SOL2 (Dr. Hönle AG, UV-Technologie, Munich, Germany) emit-
ting a spectrum of λ = 200−400 nm was chosen as polychromatic UV source.
To obtain the spectral ranges of the environmental UV on present Earth, cut-
off filter WG 335, 3 mm (Schott, Mainz, Germany) in combination with the
band pass filter UG11 (transmission range 240− 400 nm, cut-off of infrared
wavelengths to avoid temperature increase during irradiation), were used to
obtain the desired UV range of λ = 315− 400 nm.

Next to polychromatic UV, monochromatic UV from a germicidal low-
pressure lamp (Model NN 8/15, Heraeus, Berlin, Germany) was applied to
allow comparison of the acquired results with literature data. The spectral
irradiance of the mercury low-pressure lamp with a major emission line at
253,65 nm was measured with a double monochromator (Bentham model DM
300). The fluence rate was determined by using a UV-X radiometer (UVP
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Ultra-Violet Products, Cambridge, United Kingdom). The fluence rates of
the different UV ranges are shown in Table 2.3.

Tab. 2.3: Fluence rates of the simulated UV radiation environment of the early
Earth or Mars (λ >200 nm), of environmental UV on present Earth
(λ >315 nm) and of UVC (λ =254 nm) as measured by the UV-X
radiometer.

UV-range/nm Fluence rate/Wcm−2

>200 13.2
254 0.7

>315 0.9

2.5.2 Liquid holding recovery

The goal of liquid holding recovery (LHR) is to provide a well-defined experi-
mental set up, that allows determining the unaltered repair capability of each
investigated strain. Hence, a medium was required that was truly minimal,
highly characterized and suitable for testing the metabolic capabilities of D.
radiodurans. The synthetic minimal medium developed by Venkateswaran et
al. (2000) consists of a metabolizable carbon source, exogenous sulfur-rich
amino acids and nicotinic acid (as vitamin source) dissolved in phosphate
buffer. The authors could also show that the levels of radiation resistance of
D. radiodurans were similar irrespective of the growth medium or recovery
substrate, which is why it was chosen as irradiation and recovery medium in
this work.

The exposed cultures were prepared, washed and resuspended in 200 ml
defined minimal medium (DMM) as described in chapter 2.1.1. The bacte-
ria suspensions were irradiated on ice to inhibit repair processes. Further-
more continuous magnetic stirring during irradiation ensured homogeneous
exposure of the cells. For each irradiation step 60 ml of the solution was
transferred into a glass petri dish (13.3 cm in diameter) and exposed to UV
radiation of different wavelengths (see Table 2.4 for the applied fluence of
each wavelength). This results in a calculated fraction of non-shielded cells
ranging at 96.37% [Pogoda de la Vega et al., 2005].

Following UV irradiation the bacteria suspension was transferred into a
500 ml Erlenmeyer flask, kept on ice until returned to a 30◦C shaker to mon-
itor the repair kinetics. During a time course of 2 h, measures were taken at
30 min-intervals. At each measure point, a 25 ml-sample was taken from the
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agitated flask, transferred into a chilled conical tube, and finally centrifuged
at 5675 g at 4◦C for 30 min. The cell pellets were then stored at −80◦C
until further application of either bipyrimidine photoproduct quantitation
(cf. chapters 2.6.1 and 2.6.4) or microarray analysis (cf. chapters 2.6.2 and
2.10) were performed.

Tab. 2.4: Applied fluence of the investigated wavelength ranges pertaining to the
biological effect of the chosen fluence.

UV-range/nm Fluence / kJm−2 Biological effect
>200 0.79 F90 of UVs78

254 0.21 F90 of R1
>315 3.31 F100 of all strains

To assert that the biological effect of the applied fluence was as expected
Table 2.4, cell survival of the irradiated microorganisms was determined by
their ability to form macroscopic visible colonies on nutrient agar plates after
incubation (cf. chapter 2.4.1).

2.6 Post-UV-irradiation treatment

Bipyrimidine photoproduct quantitation (chapter 2.6.4) entails DNA extrac-
tion (chapter 2.6.1) of all obtained time points 0.5, 1, 1.5 and 2 h post
irradiation, whereas microarray analysis requires RNA extraction (chapter
2.6.2). Irradiation expression profiling (chapter 2.10) was solely carried out
with recovery time point 0.5 h post-irradiation of the UV-sensitive mutants
UVs78 (uvrA-1 uvsE) and 1R1A (recA) compared to wild-type strain R1.

2.6.1 DNA Extraction

The DNA was extracted by using the commercially available Wizard Genomic
DNA Purification Kit from Promega Corp. (Madison, USA) and applying
the modifications noted in [de la Vega, 2004]. Briefly, the cell pellets were
thawed, washed twice in 1.5 ml ice-cold saline and centrifuged at 5675 g
for 10 min. Then the washed cells were transferred to RNAse-free micro-
centrifuge tubes and pelleted again by centrifugation at 14243 g for 4 min
— the centrifuge was constantly kept at 4◦C. The first part of cell wall
disruption was performed by regaining each pellet in 1 ml ethanol absolute
(Merck KGaA, Darmstadt, Germany) and left to rest for 5 min on the bench.
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The second part of cell wall lysis consisted of adding first 480 µl Tris-EDTA
buffer (Sigma Aldrich Chemie GmbH, Steinheim, Germany) to the mixture,
followed by 120 µl of 50 mg/ml Lysozyme stock solution (see chapter 2.6.2)
and incubated at 37◦C for 1 h. The sample mixture was then centrifuged at
14243 g for 4 min. Nuclei lysis and protein precipitation required to obtain
the genomic DNA followed manufacturer’s instruction. The DNA enzymatic
hydrolysis prior to the quantitation of the bipyrimidine photoproducts (see
chapter 2.6.4) was performed as described eslewhere [Douki et al., 2000].

2.6.2 RNA Extraction

The commercially available QIAGEN RNeasy Mini Kit (QIAGEN GmbH,
Hilden, Germany) was used to extract RNA from the D. radiodurans wild-
type R1, as well as from the mutant strains UVs78 (uvrA-1 uvsE) and 1R1A
(recA). Total RNA was extracted from 25 ml irradiated culture from each
strain.

In addition to those chemicals that were supplied with the kit Lysozyme
(50.000 U/mg), ethanol absolute, extra pure (both purchased from Merck
KGaA, Darmstadt, Germany), β− Mercaptoethanol and 100× concentrate
Tris-EDTA (TE) buffer, pH approx. 8.0 (both purchased from Sigma Aldrich
Chemie GmbH, Steinheim, Germany) had to be provided. A 50 mg/ml
stock solution of Lysozyme was prepared and stored in single-use aliquots
at −20◦C, whereas the other chemicals were set up before use. The on-
column extraction procedure was followed according to the manufacturer’s
recommendations in ”The RNeasy Mini protocol for isolation of total RNA
from bacteria” and was slightly modified. Bacterial pellets of the post-0.5 h
UV-irradiation recovery measures were gained from the liquid holding re-
covery experiment (chapter 2.5.2) and the first cell wall disruption was per-
formed as described in chapter 2.6.1 before storage at −80◦C. The pellets
were slightly thawed and prepared for a second cell wall lysis (3 mg/ml
Lysozyme in TE buffer). In order to improve the RNA yield additional
homogenization was performed with QIAshredder homogenizers (QIAGEN
GmbH, Hilden, Germany) as indicated in the manufacturer’s protocol. The
QIAGEN RNase-Free DNase Set (QIAGEN GmbH, Hilden, Germany) was
used for the digestion of trace genomic DNA in the crude total RNA. Solid
DNase I (1500 Kunitz units) was dissolved in 550 µl of RNase-free water and
stored in single-use aliquots at -20◦C. 10 µl of DNase I stock solution was
added to the sample mixture and incubated at 20− 30◦C for 15 min on the
bench top. Following DNA digestion, two buffer wash steps were carried out
and finally, 30 µl of RNase-free water was applied to elute the RNA from the
membrane of the column that had been placed into a collection tube. The
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RNA yield achieved for 109 cells of R1 and UVs78 (uvrA-1 uvsE) averaged out
65 µg and 45 µg, respectively, whereas 2 × 108 cells of 1R1A (recA) yielded
approximately 43 µg. The RNA amount is in good agreement to typical
yields listed by the manufacturer from the same initial starting amount of
Bacillus subtilis and E. coli cells of 55 µg and 33 µg total RNA, respectively.
The extracted total RNA was stored at −80◦C until initial quality control
prior to preparation for microarray hybridization (chapter 2.10.1).

2.6.3 Quality assessment of RNA

The amount of the total isolated RNA was measured via UV spectroscopy
at a wavelength of 260 nm (Genequant, Amersham Biosciences, Freiburg,
Germany). In general, RNA probes showing an E260 to E280 ratio ranging
between 1.7 and 2.1 were further utilized. A quick and efficient qualitative
and quantitative biochemical analysis was assessed with the Agilent BioAna-
lyzer (Agilent, Palo Alto, California, USA). The micro-fluidic Lab-on-a-Chip
technology utilized by the BioAnalyzer instrument is based on the manipu-
lation of tiny volumes of liquid in miniaturized systems. To run the assay a
mixture of gel matrix and dye concentrate (provided by the manufacturer) as
well as 1 µl of each samples was loaded onto the RNA 6000 Nano LabChip.
Electro-kinetic forces push dye labeled RNA through selected pathways in a
controlled manner. In parallel a RNA ladder (RNA 6000 Ladder; Ambion,
Huntingdon, United Kingdom) is run to quantify the measured RNA. The
quality of the extracted total RNA is graded by an implemented proprietary
RNA integrity number (RIN) software. By assigning a numerical measure,
one can intuitively judge the degradation condition of each sample; fully
degraded RNA is termed RIN 1, whereas intact RNA receives RIN 10. In
this analysis total RNA with at least RIN 7.0 were further processed.

2.6.4 Photoproduct assay

The level of bipyrimidine photoproducts in enzymatically digested DNA was
measured by an accurate and highly specific assay that involves the asso-
ciation of high performance liquid chromatography (HPLC) with tandem
mass spectrometry detection (HPLC-MS/MS). The main advantages of the
HPLC-MS/MS-technique with respect to other DNA damage assays are as
follows:

1. No radioactive labeling of the DNA is required.

2. For a given type of photoproduct, the four bipyrimidine derivatives are
quantified separately.
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3. All twelve possible bipyrimidine photoproducts can be quantified in one
analysis.

4. The fully automated HPLC analysis allows a relatively high through-
put.

The separations of digested DNA were performed on an Uptisphere ODB
(particle size 3 µm, 150 × 2 mm I.D) octadecylsilyl silica gel column (Inter-
chim, Montlucon, France) connected to a Series 1100 Agilent apparatus. The
oven temperature was 28◦C. A gradient of acetonitrile (maximum propor-
tion 20%), in 2 mM triethylammonium aqueous solution, was used at a
flow rate of 200 µlmin−1. A UV spectrometer set at 275 nm placed at
the outlet of the column was used for the quantification of normal nucle-
osides. Then, the eluent was mixed on-line with methanol (100 µlmin−1)
and further directed toward the inlet of an API 3000 tandem mass spec-
trometer (SCIEX/Perkin Elmer, Toronto, Canada). Bipyrimidine photo-
products including cis-syn cyclobutane pyrimidine dimers (CPD), (6 − 4)
photoproducts and Dewar valence isomers of TT, TC, CT and CT dinu-
cleoside monophosphates were quantified in the multiple reaction-monitoring
mode. For this purpose, specific transitions reported elsewhere were used
[Douki et al., 2000, Douki & Cadet, 2001, Douki & Cadet, 2003]. Calibra-
tion of the response of the mass spectrometer was achieved by injection of a
mixture containing a known amount of each of the photoproducts.

2.7 Desiccation/Vacuum

In the case of desiccation experiments, the fact that vacuum resembles an
extreme mode of dehydration was turned to account. Hence, the cells were
exposed to vacuum to reduce the exposure duration but profiting of the fact
that the encountered biological effect is comparable. This facilitated the as-
sessment of the biological effective range of extreme desiccation on D. radio-
durans; the desiccated cells (description of specimen preparation in chapter
2.3.1) were suspended to short-term and long-term vacuum exposure. Short-
term exposure periods range from 24 h up to 3 weeks (investigated time
courses: 1d, 2d, 7d and 21d), whereas long-term exposure periods comprise
the time courses 2 months and 1 year. Depending on the exposure period
either of two vacuum chambers set up in the Planetary and Space Simu-
lation Facilities (PSI) at DLR, Cologne, Germany, were used. Short-term
vacuum exposure was operated in chamber Ψ6 and long-term exposure in
Ψ8 (specification details are listed in Table 2.5).
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Tab. 2.5: Pumping unit specifications.

PSI 6 PSI 8
Inner compartment:
D×H [cm] 15× 30 25× 40
Windows material: vitreous silica (Herasil) Quartz (Suprasil)
D [cm] 13 10
Overall P-range [Pa] ≥ 10−5 ≥ 10−7

Experiment P [Pa] 3.6× 10−5 2.7× 10−6

D – Maximal diameter, H – Heigth, P – Pressure

The vacuum chambers utilized at PSI consist of different pump tubes
in series that allow either to reach high vacuum (defined pressure range:
10−1 − 10−7 Pa) or ultrahigh vacuum (UHV with a defined pressure range
of > 10−7 Pa). A booster pump provides the required starting pressure,
which has to be lower than atmospheric pressure to approach the ultimate
pressure1 of each vacuum chamber. It is very important that the vacuum
inside the pumping unit be as perfect as possible. Any residual free gas
molecules might be ionized at operating voltages leading to faulty operation
of the system. Therefore, remaining gas is either directly conveyed into
the surrounding atmosphere or it is captured inside the pumping unit via
condensation, adsorption or chemical transformation [Vogel, 1995].

The Ψ6 vacuum chamber is appropriate for high vacuum exposure exper-
iments whereas Ψ8 reaches UHV due to the ion getter pumping mechanism.
The latter mechanism principally employs chemical transformation to free
its system from remaining gas molecules. The gas is chemically combined to
solid compounds having very low vapor pressures. Followed by an ionization
step that drives the atoms or molecules at extremely high velocities under the
influence of electromagnetic forces towards a solid surface. The ions are ad-
sorbed by the solid surface, a process denoted as gettering [Hablanian, 1997].

2.8 Cold shock

Cells exposed to low temperatures were prepared as described in chapter
2.3.1 with slight modifications. The washed cells were regained in sterile
saline and 20 µl of the stock solution, corresponding to 1 × 107 cells, were
spread on a small 7 mm disc, placed into the exsiccator and remained there for

1 The best vaccum that this type of pump can achieve under ideal conditions.
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100 h. The desiccated discs were separated into control group and treated
group. The control group remained at constant 4◦C, whereas the treated
group was cold shocked at either −80◦C or −20◦C. A measure was taken
every 24 h during a time course of 4 days. Each sample was coated with 30 µl
PVA (10 % polyvinyl alcohol buffered stock solution) and left to polymerize
approx. 3 h. Cell removal from the disc with the help of the PVA-layer
lead to a retention rate close to 100%. The suspensions were dilution plated
in triplicate on the appropriate solid medium and the cell’s survival was
determined by enumerating the visible macroscopic colonies (cfu) that form
after incubation (chapter 2.4.1).

2.9 Mars-Environment-Simulation Studies

UV radiation is a parameter, which influences every solar body and is the
most deleterious component - biologically spoken - of the space radiation
environment. This chapter deals with an austere UV radiation environment
characterized by aride conditions, high solar radiation flux, anoxic atmo-
sphere and extreme temperature ranges which is typical for planet Mars –
an aptitude test to appraise how the D. radiodurans species resist the lethal
effects in order to maximize their survival.

The realistic simulation of a complete Martian surface environment is
a considerable technical challenge Table 2.6. It is especially difficult to re-
produce the Martian UV-climate realistically. The key point is that the
thermo-physical conditions on the surface of present Mars have not been ad-
equately simulated in one single experiment. However, it is indispensable
to investigate the biological effects of combined environmental parameters,
because they might not necessarily be additive, but can be synergistic or
antagonistic.

A realistic simulation should include diurnal cycles of temperature, hu-
midity and UV radiation in a simulated Martian atmosphere and at Martian
pressure, with Martian soil analogues, dust particles, and ionizing radiation.
The Mars-Environment-Simulation Studies were conducted to assess the ef-
fects of diurnal temperature and humidity cycle variations in a Martian atmo-
sphere and at Martian pressure alone as well as in combination with Mars so-
lar radiation on the survival of D. radiodurans [Pogoda de la Vega et al., 2007].

Due to literature, reporting an attenuating effect of UV-radiation and
enhancing survival of bacterial spores by a minimal amount of shielding
[Horneck et al., 2001, Schuerger et al., 2003, Rettberg et al., 2004], the pro-
tective role of dust coatings on bacterial survival was surveyed as well (details
are described in chapter 2.9.3).
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Tab. 2.6: Martian environmental parameters and the limits for survival and growth
of terrestrial organisms. The environmental limits shown are modified
from [Horneck, 2006].

Parameter Mars Growth Survival
Temperature / ◦C −123 – +25 −20 – +113 −262 – +150
Pressure / Pa 560 105 – 108 10−7 – > 108

Ionizing radiation 0.2 Gy / a ∼ 50 Gy ≥ 5000 Gy
UV radiation ≥ 200 nm ≥ 290 nm ≥ 290 nm
Water activity / gcm−3 7× 10−4 ≥ 0.7 0 – 1.0
Salinity regional high ≤ 30 % salt crystals
pH unknown 1 – 11 0 – 12.5

Nutrients unknown

high metabolic
variability and
starvation toler-
ance

not necessary

Gas composition

95.32% CO2

2.70% N2

1.60% Ar
0.13% O2

diverse needs better with-
out O2

CO2 - Carbon dioxide, N2 - Nitrogen, Ar - Argon, O2 - Oxygen

2.9.1 Experimental implementation

In order to derive the necessary premises required to design the Mars simu-
lation chamber at the Planetary and Space Simulation Facilities (PSI) loca-
lization had to be agreed upon in such a way as to determine the regional
and seasonal Martian environmental terms, thus, providing specifications for
a close-to-realistic simulation. The southern hemisphere on Mars was chosen
because it exhibits polygonal patterned ground similar to those found on
Earth, that inhabit microbial communities [Wagner et al., 2003]. Thermo-
physical conditions that are present during the southern summer at latitude
of 60◦ on Mars were employed for the Mars-Environment-Simulation Studies.

Simulation of the Martian surface environment include the unique atmo-
spheric composition (predominately CO2) and a mean surface pressure of
about 7 hPa. The first requirement was met by ordering a specifically de-
signed Mars-like gas (Linde AG, Wiesbaden, Germany); its composition is
shown in Table 2.7.
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Tab. 2.7: Composition of the Mars-like gas.
Element Volume%
CO2 95.55
N2 2.70
Ar 1.60
O2 0.15
Manufacturing tolerance ± 5%
Analysis specificity ± 2%
Water moiety ca. 370 ppm

The last premise was achieved by using the Mars-like gas to attain the
anticipated pressure of 7 hPa in the vacuum chamber at a constant rate. In
addition, the environmental stresses temperature, humidity and UV radiation
have been introduced.

2.9.2 Environmental specifications

The diurnal cycles of temperature have been derived from [Carr, 1981] with
slight modifications. The temperature profile was generated with an Ultra-
Kryomat RUL80 (Lauda Dr. R. Wobser GmbH & Co. KG, Lauda-Kö-
nigshofen, Germany). A 100 h-time slot profile of the diurnal temperature
cycles and the resulting water activity, expressed as aw−value, are presented
in Figure 2.2.

The physical definition of water stress activity (aw) is the increase of
water vapor saturation with decreasing temperature (see Figure 2.2).

A Wolfram halide lamp (Solar sun simulator, Dr. Hönle AG, UV-Techno-
logie, Munich, Germany) was chosen as UV source. The spectral irradiance
of the solar simulator lies in the range of 200−400 nm as has been modeled for
the surface of equatorial Mars by several research teams [Cockell et al., 2000,
Patel et al., 2003, Schuerger et al., 2003]. The Mars simulation chamber is
equipped with a UV grade fused silica window (10 mm thickness), which
on one hand slightly attenuates the passing UV as to simulate the thin
Martian atmosphere and secondly, directs the light beam onto the micro-
bial targets. Considering the theoretical surface flux model as described in
[Patel et al., 2003] the UV flux in summer at the destined latitude of 60◦ lies
around 38Wm−2. The working distance of the UV source was fit to match
this UV flux.
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Fig. 2.2: Diurnal profile of the Mars-like temperature and water activity cycles
during exposure.

2.9.3 Exposure conditions

Because of the innate low penetrating power of UV radiation, its lethal ef-
fects can be successfully prevented by a minimal amount of shielding. Next
to assessing the viability rates of the unshielded cells, the investigated D.
radiodurans strains R1, mutant strain 262 (uvrA-2) and the UV-sensitive
strain UVs78 (uvrA-1 uvsE) were mixed with Mars-like minerals of different
grain size. Two Mars soil analogues with the following properties were used:
”Goldenrod iron oxide” B-6090 (MPSI, Mineral and Pigment Solutions, Inc.,
South Plainfield, USA) with a grain size of 300 nm, and a nano-crystalline
iron (III) oxide (Alfa Aesar, A Johnson Matthey Company, Karlsruhe, Ger-
many) of 8-10 nm grain size. ”Goldenrod iron oxide” is the name for a com-
mercial mineral pigment produced by blending red hematite (α−Fe2O3) and
yellow goethite (α−FeOOH) pigments [Morris & Golden, 1998]. The nano-
crystalline iron (III) oxide is a synthetically produced hematite. The Mars
soil analogues were pre-sterilized at 130◦C for 24 h and cooled to ambient
temperature. For the experiments 10 mg of pre-sterilized soil analogue ma-
terial was mixed with 1.5× 107 cells per 1 ml before desiccation (cf. chapter
2.3.1, p. 30) to achieve a contiguous layer of dust. Controls were conducted
to guarantee that the treatment was sterile and that the experiment could
be performed without contaminating either the Mars soil analogue or the
bacterial monolayers.
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RTV-2 silicone rubber (RTV-S 691, Wacker-Silicones, Munich, Germany)
was used to fix samples into accommodation hardware that was placed into
the vacuum chamber for these simulation experiments. The advantage of the
dual-part addition curing silicone rubber is that vulcanization takes place at
room temperature.

2.10 Gene expression profiling

The gene expression profiling using DNA microarrays was applied to identify
genes differentially expressed post-UV-irradiation and to recognize and clas-
sify common expression patterns by groups of genes. The basic principle is
the following: For a given sequence spotted on the array, if one sample con-
tains more of the corresponding mRNA transcript, then the signal intensity
for the dye used to label that sample should be higher than for the other dye.

The following hybridizations were conducted and analyzed:

1. UVC-irradiated R1 0.5 h post-irradiation recovery

2. UVC-irradiated UVs78 (uvrA-1 uvsE) 0.5 h post-irradiation recovery

3. UVC-irradiated 1R1A (recA) 0.5 h post-irradiation recovery

Each probe was repeated with at least three independent and randomly
selected biological replicates, and in the case of R1, four replicates were
assessed. Biological replicates to assess biological variability are essential to
infer that the mean expression of a gene differs in two populations.

2.10.1 Workflow of gene expression analysis

Preparatory steps prior to the gene expression analysis comprise 1. RNA
isolation of the samples (chapter 2.6.2), 2. a quality check via an E260 to
E280 ratio and 3. a visual inspection (see chapter 2.6.3). After that, the
samples were transferred into bar-coded tubes and sent on dry ice to RZPD–
German Resource Center for Genome Research in Berlin, Germany. RZPD
and NimbleGen Systems (Madison, USA; Reykjavik, Iceland) have carried
out the following steps from initial quality control to sample labeling as well
as data extraction.

To ensure that the quality needs are fulfilled and no degradation is present
in the sent D. radiodurans RNA, the samples were re-analyzed with the Ag-
ilent 2100 Bioanalyzer (cf. chapter 2.6.3) and the RNA was again quantified
by spectrometry. The prokaryotic RNA was labeled via first strand cDNA
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synthesis, subsequent partial digestion and finally a terminal transferase reac-
tion using biotinylated nucleotides was applied. Quality and quantity control
of the created cDNA is performed as mentioned above. The biotin-labeled
samples are then further transferred to NimbleGen, where hybridization to
the microarray chip was achieved on a proprietary automated system. Before
hybridization, the biotinylated samples are labeled with the fluorescent stain
Cy3-Streptavidin. The intensity of the fluorescence signal was measured,
scanned and the provided microarray data was extracted from the scanned
image.



3. ENVIRONMENTAL STRESS SCENARIO

Of all environmental stresses organisms have to encounter on Earth, sunlight
is an essential, omnipresent and life-limiting factor not only on Earth but
also on every solar body. Sunlight adheres not only positive effects like
photosynthesis and vitamin D synthesis, amongst others, but represents the
primary biocidal parameter resulting from its inherent complex mixture of
mutagenic and protein damaging wavelengths. As stated in chapter 1.3.2
(p. 20), solar UV radiation comprises a wide wavelength spectrum. Due to
atmospheric absorption, the incident UV radiation flux on present Earth is
largely composed of UVB and of UVA (λ = 280− 400 nm).

Consistently, most recent terrestrial biological systems are equipped with
diverse repair mechanisms and UV protecting compounds to meet the lesions
induced by these wavelengths. UVA (315 − 400 nm) generates mainly indi-
rect effects via photosensitizers that produce reactive oxygen species (ROS)
which, in turn, induce cellular response to oxidative stress. Whereas UVB
(280− 315 nm) and UVC account for direct effects, especially DNA damage
reflected in the formation of bipyrimidine photoproducts (cf. chapter 2.5.1,
p. 33), one of the key ramifications of UV radiation (chapter 1.3.2.2).

Chemotaxonomic characterization of the radiation-tolerant genus Deino-
coccus have not only revealed an apparently ancient derivation but also a
specific evolutionary relationship to the Thermus group ([Woese, 1987] and
[Griffiths & Gupta, 2004]). Woese (1987) generated an evolutionary distance
matrix from the eubacterial phylogenetic tree, which is based upon 16S rRNA
sequence comparison, placing the genus Deinococcus close to the root of the
eubacterial tree and proposing the existence of a putative thermophilic com-
mon ancestor [Makarova et al., 2001]. Suggesting that the biologically effec-
tive UV flux on present Earth is not the maximum radiation burden that D.
radiodurans can endure if it is considered to be a progeny of primordial colo-
nizers. Particularly, if assumed that organisms on Archean Earth developed
repair processes for dealing with lesions induced by higher DNA damaging
irradiances (chapter 1.3.2).

Next to its broadband UV-resistance ([Pogoda de la Vega et al., 2005]
and [de la Vega, 2004]) D. radiodurans is exceptionally resistant to ionizing
radiation, as Mattimore and Battista (1996) established – a spin-off resulting
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from D. radiodurans’ desiccation tolerance.
Based on this perception, experiments were conducted to investigate the

biological consequences of high UV radiation flux alone and as part of a
harsh environment scenario. Model predictions have anticipated that the
spectral irradiances of the Archean Earth are comparable to those on present
Mars [Ronto et al., 2003]. As calculated for Archean Earth, present Mars
UV irradiance shows a three-orders of magnitude greater biologically effective
flux, a consequence of its thin atmosphere and a high concentration of carbon
dioxide (CO2) [Cockell et al., 2000]. Thus, the prevailing thermo-physical
conditions on the surface of present Mars served as template to design the
extreme environmental scenario detailed in chapters 2.9 till 2.9.2.

Before exposing D. radiodurans cells to the load of stressors of the harsh
environment scenario MESS [Pogoda de la Vega et al., 2007], the individual
biological consequence of each thermo-physical parameter had to be deduced
in advance. The results obtained of the single stress parameters as well as of
the MESS are detailed in the following subchapters.

3.1 Effect of single parameter

The survival limits of D. radiodurans were deduced from the primary hostile
parameters of Martian and space environments: the biologically effective
short-wavelength portions of the UV-spectrum (VUV and UVC, wavelength
ranges listed in chapter 1.3.2), low atmospheric pressure (vacuum) causing
extreme desiccating circumstances, low temperatures, oxidizing conditions in
atmospheric dust and regolith, as well as the presence of galactic cosmic rays
[Nicholson et al., 2005].

Galactic cosmic rays (GCR) are characterized as the most complicated
mixture of radiation known, and are composed of 98% protons and heavier
ions and 2% electrons. Iron ions belong to the major component of GCR (cf.
chapter 3.1.4, p. 53), featured by its higher biological efficiency and its high
abundance compared to other particles of the GCR spectrum [Berger, 2003].

To determine the stress response range of the genus Deinococcus, mutant
strains of D. radiodurans were carried along. The mutant strains were in-
vestigated in parallel to the wild-type strain (regarded as reference strain).
Depending on the applied stressors the chosen competitor sample was either
a UV-sensitive mutant or a mutant showing wild-type-like UV resistance,
but disrupted in a protein involved in the UvrABC repair system (cf. chap-
ter 1.3.2.2, p. 21), playing a seemingly minor role in UV resistance, thus,
potentially relevant in other stress-response systems [Tanaka et al., 2005].
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3.1.1 UV irradiation

The establishment of a UV characterization along with a wavelength-specific
DNA damage profile following UV irradiation of D. radiodurans (chapter
4) was central if the biological consequences, in terms of phenotypic and
molecular-based effects, of high UV radiation flux were to be determined.
As pointed out in the previous section, mutant strains differing in their
DNA repair capacity compared to the D. radiodurans wild-type strain were
carried along. The investigated strains differ in their radiation suscepti-
bility, resulting in the classification of a UV-sensitive (UVs78 and 1R1A)
and a UV-resistant class (wild type strain R1 and 262) [de la Vega, 2004],
[Pogoda de la Vega et al., 2005].

Tab. 3.1: Characteristics of the survival curves published in
[Pogoda de la Vega et al., 2005] (slightly modified).

UV range Strain Ft/kJm
−2 F37/kJm−2 EC/m2kJ−1 R2

254 nm R1 0.350 0.640 ± 0.148 1.563 0.977
262 0.380 0.630 ± 0.310 1.587 0.964
UVs78 0.005 0.021 ± 0.097 47.619 0.963
1R1A 0.004 0.035 ± 0.136 28.571 0.989

>200 nm R1 8.600 15.400 ± 0.151 0.065 0.931
262 12.300 22.200 ± 0.049 0.045 0.996
UVs78∗ 1.400 2.100 ± 0.032 0.476 0.970

>280 nm R1 67.000 132.400 ± 0.049 0.008 0.968
UVs78∗ 0.300 35.200 ± 0.187 0.028 0.901

>315 nm R1 187.500 244.800 ± 0.065 0.004 0.978
UVs78 100.500 191.600 ± 0.009 0.005 0.976
1R1A 183.700 221.500 ± 0.018 0.005 0.991

Ft/Jm−2: Threshold fluence, corresponds to the extrapolate of portion at which the percent survival

remains 100%, F37/Jm−2: Fluence, which causes a survival fraction of 37%; EC: efficiency coefficient,

predicts the wavelengths efficiency and is the reciprocal value of F37; R2: correlation coefficient of

regression through the exponential part of the curve. The correlation coefficient is a quantity that gives

the quality of a least squares fitting to the original data.

∗Data calculated from the lower fluence portion (< 4kJm−2) of the survival curve

The selected polychromatic UV wavelength ranges comprise the simulated
UV radiation environment (>200 nm) of the Archean Earth (before the built-
up of the ozone layer) or of the planet Mars as well as selected spectral ranges
of the environmental UV (>315 nm) climate on present Earth. The main
cellular target of UV radiation is DNA, which leads to alteration of the DNA
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bases resulting in formation of bipyrimidine dimers (details are outlined in
chapter 2.5.1).

Succinctly, with increasing UV wavelengths (UV C.UV B.UV A) the UV
sensitivity of the UV resistant class of D. radiodurans strains (R1 and 262
(uvrA-2)) decreases and becomes similar to the UV sensitive class (UVs78
(uvrA-1 uvsE) and 1R1A (recA); cf. Table 3.1.1). The type and amount of
photoproducts are identical in UV-resistant and UV-sensitive strains and a
specific photoproduct lesion pattern for each applied wavelength range could
be distinguished (details can be retrieved from [de la Vega, 2004]). However,
mediating only the distribution pattern of UV-induced bipyrimidine dimers
of DNA repair-defective D. radiodurans mutants compared to the wild-type
strain R1, the obtained results lead to the a priori statement that D. radiodu-
rans encodes a yet undefined repair pathway [Pogoda de la Vega et al., 2005].
It is apparent only when the DNA repair pathways nucleotide excision and
homologous recombination are inactivated (chapter 1.3.2.2, p. 21).

3.1.2 Desiccation/Vacuum

D. radiodurans is highly resistant to desiccation [Mattimore & Battista, 1996],
indicating that it should tolerate vacuum exposure as well since the ef-
fects resulting from long-term desiccation are similar to vacuum infliction
[Bucker et al., 1972]. Dose and co-workers ([Bieger-Dose et al., 1992] and
[Dose et al., 1992]) proved that desiccated bacterial cells suffer of extensive
DNA double strand breaks, single strand breaks as well as of DNA crosslinks.
This damage profile is comparable to that detected after exposure to ionizing
radiation [Ward, 1975]. The requirement of desiccated bacterial cell layers
on quartz discs and determining D. radiodurans’ critical value of desiccation
to assess the biological consequences of low temperature and vacuum as well
as combined environmental conditions on Mars surface have been outlined in
chapter 2.3.1.

Vacuum and desiccation exposure were performed in parallel, with the
samples denoted ”Dry” in Table 3.2 representing the lab control of the
vacuum-exposed cells (”Vac” in Table 3.2). The average survival ratio in-
dicates the additional inactivation percentage of each strain if desiccated at
room temperature.

Astonishingly, the recA-deficient strain 1R1A was already inactivated by
five orders of magnitude during the preparatory step of the vacuum and
temperature experiments, i.e. desiccation in the exsiccator. Therefore, this
strain was excluded from the following experiments.
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Tab. 3.2: The percentage of the survival fraction following vacuum (Vac) and des-
iccation (Dry) exposure at room temperature. The presented data have
been calculated from three independent trials (except for the 1-year ex-
posure data, which have been derived from 2 trials). The data of the
vacuum exposure are the same as depicted in Figure 3.1. The survival
ratio represents the ratio of the survival percentage of the listed desic-
cation and vacuum effect.

R1 (WT)

Time
course

Vac% Dry% Survival ratio

1 week 71 73.2±1.5 1.0
3 weeks 100 100.0±0.1 1.0
8 weeks 62 4.1±0.3 0.1
1 year 100 63.8±9.3 0.6

Average survival ratio 0.7

262 (uvrA-2)

Time
course

Vac% Dry% Survival ratio

1 week 88 79.4±9.7 0.9
3 weeks 100 9.7±1.0 0.1
8 weeks 65 5.8±1.4 0.1
1 year 100 66.8±12.9 0.7

Average survival ratio 0.4

UVs78 (uvrA-1 uvsE)

Time
course

Vac% Dry% Survival ratio

1 week 52 36.2±2.6 0.70
3 weeks 100 0.8±0.2 0.01
8 weeks 82 17.2±1.2 0.21
1 year 100 68.4±14.8 0.68

Average survival ratio 0.4
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It has been noticed that the mutant strains share the common feature
of lacking a component of the UvrABC system (cf. chapter 1.3.2.2, p. 21),
indicating an additional function of these components in preserving genome
integrity from desiccation effects.

The main difference in vacuum and desiccation exposure in this study is
the parameter humidity. To achieve low-pressure ranges of 10−6 to 10−7Pa
humidity has to be excluded and the vacuum chamber is equipped with lim-
ited measures to reduce humidity remnants. Exposures in these instruments
truly simulate arid environments, which may explain the differences in sur-
vival as observed in the exposed D. radiodurans strain. The results in Table
3.2 indicate that D. radiodurans is vulnerable to humidity shifts but if this en-
vironmental stressor is largely diminished, enhances its capability to tolerate
desiccation.

Fig. 3.1: Due to the fact that the recA-deficient strain 1R1A is severely affected
by desiccation, this strain was excluded from the vacuum exposure se-
ries. The investigated D. radiodurans strains, R1 (WT) as well as mutant
strains 262 (uvrA-2) and UVs78 (uvrA-1 uvsE), show slight but not sig-
nificant differences in their survival potential to this stressor. The error
bars have been calculated from the average error and standard deviation
of at least three independent trials and six parallel samples (n = 18).
With the exception of data obtained for the time courses 8 weeks and
1 year, which comprise data from two trials of each indicated pressure.
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The differences in surviving fractions of the varying temporal vacuum ex-
posures may result from the two different vacuum chambers that have been
used in this study (vacuum chamber characteristics are noted in chapter 2.7,
p. 38). The vacuum chamber Ψ6 was entirely used for the short-term expo-
sure of 1 week, because chamber Ψ8 is appropriate for long-term exposure
only and can obtain lower pressure than Ψ6. Though the utmost pressure of
about 1 × 10−5Pa achievable in Ψ6 was obtained, this challenge lead to an
inactivation rate of 30% for the UV-resistant strains R1 and 262 (uvrA-2),
corresponding to a survival of approx. 70%, as well as the inactivation of 50%
of the UV-sensitive strain UVs78 (uvrA-1 uvsE). In contrast lower pressure
ranges of an average of 1, 76× 10−6Pa lead to no inactivation Figure 3.1.

As pointed out earlier a premise to achieve the utmost low pressure in a
vacuum chamber is the least possible humidity. Due to the varying humidity
in the facility, varying amounts can creep into the vacuum chamber during
sample accommodation. Therefore, this experimental series had to be re-
peatedly performed to account for reproducible conditions. Amongst others
two runs in vacuum chamber Ψ8 (time course: 8 weeks) obtained a pressure
of approx. 8 × 10−7Pa, which resulted in an inactivation of two orders of
magnitude relative to the cell number before the challenge (cf. Figure 3.1).
Airo et al. (2004) provided evidence that slight temperature shifts are suf-
ficient to obtain a wide range of survival responses of D. radiodurans to
heat- and cold-shock (42◦C had a survival rate of 90%, whereas 40◦C and
52◦C resulted in 60% and 40% survival, respectively). Their overall goal
was to educe the optimal heat- and cold-shock temperature for D. radiodu-
rans to acquire thermo- and cryotolerance. Accordingly, it is concluded that
1 × 10−6Pa is the threshold vacuum pressure for D. radiodurans to acquire
vacuum tolerance under the described experimental conditions because the
survival percentage remains 100%.

3.1.3 Cold shock

Desiccated D. radiodurans cells were prepared as described in chapter 2.3.1
and exposed to either −20◦C or −80◦C for 24 h, 48 h, 72 h and 96 h to
determine the cold shock response and to assay the survival rate by CFU
counts (chapter 2.4.1, p. 31).

Since the UV-sensitive strains were affected severely by cold shock in
the absence of a cryo-protectant like glycerin, solely the designated UV-
resistant strains R1 (WT) and 262 (uvrA-2) were tested. Except for the
typical biological fluctuations (variable titre, measuring and slight handling
differences), the cold shock did not affect the two D. radiodurans strains as
depicted in Figure 3.2. The chosen exposure duration remained above the
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Fig. 3.2: The UV-resistant strains R1 (black) and mutant strain 262 (uvrA-2)
(grey) were exposed to a cumulated time-line of 96 h. No significant
variations were observed. Therefore solely the survival rate of the total
exposure duration is represented in the plot. Error bars have been cal-
culated from the standard deviation of at least three independent trials
and four parallel samples (n = 12).

critical time line for this stress parameter.
Because the applied temperature of −80◦C is utilized to store microbial

cultures, it is assumed that the temporal limit is almost infinite. It was
not the aim of this study to determine the life limiting low temperature of
D. radiodurans. Instead −80◦C was chosen to ascertain, that the lowest
boarder temperature of the anticipated temperature range for the simulation
of the harsh environment (cf. Figure 2.2 in chapter 2.9.2, p. 42) does not
intrinsically inactivate the exposed cells.

3.1.4 Survival limits of wild-type strain R1

The overall goal of this chapter was to educe the survival limits of a ter-
restrial microorganism to the harsh environment, as it may have existed on
Archean Earth. Due to its ancient derivation and early evolutionary presence
([Woese, 1987]; [Makarova et al., 2001]), the genus Deinococcus was predes-
tined as investigation object to evaluate this. On the basis of the fact that
Archean Earth was featured by UV fluence with a three orders of magnitude
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greater biological effectiveness than at present [Cockell & Horneck, 2001],
UV radiation represented the primary biocidal selective pressure at that time.
Therefore, the survival data of the wild-type strain D. radiodurans R1, which
is equipped with an intact repair system, was comprised in Figure 3.3 as to-
lerance baseline for terrestrial biology.

Fig. 3.3: With the exception of Fe-ion bombardment (at HIMAC of the National
Institute for Radiological Sciences (NIRS) in Chiba, Japan), the data
shown represent critical values of the indicated stress parameters at which
the survival rate of R1 remained 100%. Averages and standard errors of
the mean were determined from 3 replications (does not apply to the
irradiation with heavy ions).

Next to surviving low temperatures up to −80◦C and 1-year vacuum
exposure at 1, 76 × 10−6Pa, D. radiodurans survived 0.5 kGy Fe-ion bom-
bardment, which was chosen as a representative of heavy ions that are part
of the GCR (galactic cosmic rays) environment. The opportunity to inves-
tigate the effect of this remaining parameter was provided by Ralf Moeller,
whose research project 17B463 ”Gene activation of heavy ion treated Bacil-
lus subtilis 168 endospores during germination involved DNA-repair” was ac-
cepted by the National Institute for Radiological Sciences (NIRS) in Chiba,
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Japan. The experiments were performed at NIRS Heavy Ion Medical Accel-
erator (HIMAC). The obtained results reflect rather a heavy ion-tolerance
tendency due to the limited amount of exposed wild-type D. radiodurans
samples, which varied depending on the remaining sample capacity of R.
Moeller (experimental set up is described in [Moeller, 2007]).

With the exception of UV radiation, none of the applied single stressors
put a strain on D. radiodurans’ survival capability. Thus, the experimental
series of the single parameter effects corroborated D. radiodurans’ exceptional
and broad stress tolerance (Figure 3.3). Nonetheless, the question left to be
answered is whether D. radiodurans is capable to survive exposure to first,
a combination of two single parameters and second, the daily exposure to a
simulated harsh environment. These objectives are addressed in the following
chapters 3.2 and 3.2.1.

3.2 Effect of combined parameters

According to studies by [Airo et al., 2004], D. radiodurans is susceptible to
temperature shifts. Therefore, an experimental series was performed to iden-
tify the role of this stressor to the overall tolerance response of D. radiodurans
as well. The results will aid subsequently in determining the contribution of
each applied single and complex component of the simulated harsh environ-
ment.

As previously noted, mutant strain 1R1A (recA) was excluded from the
complete experimental series due to its severe desiccation sensitivity, there-
fore, no sufficient basis is warranted for additional stress exposure. Though
UVs78 (uvrA-1 uvsE) exhibits desiccation and vacuum tolerance, its sensiti-
vity to low temperature restricted the exertion to this series.

Exposure to the stressor combination vacuum and temperature shift lead
to an overall survival rate of 56% and 57% for the reference strain R1 (WT)
and the mutant strain 262 (uvrA-2), respectively. As educed from the effect of
single parameters, on average at least 30% can be attributed to the vacuum
as indicated in Table 3.2. According to [Airo et al., 2004] temperature shifts
under their experimental conditions resulted in a survival rate of 20− 40%.
From these data, it is concluded that the stressors vacuum and temperature
shift exert rather an additive than a synergistic effect on the survival rate.
In contrast to UV radiation, which exerts a synergistic effect on D. radiodu-
rans’ viability as is clearly visible in Figure 3.4, neither strain survived when
UV radiation was inserted to the scenario. The applied UV flux conformed
to Earth’s orbit UV radiation. Cockell and Horneck (2001) averred that
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Fig. 3.4: Parameter combination of vacuum and the diurnal temperature profile
as shown in Figure 2.2 (chapter 2.9.2). Exposure for one week lead to a
survival of approx. 50% for both D. radiodurans strains (wild-type R1
and mutant 262 (uvrA-2)). Addition of UV radiation had a devastating
effect on the viability of the cells. The error bars represent the standard
deviation from the mean of four independent experiments.

Earth’s orbit UV flux could be employed to investigate the possible effects
of UV radiation on Archean Earth before ozone amelioration, because it is
uninhibited by Earth’s atmosphere.

3.2.1 Mars-Environment-Simulation Study (MESS)

The objective of this study [Pogoda de la Vega et al., 2007] was to test the
viability of D. radiodurans strains, with different inherent UV susceptibi-
lity, to the cumulative environmental stresses encountered on the surface
of present Mars. The existent thermo-physical Mars surface conditions are
characterized by its aridity, high UV flux and low temperatures. The Mars-
Environment-Simulation Study (MESS) is the first set up so far that con-
ducts a close-to realistic simulation of the Martian UV environment. Par-
ticularly, because several environmental parameters could be simulated in
one single experiment: vacuum/low pressure, anoxic atmosphere and diurnal
cycles in temperature and relative humidity, energy-rich UV radiation as
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well as shielding by different Martian soil analogue materials (details of the
thermo-physical conditions in chapters 2.9 till 2.9.2).

This was one of the greatest technical challenges encountered in the course
of this dissertation. The experimental implementation acquired a coordi-
nated assembly of diverse instruments to assure on-line monitoring as well
as a reliable, autonomous operational sequence of the diurnal temperature
cycles for at least 7 days (cf. chapter 2.9).

The investigated strains comprise the reference strain R1, mutant strains
262 (uvrA-2) and UVs78 (uvrA-1 uvsE). To ascertain the expected protective
measure of Mars soil analogues, the mutant strain UVs78 (uvrA-1 uvsE) was
carried along with its UV-sensitivity being the essential provision and taking
into account that its temperature sensitivity will attribute extensively to its
survival rate.

The desiccated samples of each independent experiment run were split and
subjected to the following treatments (preparation details specified in chapter
2.3.1) and are addressed in Figure 3.2.1 as itemized below:

1. Non-treated corresponds to the lab control of each D. radiodurans strain
and represents the initial viable cell count before exposure.

2. Mars refers to the samples exposed to the diurnal temperature and
humidity cycle (Figure 2.2 in chapter 2.9.2) and Martian atmosphere
set at 7 hPa in the Mars simulation chamber.

3. Earth refers to the samples remaining in the lab, which are subject to
slight daily temperature cycles (±5◦C) at 1013 hPa (or 1 atm).

4. Mars+UV denote the samples encountering the Mars conditions (see
item 2) and exposed to Mars-like solar radiation.

5. Earth+UV denote the sample treatment as described in item 3 but
encountering additional exposure to Mars-like solar radiation.

The experimental set up permitted to suspend all three D. radiodurans
strains in parallel and to investigate the effect of the combined environmental
parameters with and without UV radiation in one run. To determine the
long-term effect of the Martian UV radiation environment, the cells were
exposed for 1 week and a cumulated fluence was applied that is equivalent
to 7 d on the Martian surface. The constant parameters of the experimental
setup are the Martian atmosphere (cf. Table 2.7, chapter 2.9.1) and the
Martian pressure set at 7 hPa. The results of this study have been published
in [Pogoda de la Vega et al., 2007].
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Effect of the diurnal temperature and humidity cycles without UV

The temperature and humidity cycles (cf. Figure 2.2 in chapter 2.9.2, p.
42) lead to an inactivation of approx. 50%, 80% and 60% of the reference
strain R1, the UV-sensitive strain UVs78 (uvrA-1 uvsE) and mutant strain 262
(uvrA-2), respectively (Tables 3.3 and 3.4 state the survival percentage). The
Earth samples of the reference strain R1 showed a similar survival rate, but
those of the mutant strains exhibited an additional viability decrease of about
10%. Depending on the type of hematite used to mix the Mars and Earth
samples an inhomogeneous biological effect was observed. Adding the nano-
crystalline hematite (NCH) leads to a viability rate of 66% and 35% of the
Mars samples of the mutant strains UVs78 (uvrA-1 uvsE) and 262 (uvrA-2),
respectively, but those of the reference strain remained unaffected Table 3.3.
However, adding Goldenrod B-6090 in the chosen concentration had no effect
on either strain. The survival rate of all Earth samples of strain 262 (uvrA-2)
are similar to their matching Mars samples. The same is true for the data of
the Earth samples without hematite of the reference and UV-sensitive strain
compared to their matching Mars samples. Differences in viability have been
observed for the Earth sample of the reference strain R1 mixed with NCH
and the UVs78 (uvrA-1 uvsE) mixture with Goldenrod B-6090 reducing their
viability by ca. 30% compared to their matching Mars samples Table 3.3.

Tab. 3.3: Comparison of mean survival percentage of the Mars and Earth treated
D. radiodurans strains after exposure to the simulated Martian envi-
ronment without UV radiation at the PSI facilities (temperature and
humidity cycles, predominately CO2, 7 hPa).

Mars Earth
Strain no hematite NCH† Goldenrod‡ no hematite NCH† Goldenrod‡

R1 51.3% >100% >100.0% 54.0% 66.7% >100.0%
262 20.7% 65.5% >100.0% 37.4% 71.2% >100.0%
UVs78 36.2 % 35.0 % >100.0% 47.2% 30.0% 73.7%
†
Bacteria suspension mixed with 10mg/1.5× 107cfu/sample of nano-crystalline hematite (NCH),

grain size: 8-10 nm

‡
Bacteria suspension mixed with 10mg/1.5× 107cfu/sample of Goldenrod B-6090, grain size: 300 nm

Only Goldenrod B-6090, the hematite of larger grain size, indicated a pos-
itive effect on the viability rates of the Mars treated cells. One reason might
be that water molecules may be enclosed in the porous hematite, therefore
antagonizing the desiccation effect that is associated with the temperature
and humidity cycles.
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The contribution of the stated antagonizing effect is particularly expressed
by the unexpected increased survival rate of UVs78 (uvrA-1 uvsE). These find-
ings support the assumption of [Diaz & Schulze-Makuch, 2006], who regard
water as ”safeguard” from external stress.

Effect of Mars-like solar radiation

As expected UV radiation was very efficient in reducing the microbial popu-
lations under the investigated surface conditions, especially when lacking
screening measures by physical substrates (Figure 3.2.1A).

Screening of UV radiation by nano-crystalline hematite (NCH) of grain
size 8-10 nm was not sufficient and neither strain survived UV exposure (see
Table 3.4).

Tab. 3.4: Comparison of mean survival percentage of the Mars+UV and
Earth+UV treated D. radiodurans strains after exposure to Mars-like
solar radiation at PSI facilities (UV radiation, temperature and humid-
ity cycles, predominately CO2, 7 hPa). In total an added up dose of
145kJm−2 was applied.

Mars+UV Earth+UV
Strain no hematite NCH† Goldenrod‡ no hematite NCH† Goldenrod‡

R1 ?n.s. ?n.s. 97.5% ?n.s. ?n.s 87.5%
262 ?n.s. ?n.s. 40.7% ?n.s. ?n.s. 18.6%
UVs78 ?n.s. ?n.s. 17.0% ?n.s. ?n.s. 24.8%
†
Bacteria suspension mixed with 10mg/1.5× 107cfu/sample of nano-crystalline hematite (NCH),

grain size: 8-10 nm

‡
Bacteria suspension mixed with 10mg/1.5× 107cfu/sample of Goldenrod B-6090, grain size: 300 nm

?
n.s.: no survival

Viability rates were only measured when Goldenrod B-6090 was added to
the bacteria (Figure 3.2.1B). As expected the Mars+UV samples of mutant
strain 262 (uvrA-2), which has been affiliated to the UV-resistant strains in
Pogoda de la Vega et al. (2005), and the reference strain show higher survival
rates than the UV-sensitive strain UVs78 (uvrA-1 uvsE) Table 3.4.

Surprisingly the surviving fraction of the Earth+UV samples of strain 262
(uvrA-2) is reduced by additional 50% compared to the Mars+UV samples
(cf. Table 3.4), while it remained more or less constant for the reference
strain and UV-sensitive strain UVs78 (uvrA-1 uvsE).
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Fig. 3.5: Three D. radiodurans strains R1 (WT), 262 (uvrA-2) and UVs78
(uvrA-1 uvsE) were exposed to the simulated Martian UV climate
conditions. The survival is given by the quotient N/N0 (cf. chapter
2.4.2). The samples encountered the average dose of 145 kJm−2.
Averages and standard errors are the mean of 9 measurements (3 ex-
periments, 3 replicates per experiment). A: Devoid of hematite, the
plot of the survival rate confirms that the environmental factor UV
radiation is the most deleterious one because no strain survived. B:
The Goldenrod B-6090 hematite of grain size 300 nm confers better
shielding towards UV radiation on all exposed strains.
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Fig. 3.6: SEM-images of the wild-type strain R1 suspension mixed with
10mg/1.5 × 107cfu of A: nano-crystalline hematite (NCH), grain size
8-10 nm and B: Goldenrod B-6090, grain size 300 nm. Compared to the
suspension mixture with NCH no single cell is distinct from the overall
surrounding of the Goldenrod grains, covering the cells like a blanket.

Since low-temperature phases prevail in the course of the diurnal tem-
perature cycles (cf. Figure 2.2 in chapter 2.9.2), ice layers may remain and
therefore overlay liquid brines, which could function as a filter and protect
the samples from UV radiation. Despite the fact that the viability of the
Earth+UV samples of the mutant strain 262 (uvrA-2) is lower compared to
the Earth+UV probes of the UV-sensitive strain, one should take into ac-
count that the values presented in Table 3.4 are the mean of this experimental
series. Considering the error bars in Figure 3.2.1 it can be stated, that the
Earth+UV treated cells of both mutant strains show a similar inactivation
rate of approx. 80%.

Preliminary microscopic studies Figure 3.6B illustrate a tight clustering
of the Goldenrod B-6090 particles, which appear to cover the entire bacterial
layer. Such a ’coat’ supplies a homogeneous and effective shielding of UV
radiation. If water remains available in the pores of the hematite, an addi-
tional and synergistic effect can derive, so that the dehydration stress may
be less severe. Thus, the surviving fraction of microbes may well have made
use of UV-resistant responses and water molecules and soil as protection.
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3.3 Discussion

In this chapter, the viability of D. radiodurans strains to single and cu-
mulative stressors encountered in an inhospitable environment was tested.
The thermo-physical conditions on the surface of Mars functioned as model
for simulating environmental conditions that may have existed on Archean
Earth. The biological consequence of each selected stressor and its individual
contribution were educed first.

The lowest boarder temperature of the anticipated temperature cycle for
the simulation of the harsh environment (cf. Figure 2.2 in chapter 2.9.2) had
no effect on the exposed cells. Though it has been postulated that the effects
of long-term desiccation are similar to vacuum infliction, our findings suggest,
that this comparison is restricted by inherent endowments. The investigated
D. radiodurans strains exhibited different tolerance rates. Desiccation in ref-
erence strain R1 (WT) resulted in a viability decrease of 30% on average,
whereas the mutant strains 262 (uvrA-2) and UVs78 (uvrA-1 uvsE) are inac-
tivated up to 60%. Since both mutant strains bear a deficient component
of the UvrABC repair system, it is assumed that UvrA-1 and UvrA-2 are
complementary in providing desiccation tolerance. The greatest impact was
observed in the recA-deficient strain 1R1A having an inactivation rate of five
orders of magnitude, excluding this strain for further studies concerning the
harsh environment scenario. This observation provided evidence that the
recA-mediated salvage pathways are essential to attain desiccation tolerance.

In contrast, the biological consequence of vacuum depended on the ap-
plied low-pressure. In the course of the vacuum series 1×10−6Pa was identi-
fied to be the threshold vacuum pressure for D. radiodurans strains to retain
100% survival.

Previous studies, [de la Vega, 2004] and [Pogoda de la Vega et al., 2005],
have corroborated UV radiation to be the primary biocidal factor. The re-
sults obtained in this dissertation provide evidence that UV radiation engen-
ders synergistic effects in combination with other stressors like temperature,
humidity and desiccation (vacuum, respectively). Together with its inherent
biocidal activity UV radiation potentiates the biological effectiveness of the
associated parameters. Whereas low temperature and vacuum represent ad-
ditive factors, when introduced into a well-defined environment (laboratory
experiments), their life-limiting potentials accumulate.

Lastly, the selected stressors were combined to simulate an inhospitable
UV environment. In general, desiccated D. radiodurans cells survived 7 d
Mars-like cycles of temperature and water activity without UV radiation.
However, introducing UV radiation (equivalent to 7 d on the surface) had
a devastating effect on microbial viability rates in all investigated strains.



3. Environmental stress scenario 63

Chances of survival for the D. radiodurans strains are enlarged, if shielded by
dust particles or covered by soil, suggesting that residing in microhabitats be-
low the surface was most probable for D. radiodurans’ ancestors on Archean
Earth or present Mars. But recent calculations by [Dartnell et al., 2007]
revealed that D. radiodurans’ survival depends on the surface characteristics
(surface models: dry regolith, water ice and regolith with layered permafrost),
especially in the context of accumulated subsurface radiation over time. Sub-
surface radiation is composed of ionizing radiation fluxes, solar energetic
particles and galactic cosmic ray particles. Within this scope, it would be
interesting to establish a survival profile of D. radiodurans recovering from
heavy ions like iron. This subsurface radiation flux can be further enhanced
by radionuclide dacay, leading Dartnell and coworkers [Dartnell et al., 2007]
to propose that viable cells would predominate in frozen crater lakes or polar
caps owing to the near-zero radionuclide content of pure water ice.

By using Mars analogue soils, the simulated harsh environment exerted
an additional selective pressure — the oxidative potential of hematite in the
presence of water molecules. Experiments of Moehlmann, [Moehlmann, 2004]
and [Moehlmann, 2005], showed that dissolved iron leads to UV-radiation-
induced hydroxyl formation in the presence of adsorbed water at an oxidative
surface (’Photo-Fenton reaction’), eventually influencing the surface chem-
istry [Spacek et al., 1995].

Therefore, ongoing investigations should place emphasis on the induc-
tion of oxidative stress response mechanisms that result from UV-radiation-
induced hydroxyl formation in the presence of dissolved iron.



4. REPAIR KINETICS OF UV RADIATION-INDUCED
DNA DAMAGES

The characterization of a specific UV-induced bipyrimidine photoproduct
lesion pattern for each applied wavelength range established for four D. ra-
diodurans strains differing in their UV-susceptibility, already succeeded in hy-
pothesizing that D. radiodurans encodes an as yet undefined repair pathway
[Pogoda de la Vega et al., 2005]. It is apparent only when the DNA repair
pathways nucleotide excision and homologous recombination (HR) are inac-
tivated. Summarized, with increasing UV wavelengths (UV C .UV B.UV A)
the UV sensitivity of the UV resistant class of D. radiodurans strains (R1
and 262) decreases and becomes similar to the UV sensitive class (UVs78 and
1R1A). The type and amount of photoproducts are identical in UV-resistant
and UV-sensitive strains [Pogoda de la Vega et al., 2005].

Having determined D. radiodurans’ UV-wavelength dependent photobio-
logical response, this chapter describes further characterization of the repair
rate of wavelength-specific UV-induced bipyrimidine dimers and the interre-
lated UV irradiation recovery of the mentioned above D. radiodurans strains.
Establishing that a post-irradiation recovery period of 0.5 h is sufficient for
D. radiodurans wild-type strain to repair on average 80 % of the total UV-
induced photolesions. The repair capacity is closely related to the genetic
equipment1 of D. radiodurans. If crucial genes are inactivated or an entire re-
pair pathway disrupted, the rate of lesion removal is dramatically reduced re-
sulting in amendment of max. 10% of the total induced bipyrimidine dimers.

4.1 Wavelength-dependent bipyrimidine pattern

Stationary phase cells of D. radiodurans strains R1 (wild-type), 1R1A (recA),
UVs78 (uvrA-1 uvsE) and 262 (uvrA-2) were irradiated in defined minimal
media (DMM, chapter 2.5.2, p. 34) to final fluences of 210 (λ = 254 nm),
791 (λ > 200 nm) and 3312 Jm−2 (λ > 315 nm) of UV radiation. The
bipyrimidine distribution pattern for each measured wavelength-range was

1 Gene loci (recA) are verbalized and written in italics, whereas their gene products
(RecA) are not emphasized and are written as substantives.
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determined using HPLC (high performance liquid chromatography) coupled
with tandem mass spectrometry (HPLC-MS/MS, chapter 2.6.4, p. 37).

Due to the fact that the UVC-irradiated samples were destined for deter-
mining the differential gene expression, this series was carried out in quin-
tuplicate. The HPLC-MS/MS measures of the polychromatic UV-irradiated
samples were performed in triplicate and gave an error range of 10–15% be-
fore normalization. On account of the varying DNA yield between 10 and
30 µg gained after extraction (chapter 2.6.1), the measured bipyrimidine
photoproducts were normalized to correspond to 1 µg DNA.

Surviving fractions were determined by dividing the number of survivors
from each fluence by the titer of the non-irradiated culture (Table 4.1-1) to
confirm that the applied fluence is consistent with the anticipated biological
effect (chapter 2.5.2, p. 34).

Tab. 4.1: Surviving fraction of the irradiated D. radiodurans cultures as calculated
from N/N0 (chapter 2.4.2, p. 31).

Wavelenght spectrum
>200 nm 254 nm >315 nm

Strain average ± ser average ± ser average ± ser
R1 9.86×10−1 ± 0,09 9.86×10−1 ± 0.11 1.00 ± 0.23
262 9.56×10−1 ± 0.20 8.99×10−1 ± 0.15 1.00 ± 0.33
1R1A 3.41×10−1 ± 0.23 6.79×10−2 ± 0.17 1.00 ± 0.50
UVs78 7.89×10−1 ± 0.23 4.97×10−3 ± 0.07 1.00 ± 0.11

Cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6 − 4) pyrimi-
done photoproducts (6−4 PPs) are the prevalent photo-induced DNA lesions
while strand breaks and DNA-protein-cross links are only produced in minor
moieties. Generally UV radiation induces the formation of 90% CPD and
10% 6 − 4 PP, with the thymine-containing CPDs predominating irrespec-
tive of the applied UV-wavelength [Cadet et al., 2005]. Boling and Setlow
predicted that at a fluence of 500 Jm−2 1% of the thymine in the genome
exists as a CPD [Boling & Setlow, 1966].

As expected, the bipyrimidine patterns of the differing UV-susceptible
strains are similar but vary depending on the applied UV-wavelength-range,
Table 4.3. The prevalent UV-induced CPD throughout the applied wave-
length spectra is TC CPD. In contrast to the photo-induced CPD distribu-
tion pattern of DNA of rodent and human cells that showed a predominance
of TT CPD and small amounts of TC CPD as well as CT CPD (reviewed in
[Cadet et al., 2005]). Though, considering D. radiodurans’ GC content this
shift towards Cytosine-containing CPD is very likely.
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Tab. 4.2: Average yield of UV-wavelength dependent DNA photoproduct forma-
tion of the analyzed bipyrimidine dimers (expressed in lesions/ 106 bases
per 1 Jm−2). In order to achieve uniform integers, the calculated values
were multiplied by 104.

Bipyrimidine Wavelength
dimer 254 nm >200 nm >315 nm

TT CPD 231.0 21.8 1.8
TC CPD 476.3 31.5 3.5
CT CPD 187.4 28.6 2.3
CC CPD 206.6 26.7 2.8
6− 4 TC 151.2 10.7 1.0
6− 4 TT 16.4 1.6 0.1
TC Dewar 0.0 0.0 0.3
TT Dewar 0.0 0.0 0.0

Comparing the amount of lesions per 1 Jm−2 Table 4.2 induced after
sublethal fluences of monochromatic (254 nm) or polychromatic UV radiation
reveals a continuous decrease of approx. one order of magnitude irrespective
of the photolesion type. Polychromatic UV radiation at longer wavelengths
(λ > 315 nm) displays the lowest biological effect on the vitality of the
differing UV-susceptible D. radiodurans strains and induces two orders of
magnitude less photolesions in total. The appearance of TC and TT Dewar
valence isomers at longer wavelengths can be fully attributed to the efficient
isomerization of initially generated 6 − 4 PPs at TC and TT sites which is
induced by λ = 320 nm.

4.2 Wavelength-dependent photoproduct repair kinetics

Different post-irradiation incubation time points (0.5, 1, 1.5 and 2 h) were
analyzed by HPLC-MS/MS (chapter 2.6.4, p. 37) to determine the post-
irradiation repair kinetics of the UV-induced photoproducts of the selected
D. radiodurans strains.
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Tab. 4.3: Total amount of UV-induced DNA bipyrimidine photoproduct. The val-
ues listed are the starting point of the calculated repair rate and corre-
spond to 100% of each measured bipyrimidine dimer.

254 nm

Bipyrimidine Strain
dimer R1 262 1R1A UVs78
TT CPD±SER 7.43±1.79 8.23±1.89 12.77±4.04 9.02±0.09
TC CPD±SER 2.28±0.54 4.90±1.02 5.39±1.83 4.27±0.78
CT CPD±SER 3.88±0.88 5.77±1.28 3.96±1.00 2.08±0.28
CC CPD±SER 5.51±2.21 5.26±0.82 4.68±1.68 3.08±0.55
6− 4 TC±SER 0.27±0.09 3.28±1.26 3.15±1.45 3.10±1.62
6− 4 TT±SER 0.19±0.04 0.37±0.09 0.44±0.15 0.22±0.09
TC Dewar±SER 0.00 0.00 0.00 0.00
TT Dewar±SER 0.00 0.00 0.00 0.00

> 200 nm

Bipyrimidine Strain
dimer R1 262 1R1A UVs78
TT CPD±SER 1.86±1.41 2.36±1.56 3.57±0.75 2.18±0.25
TC CPD±SER 1.50±1.28 1.75±0.31 2.37±0.28 1.29±0.19
CT CPD±SER 1.91±1.23 2.55±0.19 3.20±0.06 1.39±0.22
CC CPD±SER 1.69±0.88 2.57±0.02 2.99±0.42 1.19±0.20
6− 4 TC±SER 0.50±0.43 0.74±0.74 1.17±0.16 0.99±0.18
6− 4 TT±SER 0.07±0.04 0.12±0.03 0.21±0.02 0.10±0.01
TC Dewar±SER 0.00 0.00 0.00 0.00
TT Dewar±SER 0.00 0.00 0.00 0.00

> 315 nm

Bipyrimidine Strain
dimer R1 262 1R1A UVs78
TT CPD±SER 0.88±0.10 1.00±0.60 0.84±0.27 1.87±0.85
TC CPD±SER 0.35±0.09 0.58±0.46 0.43±0.24 1.03±0.42
CT CPD±SER 0.53±0.17 0.73±0.39 0.63±0.15 1.19±0.58
CC CPD±SER 0.80±0.28 0.66±0.38 0.94±0.06 1.34±0.91
6− 4 TC±SER 0.04±0.00 0.09±0.04 0.35±0.27 0.90±0.12
6− 4 TT 1.99 · 10−2 1.01 · 10−2 3.39 · 10−2 42.85 · 10−2

±SER ±1.48 · 10−2 ±1.54 · 10−3 ±2.10 · 10−2 ±1.94 · 10−3

TC Dewar±SER 0.09±0.09 0.13±0.11 0.03±0.03 0.16±0.07
TT Dewar 8.60 · 10−3 2.12 · 10−3 6.54 · 10−3 3.20 · 10−2

±SER ±2.82 · 10−3 ±9.72 · 10−6 ±5.11 · 10−3 ±2.45 · 10−2
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Listed in Table 4.3 is the absolute number of each UV-induced bipyrim-
idine dimer, which represents the basis for calculating the repair rate of
each photolesion type at the various time points and different wavelength
spectrum. Though CPDs are the prevalent observed lesions in D. radiodu-
rans, this bipyrimidine dimer is mended very efficiently by D. radiodurans’
repair system.

Astonishingly, a recovery time of 0.5 h was sufficient for the wild-type
strain R1 to repair round about 75% TT (6 − 4) adduct and CPDs at the
TT and CC sites Table 4.4 induced by UV-(254 nm)-radiation. The greatest
repair efficiency of D. radiodurans R1 was observed for the removal of 90%
TC and CT CPD. In contrast, an undistinguished repair efficiency of nearly
40% post-0.5 h irradiation was observed for mutant strains 262 (uvrA-2) and
1R1A (recA) irrespective of the bipyrimidine dimer type.

Differences in repair rate between the two mutant strains 262 (uvrA-2)
and 1R1A (recA) start 1 h post-irradiation and culminate in the final mea-
sured time point of 2 h (Figure 4.2B and C). Recovery post-2 h-irradiation
result in removal of up to 70% of either photoproduct type in the case of
mutant 262 (uvrA-2). 262 (uvrA-2) repairs 6 − 4 PP more efficiently than
does 1R1A (recA), whereas the CPD is repaired equally well considering an
average error range of ±10%. As expected the UV-sensitive double mutant
UVs78 (uvrA-1 uvsE) displayed no measurable repair, unchanging up to 2 h
post-irradiation recovery (Table 4.4, 254 nm and Figure 4.2). The obtained
results are in clear contrast to repair kinetics data from a ∆uvrA-1 uvsE-
mutant strain described in [Tanaka et al., 2005], who reported that 70% and
60% CPDs and 6 − 4 PPs, respectively, remained after post-2 h-radiation
recovery. The described mutant strain was created by insertional mutagen-
esis and the photoproduct repair rate was determined by enzyme-linked im-
munosorbent assays (ELISA). But ELISA technique can only measure DNA
photoproduct classes [Cadet et al., 2005].

The polychromatic UV wavelength-ranges (>200 nm and >315 nm) in-
duced in total less DNA photoproducts in either strain than UV-(λ =254 nm)
radiation (Table 4.3, Figures 4.2 and 4.2). Accordingly, the wild-type equip-
ment of D. radiodurans R1 achieves greater repair efficiency for the poly-
chromatic wavelength spectra compared to its repair rate following UVC
radiation, with the exception of 6 − 4 PPs, which show similar repair rates
as for the UVC-induced 6− 4 PPs Table 4.4.

Wavelength-dependent differences in repair efficiency are solely observed
in the mutant strains 262 (uvrA-2) and 1R1A (recA), but UVs78 (uvrA-1 uvsE)
was incapable to repair the UV-(> 200 nm)-induced lesions Table 4.4.

The UV-resistant mutant 262 (uvrA-2) increased its repair efficiency fol-
lowing UV-(>200 nm) irradiation Figure 4.2B.
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Fig. 4.1: UV-(254 nm)-induced photoproduct repair kinet-
ics. A: wild-type strain R1, B: UV-resistant mutant
strain 262 (uvrA-2), C: HR-deficient strain 1R1A
and D: UV-sensitive double mutant UVs78. Each
data point represents the average standard deviation
(error bar) of at least three independent experiments.
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Tab. 4.4: Time dependent repair rates of the DNA photoproducts induced by the
different UV radiation qualities.
% photoproduct remnants post- 0.5/2 h radiation recovery

Strain CPD 6− 4 PP Dewar
TC TT CT CC TC TT TC TT

254 nm

R1 11/5 22/12 10/4 30/11 31/20 27/17 0 0
262 57/30 61/30 55/25 63/26 61/34 55/26 0 0
1R1A 58/37 64/49 66/39 75/46 59/64 76/65 0 0
UVs78 no repair

>200 nm

R1 11/9 8/9 10/7 11/12 10/10 18/14 0 0
262 47/20 34/28 31/33 58/37 54/20 25/17 0 0
1R1A 72/47 78/53 81/35 80/31 76/45 96/61 0 0
UVs78 no repair

>315 nm

R1 3/2 5/6 4/3 3/2 27/18 3/2 9/6 3/1
262 39/2 80/3 22/2 40/3 100/8 100/0 86/15 100/16
1R1A 27/5 35/7 28/1 26/32 41/36 35/15 35/35 14/9
UVs78 100/28 100/31 100/24 100/19 100/39 92/29 100/32 100/22

The first recovery time point of 0.5 h was sufficient to remove nearly
60% CPD with the exception of CC CPD, which shows a similar repair rate
as post-254 nm-irradiation. A significant difference post-0.5 h-radiation
recovery in 262 (uvrA-2) has been observed for the repair of 6−4TT , but the
increased efficiency levels off to meet the yield of remnant lesions post-2 h-
irradiation as measured when irradiated with UV-(254 nm) radiation.

Surprisingly, irradiation of the 1R1A (recA) strain with UV-(>200 nm)
seemed to defer repair initiation reflected in the low repair rate of averagely
20% of CPD as well as 6 − 4 PPs post-0.5 h recovery. As for 262 (uvrA-2)
the remnant photolesions post-2 h recovery of 1R1A (recA) meets the yield
following monochromatic UV radiation, except for the effective removal of
6− 4TC.

A major increase of repair efficiency resulted from irradiation of D. radio-
durans strains with polychromatic UV radiation of longer wavelength por-
tions. UV-(>315 nm)-induced photoproducts where almost entirely removed
from the genome of the designated UV-resistant class (R1 and mutant 262
(uvrA-2)), which is true for 1R1A (recA) as well, with the exception of the
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6− 4 PP lesions and CC CPD Figure 4.2.
However, Dewar valence isomers even if generated at low yields have been

repaired less effectively by way of comparison. Moreover, the strains carrying
a mutation in the ER-system, namely 262 (uvrA-2) and UVs78 (uvrA-1 uvsE),
exhibit off-grade repair ability compared to the other D. radiodurans strains.

The prevalent result of the obtained photoproduct repair kinetics is the
unexpected repair capability of UVs78 (uvrA-1 uvsE) at longer polychromatic
UV-wavelengths culminating in roughly 70% remnant photoproducts at 2 h
post-irradiation recovery (Table 4.4 and Figure 4.2).
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Fig. 4.2: UV-(>200 nm)-induced photoproduct repair kinet-
ics. A: wild-type strain R1, B: UV-resistant mutant
strain 262 (uvrA-2), C: HR-deficient strain 1R1A
and D: UV-sensitive double mutant UVs78. Each
data point represents the average standard deviation
(error bar) of at least three independent experiments.
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Fig. 4.3: UV-(>315 nm)-induced photoproduct repair kinet-
ics. A: wild-type strain R1, B: UV-resistant mutant
strain 262 (uvrA-2), C: HR-deficient strain 1R1A
and D: UV-sensitive double mutant UVs78. Each
data point represents the average standard deviation
(error bar) of at least three independent experiments.
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4.3 Discussion

The data of the post-0.5 h-irradiation repair rate of the UV-(>315 nm)-
induced photolesions Table 4.4 of UVs78 (uvrA-1 uvsE) corroborate previous
studies that observed a burst of genomic DNA degradation after exposure
to a sublethal fluence of UV radiation [Moseley & Laser, 1965]. From the
detailed photoproduct repair kinetics of UV-(>315 nm) irradiated UVs78
(uvrA-1 uvsE) cells, it can be derived that the DNA degradation takes place in
the first hour post-UV-irradiation and subsequent repair reflected in recovery
time point 2 h (Table 4.5 and Figure 4.2D).

This distinctive physiological change has only been observed in UVs78
(uvrA-1 uvsE). As confirmed by Earl [Earl et al., 2002b] the UV-sensitivity
pattern of their created LSU1000 mutant resembles the sensitivity pattern of
mutant UVs78 (uvrA-1 uvsE), leading to the genetic characteristics of elimi-
nated excision repair (ER) by the UvrABC complex as well as the alternative
ER-pathway via UV damage endonuclease β (UVDE, see chapter 1.3.2.2,
p. 21). Further studies on UvrABC-deficient strains [Tanaka et al., 2005]
provided evidence, that loss of the gene loci uvrA-1, uvrA-2 or uvsE had a
marginal effect on D. radiodurans’ survival. In addition the repair kinetics of
these mutants showed that deletion of UV damage endonuclease β resulted
in a lower repair efficiency compared to the loss of UvrA-1. Taking into ac-
count the results of this study leads to a tentative assumption that rather UV
endonuclease β than the gene product of UvrA-1 might be involved in the
regulation of genomic DNA degradation and subsequent nucleotide export
from the cell.

Tab. 4.5: Repair kinetics of the UV-sensitive mutant strain UVs78 (uvrA-1 uvsE).

>315nm % remnant photoproducts

Bipyrimidine dimer Recovery time

30 min 60 min 120 min
TC CPD ≥100 57 28
TT CPD ≥100 48 31
CT CPD ≥100 49 24
CC CPD ≥100 35 19
TC 6− 4 ≥100 64 39
TT 6− 4 92 45 29
TC Dewar 79 49 32
TT Dewar ≥100 46 22
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Not only genetic equipment but also the applied wavelengths seem to
influence D. radiodurans’ repair efficiency, especially polychromatic UV ra-
diation enables the UV-sensitive class to repair the UV-induced lesions and
retain their vitality. As pointed out in previous chapters (chapter 1.3.2,
p. 20 and chapter 3, p. 46) D. radiodurans belongs to a family with ancient
derivation which might have existed on Archean Earth, an environment ex-
hibiting higher DNA damaging irradiances. Consistently, the Deinococcaceae
should be equipped with repair mechanisms to meet the lesions induced not
only by these wavelengths (λ >200 nm) but also by those at present Earth
(λ >295 nm). This may provide a possible explanatory approach for the
observed increase in repair efficiency following polychromatic UV irradiation
and suggests that the wavelength range λ = 315− 400 nm activates a photo-
sensitive gene or gene cluster that is involved in UV-induced damage repair.

On account of the efficient repair of CC CPD, the obtained results also
provide evidence that HR pathway contributes to the phenomenon that
D. radiodurans cells lack UV radiation-induced mutation. The characteristic
UV-induced tandem mutation CC → TT results from the high mutagenic
potential of CC photoproducts [Cadet et al., 2005]. Though 1R1A (recA) is
able to repair this photolesion, its utmost repair rate never exceeds 70%.

Summarized, the photoproduct repair kinetics of the differing UV-suscep-
tible D. radiodurans strains have provided first clues to the UV-repair process
flow: The ER efficiently removes both CPDs and 6 − 4 PPs. HR assists
removal of CPD from UV-irradiated DNA, but plays a minor role in removal
of 6− 4 adducts.

Though the ER is not existent in the ER-deficient mutant, up to 70%
of both bipyrimidine photoproduct types were equally repaired post-UV
(>315 nm)-irradiation. If the repair ability were due to the existent HR-
pathway, a minimum repair of at least CPD should be measurable following
UV-254 nm- and UV-(>200 nm)-radiation. Hence, an additional pathway
must be available that allows repair of both photoproduct classes and its
efficiency is noticeable if longer polychromatic UV-wavelengths are present.



5. WHOLE GENOME EXPRESSION ANALYSIS OF R1
AND UV-SENSITIVE MUTANT STRAINS FOLLOWING

UVC RADIATION RECOVERY

Sunlight is a naturally occurring so-called exogenous source for DNA damage,
whereas reactive oxygen species (ROS) formed during cellular metabolism are
referred to as endogenous factor. The effect of such damages are reflected
numerously as base loss, base dimerization, base alkylation, base deamina-
tion, and base oxidation but also as single- or double-strand breaks resulting
in lasting modifications of the information encoded by the DNA. Moreover,
replication and recombination may lead to alterations in base sequences as
well. Hence, genome maintenance is given top priority to ensure that the
information encoded by DNA remains largely unaltered. To ensure genome
integrity numerous DNA repair mechanisms have evolved including direct
damage repair, nucleotide excision repair, mismatch repair, base excision
repair, and recombinational repair. Each system has specialized to repair
certain types of lesions (cf. chapter 1.3.2.2, p. 21).

Studies investigating D. radiodurans’ UV-resistance identified excision
repair and recombinational repair systems as the major UV-induced DNA
damage repair pathways [Minton, 1994]. However, having established the
response and recovery profile of D. radiodurans R1 and of two UV-sensitive
mutant strains to a broad UV-spectrum substantiated solely that the path-
ways are essential to mend short wavelength UV-induced lesions in D. ra-
diodurans. The selected mutant strains show moderate UV repair capabili-
ties following UV radiation of longer wavelength portions, notably the UV
spectrum that is not absorbed by Earth’s ozone column. Which is why
the existence of a further bypass or alternative repair system has been hy-
pothesized to be activated if either classical repair system is not available
[Pogoda de la Vega et al., 2005].

The impetus for studying the repair-defective mutant strains 1R1A (recA)
and UVs78 (uvrA-1 uvsE) (UV damage endonuclease-deficient) was to make
use of their inherent loss of essential UV-related repair and stress response
proteins for profiling their transcriptional response by applying DNA micro-
array technology. Especially the fact that both mutant strains exhibited
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enhanced UV-sensitivity similar to designated radiation sensitive bacteria
like E. coli (F37 values 21, 35 and 30 Jm−2 for UVs78, 1R1A and E. coli,
respectively) was a decisive factor.

The microarray technique was utilized to examine the genome-wide effect
of UV-(254 nm) radiation on wild-type and the two UV-sensitive and repair-
deficient strains as a crucial component to understand the mechanism of this
phenomenon. Monochromatic UV radiation, λ =254 nm, was chosen because
this wavelength range induces direct damage and therefore, the repair mech-
anism of DNA photoproducts is not obscured by indirectly induced repair
pathways. Especially longer UV-wavelength portions tend to induce indirect
effects like oxidative damage, initiated by the formation of reactive oxygen
species (ROS) leading amongst others to single- or double-strand breaks.

All genes are identified as described in the published genome sequence
[White et al., 1999] available at The Institute for Genomic Research (tigr).
The gene designations are based on those used in tigr Comprehensive Mi-
crobial Resource (cmr). The prefix represents the abbreviation of the organ-
ism (D. radiodurans DR) and loci are chronologically numbered, whereas A
preceding the numeric characters denotes protein encoding genes (PEG) on
chromosome II of D. radiodurans, B denotes PEG on the megaplasmid MP1,
C denotes PEG on the plasmid CP1 and designations without a preceding
letter are located on chromosome I. The primary annotation summary assigns
D. radiodurans a total of 3246 genes, of which 91.18% represent 3187 PEG
and up to now only 1696 genes have been assigned a role category (53.12%).
But its genome still exhibits approximately 1000 hypothetical genes.

To determine the differential gene expression of the different UV sus-
ceptible strains a single fluence was selected proven to be able to generate
sufficient biological impacts in the cell (chapter 2.5.2 and chapter 4). The
DNA microarray chips have been commercially purchased from NimbleGen
Systems (Madison, USA; Reykjavik, Iceland) and service has been provided
by RZPD, German Resource Center for Genome Research (Berlin). Due to
research budget constraints 10 microarray hybridizations were feasible. In
total four biological replicates of the wild-type strain D. radiodurans R1 and
three replicates of each UV-sensitive strain UVs78 (uvrA-1 uvsE) and 1R1A
(recA) have been processed by RZPD (details cf. chapter 2.10.1, p. 44).

The aim of this microarray study was to make use of the differing UV-
susceptibility and UV-damage repair capability of the investigated strains.
Thus, to faciliate the selection of genes of interest by comparing the whole
genome expression of the irradiated strains and to provide a qualitative tool
to detect unidentified players of the UV damage repair system.
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5.1 Differential UVC-induced gene expression of R1 and
UV-sensitive strains

The microarray data analysis was performed with the software ArrayStar
(Version 2.0.0, DNAstar Inc., Madison, Wisconsin, USA) and the applied
statistics were selected as described in chapter 2.4.2 (p. 31). In accordance to
the settings, the P value and the absolute fold change values were generated
by the software. Throughout the analysis the fold change is the same as the
ratio of the means of the normalized fluorescence intensities measured on the
array (3187 open reading frames).

A first approach of sorting the gained microarray results determined the
50 highest signal intensities of each investigated strain. High signal intensities
of protein encoding genes (PEG) where considered if an elevated signal was
present in three out of four replicates in the case of R1, and in the case of the
UV-sensitive mutant strains, an elevated signal in two out of three replicates
was required. Following this, the 50 highest fluorescence signal intensities
of each group of replicates per strain where aligned and had to be present
either in wild-type strain and one mutant or in either mutant strain, which
resulted in a total of 92 genes of interest. Of these solely 6 PEG show an
elevated signal in all three investigated strains.

Cross comparison of the microarray data of irradiated wild-type strain
R1 and irradiated UVs78 (uvrA-1 uvsE) resulted in calculated P values of
1.0, which point out that these genes cannot be statistically differentiated
(visualized as scatter plot in Figure 5.1). Therefore, the focus was solely laid
on the differentially expressed genes of 1R1A (recA) compared to wild-type
strain. The applied fluence induced 2346 genes at 2-fold change, 1075 genes
at 4-fold and 195 genes at 8-fold change in the case of the 1R1A (recA) mutant
compared to wild-type strain R1.

Interpretation of the obtained microarray data were performed by uti-
lizing two public archives providing gene annotations: Kyoto Encyclope-
dia of Genes and Genomes (KEGG) (Kyoto, Japan) and National Center
for Biotechnology Information (NCBI) [Barrett et al., 2007] supported and
maintained by the National Library of Medicine (NLM) and the National
Institute of Health (NIH) (Bethesda, MD, USA). Moreover, KEGG provides
metabolic pathway maps of sequenced genomes. Additionally the annota-
tion/analysis tool seed was used for comparative genome analysis. The seed
platform is provided and maintained by the Fellowship for Interpretation of
Genomes (FIG) (University of Chicago, USA).

Specific databases on information on proteins are available too. For this
microarray data analysis the catalog of the Integrated resource of protein
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A B

Fig. 5.1: Scatter plot of the UV-(254 nm) radiation-induced genes in R1 compared
to the UV-sensitive strains UVs78 (uvrA-1 uvsE) and 1R1A (recA). The
parameters were set in such a way, that R1 was chosen as control replica
group and either mutant strains was defined as the experimental replica
set. A: Scatter plot of the genes induced in 1R1A (recA) following treat-
ment. B: Scatter plot of the genes induced in UVs78 (uvrA-1 uvsE)
following treatment. Both axis show log2-values. The threshold lines are
colored green. The middle green line is the identity line, or the x = y
line. Data points on this line represent genes that are expressed at the
same level in both datasets. The other two lines delineate genes with
at least a two-fold change in intensity value in one of the datasets. The
dashed purple line on the scatter plot is the linear regression or best-fit
line, a line that passes as near to as many data points as possible.

families, domains and functional sites (InterPro) and UniProt (Universal
Protein Resource) were deployed to derive the biological function of the se-
lected PEG [Mulder et al., 2007]. UniProt is a central repository of pro-
tein sequence and function accessing information comprised in Swiss-Prot,
TrEMBL, and PIR. It is maintained by the European Bioinformatics Insti-
tute (EBI, an outstation of European Molecular Biology Laboratory EMBL),
Swiss Institute of Bioinformatics (Swiss-Prot) and Protein Information Re-
source (PIR), Georgetown University Medical Center, Washington, USA.
The UniProt Knowledgebase (UniProtKB) is a public access point for ex-
tensive curated protein information, including function, classification, and
cross-reference [Gasteiger et al., 2001].
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5.1.1 92 genes of interest

The selected 92 genes with elevated signal intensities represent a broad
spectrum of biological processes related to DNA damage repair, transla-
tion/transcription, protein fate, cell cycle, cell wall biogenesis and central
intermediary metabolism. The prevalent group of these selected PEG is
denoted as transposase, which have been generally classified as ”other repli-
cation, recombination and repair proteins”.

Transposases belong to the prokaryotic mobile genetic elements (MGE),
which are central players in mobilizing genes, both in a given genome or be-
tween bacterial cells. Due to the fact that many chimerical elements have
been identified recently that reveal strong similarities with elements of di-
verse families, the public database aclame (A CLAssification of Mobile ge-
netic Elements) has been generated, which is dedicated to the collection,
classification, organization and eventual correction of MGE from various
sources (phage genomes, plasmids, transposons and other genomic islands)
[Leplae et al., 2004]. This was utilized to classify the abundant class of trans-
posases (transposases are listed in Table 5.3 including the assigned classifi-
cation of the aclame database).

The classification of the functional modules of MGE at the protein, gene,
and higher levels is generated in a semi-automatic way. At present, proteins
annotated on complete phage and plasmid DNA sequences are automatically
classified using the graph theory based Markov clustering algorithm MCL
[van Dongen, 2000] to produce families.

Classification of the tranposase listed in Table 5.3 revealed mainly the
affiliation to the IS14-family, the so called RNAse H-clan. Members of this
clan include enzymes involved in an Archaea-typical repair system suggested
by [Makarova et al., 2002] on behalf of bioinformatic-based whole genome
screening. Other enzyme members are amongst others integrase (role in
the biological process of DNA integration), exonucleases X-T and 3′ − 5′

exonuclease, the latter two exhibit proofreading activity as determined for
E. coli DNA polymerase I, which catalyses the hydrolysis of unpaired or
mismatched nucleotides. The remaining group belongs to the IS630-family,
which has rather been obtained via horizontal gene transfer and includes
insertion sequences of Synechocystis sp. PC 6803 [Hickman et al., 2000].

1 Insertion Sequence
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Tab. 5.1: The cross comparison of the microarray data yielded 92 genes with el-
evated signal intensities. For the sake of completeness the corrected,
normalized signal intensities are shown for all investigated strains. The
input given to ArrayStar is based on the gene expression summaries of
normalized data and have been produced using the RMA (Robust Multi-
chip Average) algorithm [Grant et al., 2007]. The PEG have been sorted
by their designated functional groups as derived from NCBI (cf. chap-
ter 5.1). The prevalent group are the transposase comprising ca. 38%,
followed by the group of hypothetical proteins representing ca. 23% and
the PEG involved in DNA repair in the broadest sense add up to 11%.

f-value Signal intensity values f-value

Biological process 1R1A WT UVs78 1R1A UVs78

Gene DNA damage repair/stress response proteins (ca. 11%)

DR0099 ssb, single-stranded
DNA-binding protein

1.12 15.46 15.33 15.62 -1.09

DR0100 ssb, authentic
frameshift

-1.02 15.85 15.74 15.82 -1.07

DRA0254 resolvase, putative -8.18 13.42 14.50 10.39 2.11
DR1760 resolvase -7.64 13.38 14.44 10.45 2.09
DR2128 DNA-directed RNA

polymerase (rpoA), α-
subunit [EC: 2.7.7.6]

1.85 13.16 12.71 14.05 -1.36

DR2415 DNA-binding re-
sponse regulator

2.58 12.97 12.23 14.34 -1.68

DR1279 superoxide dismutase
(sodA), Fe-Mn family
[EC: 1.15.1.1]

-6.96 14.35 15.49 11.55 2.21

DR0326 hypothetical protein –
ddrD§

1.68 12.83 12.42 13.58 -1.33

DR2340 recA protein -1.10 13.02 12.43 12.88 -1.51
DR0070 hypothetical protein –

ddrB§
1.04 13.49 12.90 13.55 -1.51

Gene Transposase (ca. 38%)

DR0255 putative transposase -1.04 15.92 15.93 15.86 1.00
DRC0004 putative transposase 1.12 15.69 15.49 15.86 -1.14
DRC0029 putative transposas -6.69 13.83 15.05 11.09 2.33
DRB0020 putative transposase -6.85 13.84 15.05 11.06 2.32
DR2425 hypothetical; putative

transposase
-5.63 14.41 15.37 11.91 1.95

DR1196 putative transposas -6.83 13.87 15.08 11.10 2.31
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Tab. 5.1b (continued): 92 genes of interest

f-value Signal intensity values f-value

Biological process 1R1A WT UVs78 1R1A UVs78

Gene Transposase (ca. 38%)

DRB0055 transposase, pseudo-
gene

-10.71 13.46 14.71 10.04 2.38

DRB0057 transposase, putative -7.14 13.83 15.03 11.00 2.30
DRB0134 transposase, putative -6.95 13.85 15.05 11.06 2.29
DR0144 transposase, putative -7.02 13.87 15.09 11.06 2.32

DRB0102 transposase, putative -7.15 13.85 15.04 11.01 2.29
DRB0005 transposase, putative -6.70 13.86 15.06 11.12 2.29
DRB0117 transposase, putative -6.85 13.89 15.08 11.12 2.28

DRB0120m putative transposase -5.56 14.36 15.33 11.89 1.95
DRB0056 putative transposase -14.17 13.97 14.91 10.14 1.92
DRC0019 transposase-related -3.27 12.68 14.21 10.97 2.88
DRA0253 putative transposase -6.12 13.80 14.82 11.18 2.04
DR0010 putative transposase -6.06 13.74 14.80 11.14 2.08

DRB0058 putative transposase -6.08 13.75 14.83 11.14 2.12
DRB0113 putative transposase -6.24 13.80 14.80 11.16 2.00
DRB0018 putative transposase -6.07 13.80 14.79 11.19 2.00
DRB0103 putative transposase -6.23 13.72 14.76 11.08 2.05
DRB0132 transposase, putative -6.30 13.74 14.79 11.09 2.07
DR1762 putative transposase -6.18 13.76 14.85 11.13 2.14
DR2324 transposase, putative -4.38 14.76 13.16 12.63 -3.04
DR1593 transposase, putative -4.40 14.75 13.15 12.62 -3.04
DR1933 transposase, putative -4.54 14.77 13.14 12.59 -3.10
DR0978 transposase, putative -4.45 14.75 13.15 12.60 -3.03
DR1651 transposase, putative -4.30 14.74 13.17 12.63 -2.96
DR0666 transposase, putative -4.25 14.70 13.15 12.61 -2.93
DR1381 transposase, putative -4.37 14.72 13.13 12.60 -3.02
DR1618 transposase, putative -5.80 13.58 14.43 11.04 1.81
DR0870 transposase, putative -5.88 13.52 14.35 10.96 1.78

DRB0059 transposase, putative
–Sig1R

-5.67 13.65 14.44 11.15 1.73

DR2222 transposase, putative -5.71 13.52 14.35 11.01 1.78
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Tab. 5.1c (continued): 92 genes of interest

f-value Signal intensity values f-value

Biological process 1R1A WT UVs78 1R1A UVs78

Gene Protein Fate (ca. 7.5%)

DR1314 hypothetical, heat
shock-protective gene
–Sig1R

1.76 12.47 13.93 13.29 2.74

DR0227 hypothetical protein –
ddrG§

2.19 11.61 12.53 12.74 1.90

DR1473 phage shock protein A
(pap) –Sig1R

2.07 12.36 12.93 13.41 1.49

DR1459 serine protease, subti-
lase family

2.91 11.80 11.49 13.35 -1.24

DR1891 tetratricopeptide re-
peat family protein
(binds nucleic acids)

2.68 11.33 11.65 12.75 1.25

DR0129 molecular chaperone
DnaK –Sig1R

1.83 12.47 12.73 13.34 1.19

DR0907 cold shock protein
(CspA)

3.54 12.71 14.01 14.53 2.46

Gene Transcription and transcriptional regulators

DR2574 transcriptional regu-
lator, helix-turn-helix
motif – ddrO§

2.41 12.14 12.18 13.41 1.03

DR0309 elongation factor (EF)
TU, an endogenous
promoter [EC: 3.6.5.3]

1.07 12.98 13.49 13.07 1.43

DR2050 EF-Tu [EC: 3.6.5.3] 1.08 13.00 13.50 13.11 1.41
DRB0109 ribonucleoside-diphos-

phate reductase (nrdF),
β-chain [EC: 1.17.4.1];
purine/pyrimidine
metabolism

-9.31 12.93 13.73 9.71 1.74

DR2123 translation initiation
factor IF-1 (infA)

-1.27 14.02 14.65 13.67 1.56
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Tab. 5.1d (continued): 92 genes of interest

f-value Signal intensity values f-value

Biological process 1R1A WT UVs78 1R1A UVs78

Gene Nucleotide transport and ABC transport membrane protein genes

DR2588 iron complex ABC
transport system sub-
strate-binding protein;
high Fe-ion affinity

1.49 13.33 14.13 13.90 1.74

Gene Protein synthesis ( 6.5%)

DR0098 30S ribosomal protein
S6 (rpsF); small sub-
unit

1.53 14.12 15.17 14.73 2.07

DR0101 30S ribosomal protein
S18 (rpsR); small sub-
unit

1.41 15.04 14.06 15.53 -1.97

DR1294 30S ribosomal protein
S16 (rpsP); small sub-
unit

2.05 12.86 13.34 13.89 1.40

DR2124 50S ribosomal protein
L36; large subunit

-1.55 14.33 14.83 13.69 1.42

DR2005 50S ribosomal protein
L35 (rpmI); large sub-
unit

1.18 14.33 14.31 14.56 -1.01

DR0102 50S ribosomal protein
L9 (rplI); large sub-
unit

1.23 13.45 12.43 13.75 -2.03

Gene Energy acquisition

DRC0036 oxidative cyclase, puta-
tive (Fe-S oxidoreduc-
tase)

-3.49 13.00 14.04 11.19 2.05

Gene Central intermediary metabolism

DR1519 ketol-acid reductoi-
somerase (ilvC) [EC:
1.1.1.86]; valine/leucine
synthesis

-4.16 14.36 13.99 12.31 -1.29
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Tab. 5.1e (continued): 92 genes of interest

f-value Signal intensity values f-value

Biological process 1R1A WT UVs78 1R1A UVs78

Gene Outer structures (ca. 5%)

DR2070 membrane lipoprotein
(tmbC)

1.61 12.27 13.00 12.96 1.66

DR1115 S-layer-like array-re-
lated protein

6.92 10.17 10.18 12.96 1.01

DR2508 hexagonally packed
intermediate-layer
surface protein

-1.07 13.91 13.52 13.81 -1.31

DR0383 S-layer-like array-re-
lated protein

4.17 13.50 12.67 15.56 -1.77

DR1185 S-layer-like array-re-
lated protein –Sig1R

2.08 14.41 13.99 15.46 -1.34

Gene Hypotheticals (ca. 23%)

DR2344 hypothetical protein -1.37 14.97 15.47 14.52 1.42
DR1697 hypothetical protein -2.25 14.56 14.52 13.39 -1.03
DR1951 hypothetical protein -11.51 12.93 13.94 9.41 2.02
DR0481 hypothetical protein 1.58 13.05 12.85 13.72 -1.15
DR1926 hypothetical protein 2.04 11.83 12.02 12.86 1.13
DR2489 hypothetical protein 5.57 9.79 9.87 12.26 1.06
DR1370 hypothetical protein 2.91 11.64 11.68 13.18 1.03
DR2441 hypothetical protein 1.14 13.95 14.31 14.13 1.29
DR0138 hypothetical protein 2.86 11.84 12.10 13.36 1.20
DR0025 hypothetical protein 4.04 10.72 11.09 12.74 1.29
DR1919 hypothetical protein 1.95 13.02 12.58 13.98 -1.36
DR0852 hypothetical protein -2.45 11.38 11.94 10.09 1.47

DRC0039 hypothetical protein -2.67 13.32 14.11 11.90 1.73
DR2559 hypothetical protein -9.36 12.77 13.85 9.54 2.12
DR0661 hypothetical protein -1.69 13.76 14.79 13.01 2.04
DR2180 hypothetical protein as-

sociated with GTPase
-3.59 13.88 14.69 12.04 1.75

DRA0278 hypothetical protein -3.39 13.98 15.06 12.22 2.12
DR1197 hypothetical protein -5.98 13.85 15.08 11.27 2.35
DR1715 hypothetical protein 1.71 12.15 11.82 12.92 -1.26
DR2414 hypothetical protein -1.02 13.96 13.86 13.93 -1.08
DR0331 hypothetical protein -5.03 14.11 14.81 11.78 1.62

WT – Wild-type strain R1; f-value – Calculated fold change value

Sig1R indicates that this PEG has been identified to belong to the Sig1-regulon [Schmid et al., 2005a]

of sigma factor Sig1, outlined in detail in chapter 5.2.1 (p. 100)

§[Tanaka et al., 2004] – DNA damage response proteins (ddr)
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Due to the fact that the aclame database cannot assign any function
to the transposases DR2324 and DR1593 it can be assumed that these
have been acquired as well via horizontal gene transfer, since the best hit
identified the cyanobacteria Nostoc sp. PCC 7120 (former Anabaena sp.)
with 52% similarity. Furthermore, it should be noted that comparing the
sequences of these two deinococcal transposase are identical except in one
amino acid (data not shown). Even comparative genomic analysis did not
reveal a functional role of DR0255 and DRC0004, which were among the
six PEG with elevated signal intensities in all strains, because neither PEG
produced alignable regions in close genomes. Therefore this microarray anal-
ysis supported by function-determination with the aclame database could
not determine whether the transposases are essential key players of or acti-
vate the UV-induced damage repair systems in D. radiodurans.

Tab. 5.2: The transposase assigned to the IS4-family by aclame show primarily
homology to other deinococcal transposase but not to any other group of
MGE. Therefore a detailed list of the E-values and the grade of homology
is shown in the appendix D.1 (p. 148).

IS4-family

DR0010 DR0144 DR1196
DR1618 DR1762 DRA0253
DRB0018 DRB0020 DRB0055
DRB0057 DRB0058 DRB0102
DRB0103 DRB0113 DRB0132
DRB0134 DRC0019 DRC0029

The abundance of IS4-family affiliated transposases prompted scrutiniz-
ing of the induced genes whether further members of the RNAse H-clan may
be present and be related to the conserved core of the Archaea-typical repair
system. The putative DNA repair system largely specific to thermophiles
consists of a conserved core array of 5 genes: a predicted DNA helicase, a
RecB family exonuclease and 3 uncharacterized genes, of which one might en-
code a nuclease of a novel family [Makarova et al., 2002]. A distinct feature of
this core array determined that these five core genes are not only conserved
but are often found in the same order in the majority of the investigated
thermophiles. To a lesser extent, two additional genes could be detected
in the gene neighborhood, which may facilitate the repair progress of this
gene set but rather seem to be an optional expansion of the conserved core
[Makarova et al., 2002].
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In this respect, it is interesting to note that PEG DR2180 was among
the 92 genes with elevated signal intensities, that has been obtained by D.
radiodurans via gene exchange by thermophiles with the best homolog pro-
tein found in Aquifex aeolicus (NCBI gene identification number: 2984130)
[Makarova et al., 2001]. Based on bioinformatics this uncharacterized family
is conserved in bacteria and archaea, DR2180 (GTPase associated protein)
and DR2181 (small GTPase of Ras/Rab2 family), belong to the unusual pre-
dicted operons found in D. radiodurans. The orthologous GTPase in Myxo-
coccus sp. suggests that this operon might play a role in cellular signalling.

Screening of the listed transposase did not reveal any core genes related
to this thermophile-specific repair system, but rather other members of the
RNAse H-clan affiliated to the helicase II-family could be detected (DR1572
and DR2444). Indeed genes in close neighborhood of the designated heli-
case II were induced as well. Comparative genomic analysis could not de-
termine further functional homologs in the gene neighborhood of DR1572
that fulfill the above mentioned functional premises. In contrast the induced
gene neighborhood of DR2444 revealed very promising core genes, but will
be discussed in further detail in chapter 5.2.1 (p. 100) because this PEG is
not among the 92 genes with elevated signals described here.

As mentioned previously, only six PEG showed an elevated signal inten-
sity and overlapped in all three investigated strains, thus, destined to be ma-
jor contributors to confer UV-resistance to D. radiodurans. Of these DR0255
and DRC0004 are denoted as transposase, whereas DR2344 and DR1697
have been annotated as hypothetical proteins. The remaining PEG encode
the HR-involved single-strand-binding protein (SSB–DR099 and DR0100),
which has two oligonucleotide/oligosaccharide-binding folds and functions as
dimer [Bernstein et al., 2004, Witte et al., 2005, Eggington et al., 2006]. To
determine solely PEG with a significant contribution to the UV damage re-
pair system, genes encoding proteins involved in the central intermediary
metabolism have been expelled and the remaining PEG have been further
scrutinized by examining the gene loci in close proximity.

2 The Ras superfamily of small GTPases are important regulators of cellular biology
with roles in growth, survival, differentiation, etc. Members of this family are amongst
others Rho and Rab.
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Tab. 5.3: Transposase and their assigned classification to a distinct aclame
family∗. All the proteins encoded by a group of MGE (phages, plas-
mids, etc.) are compared between each other using the BLAST program
provided by NCBI (chapter 5.1). The resulting list of sequence pairs is
transformed into a scoring matrix with the E-value (expected value) as
distance. The matrix is given as input to the MCL algorithm to produce
a list of clustered proteins (clustering, cf. chapter 2.4.2).

Function unknown
Aligne index E-value ID% Organism

DR2324
1.e-107 52 Nostoc sp. PCC 7120

DR1593
1.e-107 52 Nostoc sp. PCC 7120

IS630-family
Aligne index E-value ID% Organism

DR0255
214 1.e-56 63 DRB0120m
0 9.e-51 57 Sinorhizobium meliloti 1021

DRC0004
77 2.e-15 57 DRB0120m
65 7.e-12 50 DRB0056

DRB0120m
167 3.e-42 51 DRB0056
44 3.e-05 53 Ralstonia solanacearum

GMI1000
DR2425

77 1.e-14 57 DRC0004
DRB0056

65 4.e-11 50 DRC0004

∗An aclame family is defined as a set of similar sequences sharing one or more functions.
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Tab. 5.4: List of the 31 PEG with elevated signal intensities. The gene expression
summaries of the normalized data are listed as well (details cf. Table
5.1). The six genes with an elevated signal intensity that overlap in all
three investigated D. radiodurans strains are marked PEG?.

f-value Signal intensity values f-value

Biological process 1R1A WT UVs78 1R1A UVs78

Gene DNA damage repair/stress response proteins (ca. 11%)

DR0099? ssb, single-stranded
DNA-binding protein

1.12 15.46 15.33 15.62 -1.09

DR0100? ssb, authentic frame-
shift

-1.02 15.85 15.74 15.82 -1.07

DRA0254 resolvase, putative -8.18 13.42 14.50 10.39 2.11
DR1760 resolvase -7.64 13.38 14.44 10.45 2.09
DR2128 DNA-directed RNA

polymerase (rpoA),
α-subunit [EC: 2.7.7.6]

1.85 13.16 12.71 14.05 -1.36

DR2415 DNA-binding response
regulator

2.58 12.97 12.23 14.34 -1.68

DR2340 recA protein -1.10 13.02 12.43 12.88 -1.51

Gene Transposase

DR0255? putative transposase -1.04 15.92 15.93 15.86 1.00
DRC0004? putative transposase 1.12 15.69 15.49 15.86 -1.14
DRB0134 transposase, putative -6.95 13.85 15.05 11.06 2.29
DRB0005 transposase, putative -6.70 13.86 15.06 11.12 2.29
DRC0019 transposase-related -3.27 12.68 14.21 10.97 2.88
DRA0253 transposase, putative -6.12 13.80 14.82 11.18 2.04
DR0010 transposase, putative -6.06 13.74 14.80 11.14 2.08

DRB0103 transposase, putative -6.23 13.72 14.76 11.08 2.05
DRB0132 transposase, putative -6.30 13.74 14.79 11.09 2.07
DR1762 putative transposase -6.18 13.76 14.85 11.13 2.14
DR2324 transposase, putative -4.38 14.76 13.16 12.63 -3.04
DR1381 transposase, putative -4.37 14.72 13.13 12.60 -3.02
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Tab. 5.4b (continued): 31 putative genes linked to UV tolerance

f-value Signal intensity values f-value

Biological process 1R1A WT UVs78 1R1A UVs78

Gene Protein Fate

DR1891 tetratricopeptide repeat
family protein (binds
nucleic acids)

2.68 11.33 11.65 12.75 1.25

Gene Transcription and transcriptional regulators

DRB0109 ribonucleoside-diphos-
phate reductase (nrdF),
β-chain [EC: 1.17.4.1];
purine/pyrimidine
metabolism

-9.31 12.93 13.73 9.71 1.74

Gene Outer structures

DR2508 hexagonally packed
intermediate-layer
surface protein

-1.07 13.91 13.52 13.81 -1.31

DR0383 S-layer-like array-re-
lated protein

4.17 13.50 12.67 15.56 -1.77

DR1185 S-layer-like array-re-
lated protein

2.08 14.41 13.99 15.46 -1.34

Gene Hypotheticals

DR2344? hypothetical protein -1.37 14.97 15.47 14.52 1.42
DR1697? hypothetical protein -2.25 14.56 14.52 13.39 -1.03
DR1951 hypothetical protein -11.51 12.93 13.94 9.41 2.02
DR0481 hypothetical protein 1.58 13.05 12.85 13.72 -1.15
DR1919 hypothetical protein 1.95 13.02 12.58 13.98 -1.36

DRC0039 hypothetical protein -2.67 13.32 14.11 11.90 1.73
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Tab. 5.5: The decisive gene loci rendering the putative PEG linked to UV radiation
tolerance as listed in Table 5.4. Here only the fold-change values of 1R1A
(recA) compared to the wild-type strain R1 are listed.

Biological process f-value
Gene DNA damage repair/stress response 1R1A

DRC0005 resolvase -1.79
DRC0006 hypothetical protein (Mg-dependent DNAse) -4.30
DRC0018 integrase/recombinase XerD, putative -1.56
DRB0104 integrase/recombinase XerD, putative -7.93
DRB0135 RNA helicase, putative -5.19
DRB0136 ATP-dependent helicase HepA -6.85
DR1184 MutT/nudix family protein (oxidative dam-

age repair enzymes)
-1.62

DR1696 DNA mismatch repair protein MutL -1.28
DR1916 DNA helicase RecG -2.03
DR1921 exonuclease SbcD, putative -6.94
DR1922 exonuclease SbcC (ATPase, DNA repair) -2.62
DR1949 ribonuclease HII (RnhB), RNAse H clan -1.79
DR2416 sensor histidine kinase 3.06
DR2418 DNA-binding response regulator -1.86
DR2439 hypothetical protein (similar to Bacillus sub-

tilis DinB family)
-1.14

DR2509 hypothetical protein (predicted endonuclease
involved in recombination)

-3.10
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Tab. 5.5b (continued): Gene neighbors of the putative 31 PEG

Biological process f-value
Gene Protein Fate 1R1A

DR0382 gcp O-sialoglycoprotein endopeptidase, pu-
tative (possible chaperone activity)

6.16

DR0482 B-cell receptor associated protein-related
protein (membrane protease)

1.43

DR2322 serine protease, subtilase family, C-terminal
fragment

-4.22

DRC0020 Adenine-specific DNA methylase -5.62

Regulatory proteins

DRA0252 transcriptional regulator, MerR family -2.14
DRB0110 thioredoxin-related response regulator -6.06
DR1379 transcriptional repressor, TetR family

(AcrR)
-5.72

DR1894 transcriptional regulator, AsnC family -5.18
DR1761 hypothetical protein (transposase-like) -4.41

Cell cycle control

DR0013 chromosome partitioning ATPase Soj -3.36
DR0480 hypothetical protein (predicted ATPase im-

plicated in cell cycle control)
-1.13

DRB0001 chromosome partitioning ATPase, putative,
ParA family

-9.95

This analysis resulted in 25 PEG to be further analyzed and adding up
to 31 potential key players including the 6 overlapping PEG Table 5.4. The
decisive gene loci in close proximity of the 31 potential key players are listed
in Table 5.5. Notably all potential key players exhibit neighboring PEG
linked to DNA damage repair.

5.2 Transcription profile of 1R1A (recA)

UV-(254 nm) radiation induced a vast majority of PEG, therefore a first ap-
proach was aimed at reducing the induced genes by applying a selective cut-
off at 10-fold change. 81 genes fulfilled this threshold and were further exa-
mined. Corroborating that recA is a key protein contributing to D. radiodu-
rans’ exceptional radiation resistance [Daly et al., 1994, Sheng et al., 2005,
Zimmerman & Battista, 2005], but the most highly induced genes in 1R1A
(recA) were entirely down regulated. In general those genes repressed in
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1R1A (recA) are up regulated in UVs78 (uvrA-1 uvsE), with the exception of
six PEG. Of these overlapping repressed genes, two are denoted as hypothet-
ical proteins, two belong to the general ABC transport systems, one PEG
is related to eukaryotic diacylglycerol kinase (cellular signal transduction)
and one PEG is a guanine-nucleotide binding protein predicted to regulate
modules in processing and cytoskeleton assembly (marked with an asterisk
in Table 5.6).

The overlapping repressed genes were further scrutinized by compara-
tive genomic analysis. DR1560, DR1429 and DR2061 showed no alignable
regions in close genomes, but these three PEG show interesting genes in
close proximity: DR1558 – a DNA binding response regulator; DR2063 –
Polyribonucleotide nucleotidyltransferase (EC3 2.7.7.8 involved in purine and
pyrimidine metabolism) and DR1431 – Phosphoribosylamine-glycine ligase
(EC 6.3.4.13 involved in purine metabolism).

As indicated in Table 5.6 all members of the predicted unusual operon,
designated Pilin IV cluster, were highly induced in 1R1A (recA) with the excep-
tion of DR1235, a dynamin-like GTPase, which is only repressed 4-fold. The
Pilin IV cluster includes a GTPase assigning this operon a possible regulatory
role, probably responsible for DNA transformation [Makarova et al., 2001].

In E. coli the rate of DNA synthesis could be correlated to replication-
arresting lesion removal when the cells were irradiated with a moderate flu-
ence of 254 nm-UV radiation. One efficient mechanism identified in E. coli
to remove UV-254 nm-induced lesions that lead to an arrest of replication is
the RecF pathway (Figure 1.2 in chapter 1.3.1.2, p. 24).

Absence of any RecF pathway-associated protein results in gaps that
persist in the synthesized DNA and in degradation of nascent DNA at the
replication fork [Courcelle et al., 2005]. This has been confirmed by the de-
layed post-irradiation repair kinetics of 1R1A (recA) obtained in this study
(chapter 4). Furthermore, the remaining components of the RecF-mediated
pathway are repressed as well Table 5.7, though to a lesser extent than ex-
pected, an exemplary disclosure of RecA’s co-protease activity in distinct
pathways.

3 Enzyme Commission Numbers (EC #) are made up of four numbers separated by
periods. The first number represents the Main Function of the enzyme, the second number
represents the Sub One Function, the third number is the Sub Two Function and the third
number is the Sub Three Function. http://rice.tigr.org/tigr-scripts/CMR2/ECSearch.spl
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Tab. 5.6: The table comprises PEG exhibiting a fold-change of ≥ 10. For com-
parison the calculated fold-values of UVs78 (uvrA-1 uvsE) are listed in
a separate column. In total this list is predominated by PEG designated
as hypothetical proteins, mainly with unknown function (54%) and the
second main functional group comprise PEG related to nucleotide trans-
port and ABC transport membrane proteins (11%).

Biological process f-value f-value
Gene DNA damage repair/stress response

proteins
1R1A UVs78

DRA0181 GGDEF family protein -29.41 2.61
DR1572 helicase-related protein uvrD -10.93 1.70

DRB0067 extracellular nuclease, putative; in-
volved in intracellular signaling

-10.18 2.23

DR0798 putative Gcn5-related acetyltransfe-
rases (GNATs) involved in in tran-
scription and DNA repair

-10.02 1.88

Nucleotide transport and ABC transport
membrane protein genes (ca. 11%)

DRA0176 xanthine permease, putative -34.24 3.17
DRB0119 Na+/H+ antiporter, putative -12.91 2.02
DR2121 branched-chain amino acid ABC

transporter, permease protein
-12.28 1.10

DR1569 peptide ABC transporter, permease
protein

-12.03 1.05

DR2053 phosphate transport system regula-
tory protein PhoU, putative

-11.80 1.80

DR2120∗ branched-chain amino acid ABC
transporter, permease protein

-11.48 -1.16

DRA0210 ABC transporter, periplasmic
peptide-binding protein

-10.94 2.01

DR1570∗ peptide ABC transporter, permease
protein

-10.28 -1.12

DR2395 Na+/H+ antiporter, putative; inte-
gral to membrane

-10.17 1.63
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Tab. 5.6b (continued): Genes with a fold-change ≥ 10

Biological process f-value f-value
Gene Protein Fate 1R1A UVs78

DRA0206 oligoendopeptidase F, putative; pro-
teolysis

-16.09 2.14

DR2484 trp repressor binding protein WrbA,
putative (oxidoreductase activity)

-14.73 1.13

DRA0214 trp repressor binding protein WrbA,
putative

-11.03 1.76

DR0717 leucyl aminopeptidase, putative;
proteolysis

-10.40 2.27

DR1725∗ WD-repeat family protein, regulates
modules in processing and cytoskele-
ton assembly

-10.20 -1.05

Central intermediary metabolism

DR0963 N-acetyl-γ-glutamyl-phosphate
reductase; arginine synthesis

-14.11 1.68

DRB0079 N-acylamino acid racemase -13.45 1.65
DR1742 glucose-6-phosphate isomerase -11.78 1.52

DRB0033 arylesterase/monoxygenase; inor-
ganic ion transport

-11.36 1.97

DR1637 4-α-glucanotransferase -10.18 2.05
DRB0101 amine oxidase-related protein -10.18 2.19

Cellular process and signaling

DR1232 pilin, type IV, putative§ -15.22 1.56
DR1233 pilin, type IV, putative§ -11.25 1.49
DR1361 endopeptidase-related protein; cell

wall biogenesis
-10.99 1.46

DR1560∗ Sphingosine kinase and enzymes re-
lated to eukaryotic diaclglycerol ki-
nase (contain regulatory domains)

-18.20 -1.05
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Tab. 5.6c (continued): Genes with a fold-change ≥ 10

Biological process f-value f-value
Gene Energy acquisition 1R1A UVs78

DR1506 NADH dehydrogenase I, A subunit -11.08 2.45
DR1493 NADH dehydrogenase I, M subunit -12.20 1.39

Translation

DR1759 tRNA (5-methylaminomethyl-2-thio-
uridylate)-methyltransferase; tRNA
modification

-10.21 1.93

Transcription and transcriptional regulators

DRA0204 response regulator -20.71 2.10

Transposase ( 6%)

DR1523 putative transposase -18.44 1.77
DRB0056 putative transposase -14.17 1.92

DRB0019.1 transposase -12.74 2.59
DRB0019.2 transposase -16.45 2.81
DRB0055 transposase, pseudogene -10.71 2.38

Hypotheticals ( 54%)

DR0539 hypothetical protein -11.40 1.95
DR0545 hypothetical protein -11.34 1.63
DR0839 hypothetical protein -11.71 1.08
DR0841 hypothetical protein -10.17 1.12
DR0923 hypothetical protein -14.75 1.41
DR0955 hypothetical protein -10.34 2.04
DR0996 hypothetical protein -16.98 1.69
DR1044 hypothetical protein -10.69 1.79
DR1186 hypothetical protein -13.46 2.08
DR1231 hypothetical protein -13.04 1.65
DR1234 hypothetical protein – bioinformatic-

based affiliation to Pilin IV cluster§
-11.46 1.16

DR1280 hypothetical protein -10.51 1.73
DR1297 hypothetical protein -10.29 1.59
DR1429∗ hypothetical protein -10.44 -1.11
DR1441 hypothetical protein -10.67 1.98
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Tab. 5.6d (continued): Genes with a fold-change ≥ 10

Biological process f-value f-value
Gene Hypotheticals ( 54%) 1R1A UVs78

DR1533 hypothetical protein -10.75 1.52
DR1591 hypothetical protein -14.86 2.05
DR1603 hypothetical protein -10.04 1.67
DR1636 hypothetical protein -10.10 2.36
DR1653 hypothetical protein -11.26 1.56
DR1686 hypothetical protein -10.57 1.48
DR1722 hypothetical protein -13.02 2.58
DR1726 hypothetical protein -16.76 1.42
DR1774 hypothetical protein -11.60 1.88
DR1951 hypothetical protein -11.51 2.02
DR1956 hypothetical protein -16.77 2.38
DR2037 hypothetical protein -10.47 2.37
DR2038 hypothetical protein -11.74 2.27
DR2061∗ hypothetical protein -10.33 -1.74
DR2456 hypothetical protein -12.04 1.69

DRA0090 hypothetical protein -11.58 2.93
DRA0095 hypothetical protein -10.68 2.74

DRA0119.1 hypothetical protein -10.61 2.44
DRA0189 hypothetical protein -11.41 1.75
DRB0004 hypothetical protein -10.51 2.14
DRB0032 hypothetical protein -10.04 1.92
DRB0035 hypothetical protein -13.02 1.83
DRB0051 hypothetical protein -11.36 2.08
DRB0068 hypothetical protein -11.06 2.10
DRB0084 hypothetical protein -11.98 2.67
DRB0085 hypothetical protein -11.00 2.28
DRB0127 hypothetical protein -14.28 1.76
DRB0131 hypothetical protein -13.89 2.04
DRB0145 hypothetical protein -10.32 1.95

∗PEG, which are down regulated in both UV-sensitive D. radiodurans mutant strains

§[Makarova et al., 2001] – Predicted unusual operon Pilin IV cluster comprising DR1232 to DR1235
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Sheng and coworkers (2005) provided evidence that recX, designated
DR1310, down regulates the transcription of recA and reported that recX
was required for an elevated expression level of RecA. Moreover, Sheng and
coworkers (2005) determined that RecX is involved in antioxidant mechanism
of D. radiodurans and had a negative effect on the transcription of catalase
(DRA0146) and superoxide dismutase (DR1279), that along with RecA are
involved in the SOS reaction caused by irradiation. But they were unable
to state whether RecX exerts its repressor activity directly on the SOS pro-
cess or if it is an indirect result of its negative regulation of RecA activity.
The microarray data obtained in this dissertation, showed a 4-fold repression
of recX in a ∆recA4 background. Hence, RecA can be regarded as trigger
protein for RecX’ regulation activity.

Tab. 5.7: The components of the RecF-pathway as outlined in the model of
[Lee et al., 2004]. In E. coli the RecF-mediated pathway is primar-
ily required to repair fork-arresting lesions, which block DNA poly-
merases [Courcelle et al., 2005]. Listed are the fold-change values of
1R1A (recA).

Gene name f-value
1R1A

DR0198 recombinase R (RecR) 1.50
DR1089 RecF 1.25
DR1289 RecQ (processing of dsbs) 1.08
DR1126 RecJ (processing of dsbs) 1.08
DR0819 RecO (strand-annealing enzyme) -1.35
DR2340 RecA -1.51

It was expected to find some novel key players among these highly re-
pressed genes in 1R1A (recA), that have been identified in recent studies.

Although Earl postulated in her dissertation [Earl, 2003] that the gene
product of DR0167, designated irrE by [Earl et al., 2002a] and
[Jolivet et al., 2006], but pprI by [Gao et al., 2006], plays a critical role in
D. radiodurans’ ability to survive UV irradiation, the analyzed microarray
data of either strain in this study showed no significant induction fold of this
PEG.

4 The greek letter ∆ is commonly used to express the deleted loci in a mutant.
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Tab. 5.8: The fold-change values solely of 1R1A (recA) compared to wild-type
strain R1 are opposed to the literature data obtained by [Earl, 2003]. Of
these overlapping PEG, nine have already been listed in Table 5.1 and
are highlighted with an asterisk in this table.

Biological process f-value †Earl †Earl
Gene Transposase 1R1A 0.5 h 1 h

?DRC0004∗ putative transposase 1.12 4.00 3.00
?DR0255∗ putative transposase -1.04 3.00
DRB0018∗ putative transposase -6.07 3.00

Energy acquisition

DRB0109 ribonucleotide-diphosphate
reductase, β-subunit

-9.31 4.00

Protein synthesis

DR0101∗ 30S ribosomal protein S18
(rpsR); small subunit

1.41 4.00

DR0102∗ 50S ribosomal protein L9
(rplI); large subunit

1.23 4.00

DR1309 ribosomal protein S20 1.18 4.00
DR0755 50S ribosomal protein L19 1.14 4.00
DR0309∗ elongation factor EF-TU 1.07 4.00

Protein Fate

DR0349 ATP-dependent protease LA 1.67 4.00

ABC Transport proteins

DRB0121 iron transporter, ATP-
binding

-4.51 3.00

DRB0125 iron transporter, periplas-
mic substrate-binding

-4.01 3.00

Outer structure proteins

DR0383 S-layer-like array-related 4.17 4.00
DR1185 S-layer-like array-related 2.08 6.00

Hypotheticals

DR1954 hypothetical protein -6.86 4.00
DR2003 hypothetical protein -5.73 4.00

DRC0024 hypothetical protein -4.57 4.00
?PEG denote the genes induced in all three investigated strains as inferred from their signal

intensity (cf. chapter 5.1, p. 78)

†Earl 0.5 h and 1 h are related to the recovery time points, that were analyzed for the recovery

profile (data derived from [Earl, 2003]).
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Still, comparison of the highly expressed genes following ionizing radiation
[Earl, 2003] revealed 17 genes that overlap in ∆irrE and UVC irradiated
1R1A (recA) microarray data analyses, the overlapping gene loci are listed in
Table 5.8.

To assign these 17 genes some kind of a role in radiation-induced damage
repair would be a preterm jump to conclusion. Because they have been
mainly denoted hypothetical proteins with unknown function, are involved
in protein synthesis, in protein fate, cell membrane biogenesis or belong to the
transposases. Interestingly, the two transposase that have been induced in
all three investigated strains (DR0255 and DRC0004, Table 5.1) are among
the overlapping PEG listed in Table 5.8. Therefore, further corroborating
their potential relevance in response to radiation-induced damage.

5.2.1 Top-induced genes in 1R1A

As pointed out previously, the most highly expressed genes induced following
UVC-irradiation are rather down regulated. Still about 200 PEG are up
regulated in 1R1A (recA), which are listed in Table 5.9. Due to the high
threshold-value set as starting condition, these PEG were not included before.

DR1200 and DR1891 rank among the most highly up regulated genes
in 1R1A (recA), being promising candidates that may trigger the proposed
bypass repair system. Both belong to the tetratricopeptide repeats (TPR)
and have been assigned to play a role in signal processes in D. radiodu-
rans [Makarova et al., 2001], which has been inferred from their documented
mediation of protein-protein interaction within molecular complexes in eu-
karyotic systems. Both PEG possess a TPR-like helical domain as the re-
sponse regulator aspartate phosphatase protein RapA. Rap proteins com-
prise a group of sequence-related proteins that regulate protein activity ei-
ther by specifically binding to regulatory proteins or by acting as peptide
phosphatase that target the phosphorylated forms of response regulators of
two-component phosphorelay systems [Budde et al., 2006]. Phosphotransfer-
mediated signaling pathways allow cells to sense and respond to environmen-
tal stimuli. Autophosphorylating histidine protein kinases provide phospho-
ryl groups for response regulator proteins which, in turn, function as mole-
cular switches that control diverse effector activities [West & Stock, 2001].
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According to [Makarova et al., 2001] the best analog of the hypothetical
protein DRA0334 was found in Mycobacterium tuberculosis (NCBI gene iden-
tification number: 1552573). The hypothetical protein, designatedDRA0334,
belongs to the predicted unusual operon of serine/threonine protein kinase
based regulatory system that may have been acquired by D. radiodurans
through horizontal gene transfer [Makarova et al., 2001]. Components en-
coded by this operon DRA0331 − DRA0335 are proteins involved in the
kinase-dependent regulatory pathway, but except for DRA0334 the other
operon members have been down regulated and exhibit 5–3-fold values.

Though not among the highly up regulated genes, DR2444 encoding
a helicase of the HRDC5-family has been further investigated and com-
parative genomic analysis was performed, because DR2444 has been as-
signed a member of the RNAse H-clan but also many genes in close prox-
imity are up regulated as well. Particularly, the concomitance of endonu-
clease III, designated DR2438, and a homolog of Din6B of Bacillus subtilis
[Thompson et al., 2006] DR2439 in the gene neighborhood of DR2444 sug-
gested that an ortholog of the thermophile-specific repair system may ex-
ist [Makarova et al., 2002]. Furthermore, the hypothetical protein DR2441
holds similarity to Gcn5-related acetyltransferases (GNAT), which are in-
volved in transcription and DNA repair. Since no gene ortholog could be
determined for DR2445, DR2446 and DR2450, it is assumed that they may
be part of this putative repair core.

DR2448 − DR2452 can be ruled out to be involved in this putative re-
pair core, because comparative genomic analysis revealed that the designated
hypothetical proteins DR2448, DR2449 and DR2451, DR2452 are rather
gene orthologs of the copper homeostasis regulation operon in Deinococcus
geothermalis DSM11300 and Thermus thermophilus HB27.

It is interesting to note that many of the up regulated genes (cf. Ta-
ble 5.9) have been either assigned to belong to the heat shock regulon of
the ECF (extracytoplasmatic funcion) subfamily member Sig1 (DR0180) or
are directly regulated by the negative regulator HspR (DR0934) via binding
directly to a 7 bp inverted repeat HAIR sequence (HAIR, HspR-associated
inverted repeat), [Schmid et al., 2005a] and [Schmid et al., 2005b].

5 Helicase and RNAse D C-terminal (HRDC), see chapter 1.3.1.2 (p. 16).
6 DNA damage-inducible gene
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Tab. 5.9: The up regulated genes in 1R1A (recA) were grouped according to their
assigned biological function in the cellular organism.

Biological process Gene f-value
Gene DNA damage repair/stress re-

sponse proteins
name 1R1A

DR2415 DNA-binding response regulator 2.58
DR2220 tellurium resistance protein, pu-

tative
TerB 2.02

DR0335 ATP-dependent RNA helicase,
putative

2.02

DR2128 DNA-directed RNA polymerase,
α-subunit

RpoA 1.85

DR0326 hypothetical protein DdrD 1.68
DR0423 hypothetical protein; DNA single

strand annealing
DdrA 1.47

DR2339 2′ − 5′ RNA ligase, putative; rep-
resentative of LigT protein family

1.32

DR1262 ribonucleoprotein Ro-related pro-
tein

Rsr 1.31

DRA0346 DNA damage repair protein PprA 1.21
DR0099 single-stranded DNA-binding

protein
1.12

DR2444 putative HRDC family-recQ (Heli-
case), nucleic acid-binding protein

1.05

DR2438 endonuclease III Nth-2 1.05
DR0070 hypothetical protein DdrB 1.04
DR1998 catalase (antioxidant enzyme) KatA 1.01

Outer structure proteins

DR1115 S-layer-like array-related 6.92
DR0382 O-sialoglycoprotein endopepti-

dase, putative
6.16

DR0383 S-layer-like array-related 4.17
DR1185 S-layer-like array-related –Sig1R 2.08
DR2096 endopeptidase IV-related protein 1.90
DR2070 membrane lipoprotein 1.61
DR1124 SLH (S-layer homology domain)

family protein
1.21

DR0379 outer membrane protein 1.17
DR1369 minicell-associated protein DivIVA 1.03
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Tab. 5.9b (continued): Up regulated PEG in 1R1A

Biological process Gene f-value
Gene Protein Fate name 1R1A

DR0492 hypothetical protein –Sig1R 5.79
DR0907 cold shock protein, CSD family 3.54
DR1459 serine protease, subtilase family 2.91
DR1815 hypothetical protein –Sig1R 2.71
DR0128 heat shock protein –Sig1R GrpE 2.44
DR0607 heat shock protein –Sig1R GroEL 2.35
DR2572 hypothetical protein –Sig1R 2.20
DR0227 hypothetical protein –Sig1R 2.19
DR1937 serine protease –Sig1R 2.23
DR1473 phage shock protein A –Sig1R 2.07
DR0972 hypothetical protein –Sig1R 1.86
DR0129 chaperone protein dnaK –Sig1R DnaK 1.83
DR1314 hypothetical protein –Sig1R 1.76
DR0127 hypothetical protein –Sig1R 1.70
DR0349 ATP-dependent protease –HspR Lon2 1.67
DR0482 putative suppressor gene; B-cell

receptor associated protein
1.43

DR1974 ATP-dependent protease Lon1 1.25
DRA0290 cell division protein FtsH –HspR FtsH-3 1.18
DR0606 chaperonin –Sig1R GroES 1.16

Two-component phosphorelay system

DR2416 sensor histidine kinase 3.06
DR1891 tetratricopeptide repeat family

protein; binds nucleic acids
2.68

DRB0091 response regulator 2.11
DR2327 response regulator 1.95
DR0892 sensor histidine kinase 1.82

Sig1R – PEG that have been assigned to be part of the sigma factor Sig1 (DR0180) heat

shock regulon [Schmid et al., 2005a].

HspR – The transcription of these PEG are directly regulated by HspR (DR0934), a

negative regulator of heat shock genes [Schmid et al., 2005b].
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Tab. 5.9c (continued): Up regulated PEG in 1R1A

Biological process Gene f-value
Gene Signaling process (general) name 1R1A

DR0139 GTP-binding protein HflX 1.90
DR2518 serine/threonine protein kinase,

putative
1.59

DR1814 hypothetical, predicted phospho-
diesterase of LigT protein family

1.27

DRA0334 hypothetical inactive kinase
(phosphoprotein phosphatase)

1.21

DR2161 protein-tyrosine phosphatase-
related protein

1.05

Protein Synthesis

DR2109 ribosomal protein S14 RpsN 2.50
DR0318 50S ribosomal protein L16 2.37
DR2115 ribosomal protein L15 RplO 2.31
DR2110 ribosomal protein S8 RpsH 2.20
DR0312 50S ribosomal protein L4 RplD 2.20
DR1294 ribosomal protein S16 2.05
DR0311 ribosomal protein L3 RplC 2.02
DR2114 ribosomal protein L30 RpmD 1.61
DR0098 ribosomal protein S6 1.53
DR0319 ribosomal protein L29 RpmC 1.52
DR2111 50S ribosomal protein L6 RplF 1.48
DR0101 ribosomal protein S18 1.41
DR0086 ribosomal protein L21 RplU 1.40
DR0341 ribosomal protein S15 RpsO 1.24
DR0102 ribosomal protein L9 1.23
DR0313 ribosomal protein L23 1.18
DR1309 ribosomal protein S20 RpsT 1.18
DR2005 ribosomal protein L35 1.18
DR0755 50S ribosomal protein L19 RplS 1.14
DR0175 ribosomal protein S9 RpsI 1.13
DR0306 30S ribosomal protein S7 RpsG 1.12
DR2050 elongation factor TU EF-Tu 1.08
DR1983 ribosomal protein S1, putative 1.08
DR0309 elongation factor TU EF-Tu 1.07
DR0317 ribosomal protein S3 RpsC 1.02
DR2129 ribosomal protein L17 RplQ 1.02
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Tab. 5.9d (continued): Up regulated PEG in 1R1A

Biological process Gene f-value
Gene Transcription and transcriptional

regulators
name 1R1A

DR2574 transcriptional regulator, HTH3

family
2.41

DR1918 aminoglycoside acetyltransferase;
information storage/processing

1.65

DRC0012 transcriptional regulator, GerE
family

1.59

DR2168 rRNA small subunit methyltrans-
ferase B [EC 2.1.1.-]; tRNA mod-
ification

1.51

DR0997 transcriptional regulator,
FNR/CRP family

1.44

DR2148 transcriptional regulator, TetR
family

1.41

DR2448 transcriptional regulator, MerR
family

1.24

DR2357 phenylalanyl-tRNA synthetase,
β-subunit

PheT 1.19

DR0834 nitrogen regulator, putative 1.07
DR2539 Fe-dependent repressor, putative 1.05
DR0026 methyltransferase, putative 1.03

Nucleotide transport and
ABC transport membrane proteins

DR0788 putative branched-chain amino
acid transporter, periplasmic
binding protein

2.36

DR0986 extracellular solute binding pro-
tein, family 5; dipeptide trans-
port

1.52

DR2588 putative Fe-transporter, periplas-
mic substrate-binding protein

1.49

DR2589 putative Fe-transporter, perme-
ase protein

1.40

DR2590 Fe-transporter, ATP-binding pro-
tein

1.21

DR1188 permease, putative 1.01
DR2413 chromate transport protein 1.01
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Tab. 5.9e (continued): Up regulated PEG in 1R1A

Biological process Gene f-value
Gene Metabolism/Energy acquisition name 1R1A

DR2594 magnesium protoporphyrin
chelatase, putative

2.11

DR1968 nitroreductase 2.00
DR0970 electron transfer flavoprotein, α-

subunit
1.98

DR0112 glutamine cyclotransferase 1.86
DR0944 thioredoxin TrxA 1.69
DR2442 N-acetylglutamate kinase; argi-

nine biosynthesis
ArgB-1 1.21

DR2406 comA protein; aromatic com-
pounds catabolism

ComA 1.16

DR1812 aminomethyltransferase, putative 1.14
DR1467 short chain dehydrogenase 1.12
DR2626 carboxylesterase, type B 1.12
DR2364 L-lactate dehydrogenase Ldh 1.11
DR0215 aminotransferase, class V 1.08
DR0377 L-serine dehydratase, α-subunit 1.06

DRA0037 glycosyltransferase 1.05
DR0623 aspartate aminotransferase AspC 1.04

Riboflavin metabolism

DRA0243 flavohemoprotein 1.83
DR0153 Diaminohydroxyphosphoribosyl-

aminopyrimidine deaminase [EC:
3.5.4.26] / 5-amino-6-(5-phospho-
ribosylamino) uracil reductase [EC:
1.1.1.193]

RibD 1.42

DR0156 6,7-dimethyl-8-ribityllumazine
synthase [EC: 2.5.1.9] (riboflavin
synthase, β-subunit)

RibH 1.22

DR0154 riboflavin synthase, α-subunit
[EC: 2.5.1.9]

ribE 1.09
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Tab. 5.9f (continued): Up regulated PEG in 1R1A

Biological process Gene f-value
Gene Transposase name 1R1A

DRC0004 putative transposase 1.12
Protein with homology but unknown function

DR1480 alginate regulatory protein
(AlgP-related)

1.16

DR0439 HesB/YadR/YfhF family protein 1.14

Hypotheticals

DR2489 hypothetical protein 5.57
DR1200 hypothetical protein 4.08
DR0025 hypothetical protein 4.04
DR2451 hypothetical protein 3.56
DR2573 hypothetical protein 3.38
DR1465 hypothetical protein 3.28
DR2450 hypothetical protein 3.27
DR1940 hypothetical protein 3.03
DR1925 hypothetical protein 2.96
DR1370 hypothetical protein 2.91
DR0714 hypothetical protein 2.90
DR0138 hypothetical protein 2.86
DR2229 hypothetical protein 2.81
DR0491 hypothetical protein 2.54
DR1924 hypothetical protein 2.44
DR0459 hypothetical protein 2.39
DR2494 hypothetical protein 2.39
DR2142 hypothetical protein 2.36
DR2146 hypothetical protein 2.26
DR1623 hypothetical protein 2.17
DR2593 hypothetical protein 2.07
DR1926 hypothetical protein 2.04
DR0622 hypothetical protein 2.03
DR1331 hypothetical protein 2.00

Hypotheticals with a fold change < 2
are listed in appendix D.2 (p. 152)
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The deinococcal sigma factor Sig1 belongs to the σ70 class, also known
as major sigma factor that is in charge of the transcription of housekeeping
promoters and general stress-protective genes [Schmid et al., 2005a]. This
observation corroborates studies of [Zou et al., 1998], who provided evidence
that molecular chaperonins are involved in NER. In particular, DnaK ensures
thermal stability of UvrA, the catalytic loading of UvrB, enhances repair and
increases UV resistance in D. radiodurans.

A further group abound in Table 5.9 are PEG involved in intermediary
central metabolism and protein synthesis. This concomitant phenomenon
has been observed in heat shocked D. radiodurans cells as well. Schmid
inferred a hypothesis of cross protection [Schmid et al., 2005a] implying that
the increased production of genes linked to glycolysis and carbon metabolism
are induced in response to heat shock as means to cross-protect the cell
against the impending nutritional stress. The authors found in the first
2–3 h a dramatic increase in growth rate following the shift to heat shock
[Schmid et al., 2005a]. The obtained data confirmed this hypothesis and can
be extended and rephrased universally that the increased production of genes
linked to metabolism are induced in response to DNA damaging stressors as
means to cross-protect the cell against the impending demand of protein
building blocks.

5.2.2 Broad stress-induced genes common in expression pattern

The most prevalent result of the expression pattern of 1R1A (recA) post-
UVC-irradiation is the abundance of broad stress-induced PEG Table 5.10.
Especially, PEG of interest as inferred from their signal intensity (cf. chapter
5.1, p. 78) and most of the up regulated genes (chapter 5.2.1) respond almost
entirely to a diverse range of environmental stressors.

The qualitative induction response was derived from the supplementary
material provided by [Lipton et al., 2002], who compiled a predetermined set
of accurate mass tags (AMT) of biomarkers in D. radiodurans that were in-
duced under varied culture conditions and different environmental stressors.
These data corroborate assumptions that D. radiodurans has rather improved
its intrinsic DNA damage response by expanding the response scope of di-
verse genes to ensure an efficient repair process.

As a result of the programme settings the majority of PEG with broad
stress response exhibit a rather low fold-change value corroborating their
importance for D. radiodurans’ UV radiation tolerance, because the measured
intensities in wild-type and mutant strain are comparable. On the other
hand, DR1233 and DR1603 are among the highly repressed genes in 1R1A
(recA) Table 5.10 and Table 5.1. These PEG seem to be directly regulated
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by RecA because their expression is very distinct compared to that of the
wild-type strain R1.

The most intriguing finding was that the core genes of the postulated
bypass repair system respond to a wide range of environmental stressors as
well, indicating the requirement to further investigate their potential biolo-
gical role.

Further examples of either up regulated genes or genes linked to the
postulated bypass repair, protein fate and synthesis can be found in the
appendix Table D.3 (p. 154). Moreover, the abundance of ribosomal proteins
with a broad stress response (Table D.3) provide further evidence to the
hypothesis of cross protection (chapter 5.2.1).

Tab. 5.10: Abundance of broad stress response genes post-UV-(254 nm) radiation.
The qualitative induction response to the environmental stressors of
these selected genes has been derived from [Lipton et al., 2002].

Gene f-value Table Environmental stress conditions

DRC0004 1.1 5.1 uv
DR0099 1.1 5.1 n t ox st ph uv
DR0100 -1.0 5.1 uv
DR0255 -1.0 5.1 uv
DR1697 -2.3 5.1 n uv
DR2344 -1.4 5.1 n t ox st cs ph uv
DR1115 6.9 5.1 n t ox st cs ph hs uv
DR0383 4.2 5.1 n t ox st cs ph uv
DR2128 1.8 5.1 n t ox st cs ph uv
DR0326 1.7 5.1 n th d ir uv
DR1262 1.3 5.9 n t ox cs ph uv
DR2446 1.7 5.9 n t ph uv
DR2445 1.4 5.9 n t st ph uv
DR2444 1.0 5.9 n t ox st cs ph uv
DR1233 -11.2 5.6 n t ox cs ph uv
DR1603 -10.0 5.6 n t ox st cs ph uv

n – Nutrient constraints, t – Temperature shock (heat ”h” and cold), ox – Oxidative stress by

adding H2O2, st – Starvation period, cs – Chemical shock, ph – Alkaline shock, hs – Heat shock

[Schmid et al., 2005a], d – Desiccation and ir – Ionizing radiation exposure [Tanaka et al., 2004],

uv – UV-(254 nm) irradiation (this work)
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5.3 Ultrastructural UV-radiation protection evidenced by
TEM

The existing mutant strains of D. radiodurans R1 have always been utilized
to elucidate the radiation-induced repair mechanisms by means of their re-
pair capability. None of the mutant strains has been completely sequenced
or physiologically characterized. Therefore, transmission electron microscopy
(TEM) was applied as an additional tool to obtain insight into the cellular
composition of the mutant strains and to compare them to the wild-type
strain R1 (details to specimen preparation cf. chapter 2.2, p. 27). By
this approach, a more complex view was aimed at, i.e. a combined refer-
ence of biochemical, cellular and ultrastructural experimental techniques, for
interpreting the results in the context of enlightening the UV-induced repair
mechanism of D. radiodurans.

The gene expression analysis of 1R1A (recA) provided evidence that in the
absence of recA cell wall biogenesis is severeley affected as inferred from the
highly up regulated PEG DR1115 and DR0382 (fold-change values: 7 and
6.2, respectively) and other functionally-related but moderately up regulated
PEG (chapter 5.2.1 and Table 5.11). The micrographs obtained via trans-
mission electron microscopy (TEM) provided insight into the micro-anatomy
of the D. radiodurans strains investigated in this work.

5.3.1 Cell wall thickness correlates to UV-protection level in mutants

First screening of the obtained micrographs suggested that the intrinsic
cell wall thickness of the D. radiodurans strains differing in repair ability
might function as UV-protection measure. Early studies have already sug-
gested that the cell wall may be involved in repair or protective mecha-
nisms ([Baumeister et al., 1981] and references therein). As determined by
[Schuerger et al., 2003] already 10 − 50 µm non-contiguous layers of Mars
soil analogue offered a moderate protection from UV-irradiation, whereas
the smallest soil fraction (2− 8 µm) failed to protect the investigated Bacil-
lus subtilis endospores, that are similar in size as D. radiodurans. But a
contiguous layer was more effective in protecting the bacteria of the biocidal
effects of UV. In contrast, this study has shown that a contiguous layer of
Goldenrod B-6090, the hematite with a grain size of 0.3 µm, was sufficient to
provide UV protection (chapter 3.2.1, p. 56). Therefore, it is assumed that
significant differences in cell wall thickness rather function as a first barrier
to attenuate incident UV-photons and to contribute to D. radiodurans’ UV-
protection mechanism than contributing to its repair systems.
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Tab. 5.11: The up regulated PEG of 1R1A (recA) following 254 nm-UV radiation
that are associated to cell wall biogenesis in the broadest sense.

Gene Cell wall biogenesis f-value
1R1A

DR1115 S-layer-like array-related protein 6.92
DR0382 O-sialoglycoprotein endopeptidase,

putative
6.16

DR0383 S-layer-like array-related protein 4.17
DR1185 S-layer-like array-related protein –

Sig1R
2.08

DR2096 endopeptidase IV-related protein 1.90
DR2070 membrane lipoprotein 1.61
DR1124 SLH (S-layer homology domain)

family protein
1.21

DR0379 outer membrane protein 1.17
DR1369 minicell-associated protein; B. subtilis

homolog – septum misplacement§
1.03

Sig1R – PEG that have been assigned to be part of the sigma factor Sig1

(DR0180) heat shock regulon [Schmid et al., 2005a]; §[Thompson et al., 2006]

The deinococcal cell envelope has a complex multilayered profile:
”a plasma membrane (8 nm thick), a peptidoglycan layer (50 nm thick), a
compartimentalized layer (30 − 70 nm thick), an outer membrane (6.5 nm
thick), an electron-transparent zone (10 nm thick), and a superficial hexag-
onal protein array (10 nm thick)” [Thompson & Murray, 1981].

Since the aim of the TEM approach was to gain insight into the micro-
anatomy of the different UV-susceptible mutant strains compared to wild-
type strain, specimen preparation was aimed at preserving the whole cell.

Tab. 5.12: Average cell wall measures of the investigated D. radiodurans strains.
The values were calculated of at least 60 measurements of the obtained
TEM micrographs.

S-Layer Murein sacculus

Average
value [nm]

R1 262 1R1A UVs78 R1 262 1R1A UVs78

total 53.82 58.86 44.13 49.77 30.72 34.60 28.78 22.45
deviation 7.23 8.34 4.54 5.19 3.60 7.60 7.68 2.69
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C D

A B

Fig. 5.2: TEM micrographs of the D. radiodurans strains differing in their UV-
susceptibility. For each strain a micrograph was chosen that reflects the
average obtained cell wall measures. A: Wild-type strain, B: 262 (uvrA-
2), C: 1R1A (recA) and D: UVs78 (uvrA-1 uvsE).

Therefore, the multiple cell layers are not easily distinguishable under
the applied specimen preparation (chapter 2.2, p. 27). The preparation
protocol allows to distinguish between the crystalline bacterial cell surface
layer (S-layer) and the so-called murein sacculus.

The S-layer measured here is composed of the hexagonally-packed inter-
mediate (HPI) layer, the outer membrane, the compartimentalized layer and
the electron-transparent zone resulting in a total thickness between 60 and
100 nm [Baumeister et al., 1986]. Whereas the murein sacculus comprises the
peptidoglycan layer and the plasma membrane (the latter being the inner-
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most layer) with a total thickness up to 60 nm [Thompson & Murray, 1981].
These measures have been derived from investigations of the D. radiodu-
rans strain Sark [Thompson & Murray, 1981], which was isolated by Mur-
ray and Robinow in 1958. Since solely these two composed cell wall struc-
tures were distinguishable at the operated TEM-settings the obtained mea-
sures comprised in Table 5.12 list the average thickness of each investigated
D. radiodurans strain. The significance of the cell wall measures Table 5.12
of the D. radiodurans strains differing in their UV-susceptibility was tested
via t-statistics with a P-value set at P ≤ 0.05.

As expected both measured cell wall structures of the designated UV-
resistant class (R1 and 262 (uvrA-2)) showed no heterogenous thickness (cf.
Figure 5.2). Compared to the wild-type strain R1 solely mutant strain 1R1A
(recA) exhibited significant differences in S-layer thickness. Particularly, the
mutant strains among each other showed significant variation in thickness.
However, comparing the murein sacculus of the D. radiodurans strains deter-
mined that the most UV-sensitive strain UVs78 (uvrA-1 uvsE) possesses the
narrowest inner barrier Table 5.12.

5.4 Discussion

The transcriptional profiling of the irradiated D. radiodurans strains R1
(wild-type), UVs78 (uvrA-1 uvsE) and 1R1A (recA) provided results that
were unexpectedly confined concerning their biological interpretation. Sig-
nificant differential gene expression was anticipated, but the obtained profile
of UVs78 (uvrA-1 uvsE) yielded a similar transcription profile as wild-type
strain R1, suggesting that nucleotide excision repair (NER) was compensated
by homologous recombination repair (HR) or an unidentified bypass system
and that the deleted gene loci possess no regulatory function. In contrast,
recA is a key protein to D. radiodurans’ radiation resistance and stress re-
sponse because the transcription profile of 1R1A (recA) differs significantly
from wild-type strain’s gene expression profile. Corroborating the crucial
role of recA for D. radiodurans’ exceptional resistance phenotype, the results
obtained provided evidence that deletion of recA has a severe impact on
cell wall biogenesis and septum formation (chapter 5.3.1). Taken together,
the results imply four possiblities of the hypothesized bypass repair process,
which firstly, had been inferred from the enhanced survival capability of the
UV-sensitive strains following irradiation with the longer UV wavelength
spectrum [Pogoda de la Vega et al., 2005].
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Activation of bypass repair process:

1. Entire compensation for nucleotide excision repair (NER), only acti-
vated if the UV endonuclease α-mediated system and the UV endonu-
clease β-mediated system are off-state (chapter 1.3.2.2).

2. Bridge the role of UvrA as molecular matchmaker, so that the protein
complex of uvrB and uvrC may form and resume the UV endonuclease
α−mediated system.

3. An unidentified enzyme that can compensate for UV endonuclease β.

4. An unidentified, NER- and HR-independent repair pathway.

The obtained data favor the existence of an unidentified, NER- and HR-
independent repair pathway based on the subsequent outlined conclusions.
The microarray data analysis provided evidence that rather a regulatory func-
tion should be attributed to the two transposases DR0255 and DRC0004.
By reason of their concomitant induction in all investigated D. radiodurans
strains and yielding the highest measured signal intensity compared to all
PEG in the three differing UV-susceptible strains. According to their pro-
posed involvement in signal processing and their elevated induction post-
0.5 h-irradiation, DR1200 and DR1891 are apt to initiate the bypass repair
system. Potential core genes of the postulated bypass repair system comprise:
DR2438, DR2439, DR2441 and DR2444. The core genes were determined
by comparative genomic analyses, which fortified their biological function as
DNA repair proteins. Whereas DR2445, DR2446 and DR2450 may be asso-
ciated proteins that support the course of repair action. But this is highly
speculative because alignment of these PEG to close genomes failed to reveal
ortholog genes, or to ascertain any kind of cellular function.

Lastly, the question arises whether D. radiodurans may have developed
some kind of mechanism that regulates the pyrimidine pool and determines
the fate of excised dinucleotides. Following acute ionizing irradiation, D.
radiodurans exhibits a dose-dependent delay of cellular replication (period
of stasis) featured by phases of repair [Makarova et al., 2001]. It has been
suggested that during the first phase cellular cleansing takes places, which
amongst others is associated with export of damaged DNA components into
the cytoplasm and surrounding growth medium [Battista, 1997]. In this re-
spect, the fate of excised free dinucleotide dimers is rather deemed of being
disposed off than recycled.

In contrast, recycling building blocks of especially pyrimidines seem desir-
able and obligatory to ensure rapid repair of DNA photoproducts (chapter 4).
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Recently a hidden pathway for pyrimidine catabolism has been identified by
Loh and coworkers (2006). This equipment is composed of seven unidentified
ORF, formerly known as b1012 operon of E. coli K-12, now denoted as rut
operon. The operon is under regulation of the novel repressor RutR (former
ycdC gene). It has been suggested that this machinery contributes to the
control of the internal pyrimidine pool [Osterman, 2006, Loh et al., 2006].
Though, first comparative genome studies by [Loh et al., 2006] could expand
this pathway beyond the model E. coli, with gene orthologs corresponding
to a broad range of taxonomic groups (α-proteobacteria; β-proteobacteria;
γ-proteobacteria and firmicutes), no orthologs were found in D. radiodu-
rans’ genome. Still, in depth database search may reveal homolog machinery
existing in D. radiodurans because this microarray study showed significant
fold-change values for PEG involved rather in pyrimidine metabolism than
purine metabolism Table 5.13.

Tab. 5.13: Selected representatives of enzymes involved in pyrimidine metabolism.
Random selection focused on enzymes directly linked to the de novo
synthesis of Thymine and Cytosine. For the sake of completeness, the
related purine enzymes are listed as well.

Biological process f-value
Gene Pyrimidine metabolism 1R1A

DR2177 Cytidine deaminase [EC: 3.5.4.5] -5.30
DR2543 Cytidilate kinase [EC: 2.7.4.14] -4.00
DR0443 Pyrimidine nucleosidase phospho-

rylase [EC 2.4.2.2]
-3.80

DR0159 Uridine kinase [EC: 2.7.1.48] -2.50

DR1984 Thymidine kinase [EC: 2.7.1.21] -1.70

Purine metabolism

DRA0180 Guanine deaminase [EC: 3.5.4.3] -2.23
DRA0185 Exopolyphosphatase [EC: 3.6.1.11] -6.13
DR2289 Guanylate kinase [EC: 2.7.4.8] -3.40
DR2499 Nucleoside diphosphate kinase [EC

2.7.4.6]
-3.00

DR2117 Adenylate kinase [EC: 2.7.4.3] -1.90
DR0403 Purine nucleosidase [EC: 3.2.2.1] -1.40

Involved in both

DR0505 5’-nucleotidase [EC: 3.1.3.5] -6.80
DR2166 Purine nucleoside phosphorylase -6.30



6. CONCLUDING COMMENTS

The aim of this dissertation was to make use of the differing UV-susceptibility
and UV-damage repair capability of the investigated D. radiodurans strains
and to identify components of the hypothesized bypass UV-induced dam-
age repair system that conferred an enhanced survival to repair-deficient
strains. Specifically, I anticipated to identify proteins involved in the postu-
lated bypass repair system. My objective was to gain a more complex view
of the deinococcal UV-resistance, therefore I attempted to achieve this aim
by i) combining biochemical, survival assessment by cultivation and ultra-
structural experimental techniques, ii) monitoring repair kinetics of bipyrim-
idine photoproducts induced by 254 nm-UV radiation and iii) examining
and comparing the gene expression profiles of the differing UV-susceptible
D. radiodurans strains post-0.5 h-UV irradiation recovery.

I demonstrated that a post-0.5 h-recovery phase was sufficient for wild-
type strain R1 to repair up to 80% of the total induced DNA photoproducts
and that nucleotide excision repair (NER) is given priority over homologeous
recombination repair (HR), based on the fact that 1R1A (recA) resumed
repair of bipyrimidine dimers but UVs78 (uvrA-1 uvsE) was unable to repair
any photoproduct type not even after 2 h, the utmost post-irradiation recov-
ery time point analyzed.

My attempt to identify key players of the predicted bypass UV-induced
damage repair system was successful, though further studies are necessary
by virtue of the vast abundance of induced hypothetical proteins and trans-
posases, of which many were repressed in a ∆recA background. Therefore ex-
tended comparative genomic analysis focusing on protein features should be
next step to identify the cellular function of the transposases, especially those
belonging to the IS4-family. The core genes of this novel bypass pathway be-
ing DR2438, DR2439, DR2441 and DR2444 as well as DR2445, DR2446.
Whereas the assertion that DR1200 and DR1891 may act as putative sig-
nal factors to initiate this NER- and HR-independent bypass still has to be
verified. One approach to experimentally verify the role of some of the in-
dicated new key players would be real-time QPCR analysis associated with
additional microarray studies. A further approach to experimentally educe
their role in UV-resistance should start by inactivating the loci of the genes
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of interest and determining their response to UV radiation.
First step would be deleting the core genes, then the loci of the overlap-

ping PEG, determined when comparing the signal intensities of the three D.
radiodurans strains. Hereof, the PEG with unknown or transposase function
are preferred. Further auspicious candidates are genes, designated hypothet-
ical proteins, which have been both highly repressed and highly up regulated
in 1R1A (recA). Transcripts of genes belonging to the highly up regulated
determined in this study: DR0492, DR2489 and DR0025. The most highly
repressed PEG following 254 nm-UV radiation: DR0923, DR0996, DR1591,
DR1726, DR1956 and DRB0127. Since these genes have been repressed
in a ∆recA background, it would be interesting to determine whether they
are solely under RecA-regulation or if they indeed can be linked to the UV
radiation resistance of D. radiodurans. Furthermore, DR0492, DR2489 and
DR0025 are up regulated in both UV-sensitive mutant strains, apparently
showing no relation to either excision or homologeous recombination repair,
therefore indicating their involvement in the novel bypass system facilitating
tolerance to UV-induced DNA damage.

Additionally, mutants that have not been exposed to UV radiation, but
have been shown to contribute to D. radiodurans’ ionizing radiation resis-
tance are promising as well. Especially, because on one hand, D. radiodurans
seems to have utilized mechanisms that enhance the effectiveness of its novel
and traditional DNA repair proteins. On the other hand, this study has
provided evidence that a suit of PEG is cross-induced in D. radiodurans ir-
respective of the applied environmental stressor to ensure an efficient and
rapid repair progress.

Tanaka and coworkers (2004) determined five novel PEG that were most
highly induced in response to ionizing radiation and desiccation: ddrA1

(DR0423), ddrB (DR0070), ddrC (DR0003), ddrD (DR0326) and pprA
(DRA0346). In this study pprA, ddrA, ddrB and ddrD were significantly in-
duced. Moreover, Tanaka et al. (2004) not only studied the above mentioned
single mutants but by deleting the five loci in all possible combinations, cre-
ated double mutants with either similar response as the single mutants or in
some cases (e.g. ∆pprA∆ddrA and ∆pprA∆ddrB) demonstrated increased
ionizing radiation sensitivity. Especially, combinations of the UVC-induced
Ddr-PEG are auspicious candidates to start with. Additionally, other UV-
conferring resistance PEG, especially combinations with ∆rsr (DR1262, Ro
sixty related PEG) [Chen et al., 2000] and ∆uvrA-2 of the UvrABC system,
which up to date seems to play a rather minor role in UV-resistance, could
provide further insigths into the novel bypass pathway.

1 DNA damage response
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APPENDIX



A. SUMMARY

The aim of this dissertation was to make use of the differing UV-susceptibility
and UV-damage repair capability of the investigated D. radiodurans strains
and to identify components of the hypothesized bypass UV-induced damage
repair system. This aim was achieved by i) combining biochemical, survival
assessment by cultivation and ultrastructural experimental techniques, ii)
monitoring repair kinetics of bipyrimidine photoproducts induced by 254 nm-
UV radiation and iii) examining and comparing the gene expression profiles
of the differing UV-susceptible D. radiodurans strains post-0.5 h-UV irradi-
ation recovery.
Previous studies have corroborated UV radiation to be the primary bioci-
dal factor. The results obtained in this dissertation provide evidence that
UV radiation engenders synergistic effects in combination with other stressors
like temperature, humidity and desiccation (vacuum, respectively). Together
with its inherent biocidal activity UV radiation potentiates the biological
effectiveness of the associated parameters. Whereas low temperature and
vacuum exhibited a moderate biological effectiveness. Supported by the re-
sults obtained from the simulated harsh environment, in which desiccated D.
radiodurans cells survived 7 d Mars-like cycles of temperature and water ac-
tivity without UV radiation. Chances of survival for the strains are enlarged,
if shielded by dust particles or covered by soil, suggesting that residing in
microhabitats below the surface is most probable in a harsh UV climate.

Not only genetic equipment but also the applied wavelengths influence D.
radiodurans’ repair efficiency, especially polychromatic UV radiation enables
the UV-sensitive class to repair the UV-induced lesions and retain their vi-
tality. A possible explanatory approach for this observed increase in repair
efficiency suggests that the wavelength range λ = 315 − 400 nm activates a
photosensitive gene or gene cluster that is involved in UV-induced damage
repair.
A post-0.5 h-recovery phase was sufficient for wild-type strain R1 to repair
up to 80% of the total induced DNA photoproducts. Nucleotide excision
repair (NER) is given priority over homologeous recombination repair (HR),
based on the fact that 1R1A (recA) resumed repair of bipyrimidine dimers
but UVs78 (uvrA-1 uvsE) was unable to repair any photoproduct type not
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even after 2 h, the utmost post-irradiation recovery time point analyzed.
The proposed UV-repair process flow: NER efficiently removes both cy-

clobutane bipyrimidine dimers (CPDs) and 6− 4 bipyrimidine adducts. HR
assists removal of CPD from UV-irradiated DNA, but plays a minor role in
removal of 6− 4 adducts. Though the NER is not existent in UVs78 (uvrA-
1 uvsE) up to 70% of both bipyrimidine photoproduct types were equally
repaired post-UV (> 315 nm)-irradiation. If the repair ability were due
to the existent HR-pathway, a minimum repair of at least CPD should be
measurable following UV-254 nm- and UV-(> 200 nm)-radiation. Hence,
an additional pathway must be available that allows repair of both pho-
toproduct classes. The core genes of this novel bypass pathway identi-
fied DR2438, DR2439, DR2441 and DR2444 as well as DR2445, DR2446.
Whereas the assertion that DR1200 and DR1891 may act as putative sig-
nal factors to initiate this NER- and HR-independent bypass still has to be
verified.



B. ZUSAMMENFASSUNG

UV-Strahlung verursacht DNA-Schäden in Form von Cyclobutan-Pyrimidin-
Dimeren (CPD) und 6 − 4 Dipyrimidin Addukte. D. radiodurans zeigt
eine ausgeprägte UV-Strahlenresistenz, selbst UV-empfindliche reparatur-
defiziente Mutantenstämme zeigen einen ähnlichen Verlauf des Überlebens
wie der Wildtyp-Stamm nach Bestrahlung mit polychromatischer langwelliger
UV-Strahlung. Zur weiteren Erforschung und Aufklärung eines vorhande-
nen unbekannten UV-Reparaturprozesses wurden i) eingehende biochemi-
sche, elektronenmikroskopische und physiologische Untersuchungen getätigt,
ii) die Reparaturverläufe der DNA Photoprodukte jedes Stammes beobachtet
und iii) die Schadensauswirkungen mit Hilfe von DNA Microarrays auf Gen-
expressionsebene analysiert.
Die untersuchten Umweltparameter Niedrig-Temperaturen und Vakuum zeig-
ten im gewählten Bereich ein eher moderates Inaktivierungspotential. Dage-
gen belegen die durchgeführten Studien, dass UV-Strahlung als synergis-
tischer Umweltfaktor fungiert. Im Zusammenspiel mit anderen abiotischen
Faktoren wie Temperatur, Feuchtigkeit, Trocknung und Vakuum potenziert
UV-Strahlung die individuell vorhandene Schadenswirkung in erheblichem
Maße. Dies bestätigte sich bei der Simulation eines unwirtlichen Milieus,
bei dem getrocknete D. radiodurans Zellen zwar einem 7-Tage-Zyklus von
Temperatur- und Feuchtigkeitschwankungen bei 7 hPa und CO2-haltiger At-
mosphäre überlebten, jedoch nur unter Ausschluss von UV-Strahlung. Be-
reits Stäube mit geringer Korngröße schützten die Zellen vor UV-Strahlung.

Es stellte sich heraus, daß nicht die genetische Ausstattung allein, son-
dern auch die applizierte Wellenlänge erheblich die Reparaturfähigkeit der
einzelnen D. radiodurans Stämme beeinflußt. Vor allem polychromatische
langwellige UV-Strahlung ermöglicht den UV-empfindlichen Stämmen, DNA
Photoprodukte zu beheben. Ein möglicher Erklärungsansatz hierfür pos-
tuliert die Aktivierung eines photoinduzierten Gens oder einer Gengruppe,
deren Korrelationswellenlängenbereich bei λ = 315− 400 nm liegt.
Nach einem Erholungszeitraum von 0.5 h nach UV-(254 nm)-Bestrahlung
erzielte D. radiodurans Wildtyp-Stamm bereits eine Reparaturrate von bis
zu 80% der gesamten induzierten DNA Photoprodukte. Aufgrund der mod-
erat vorhandenen Reparaturrate des Mutantenstammes 1R1A (recA) und der
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anhaltenden Reparaturunfähigkeit der Doppelmutante UVs78 (uvrA-1 uvsE)
erfolgt die UV-Schadenbehebung bevorzugt durch ”nucleotide excision re-
pair (NER)” (Ausschneiden von Nukleotiden). Demnach beseitigt NER in
effizienter Weise sowohl CPD als auch 6 − 4 Addukte. Trotz des fehlenden
NER-Mechanismus in UVs78 (uvrA-1 uvsE) erzielt diese Mutante eine 70%-
ige Reparaturrate der Gesamt-Photoproduktanzahl nach UV-(> 315 nm)-Be-
strahlung. Wäre ausschließlich homologe Rekombination für diesen Repara-
turerfolg verantwortlich, so müsste sich zumindest teilweise die Anzahl der
Gesamt-CPD nach UV-254 nm- und UV-(> 200 nm)-Bestrahlung im Ver-
lauf der Erholungsphase verringern. Aus diesem Grunde, muss ein weiterer
Mechanismus vorhanden sein, der beide DNA Photoprodukte gleichermaßen
reparieren kann. Aussichtsreiche Kandidaten sindDR2438, DR2439, DR2441
und DR2444 sowie DR2445, DR2446, wobei noch experimentell verifiziert
werden muss, obDR1200 undDR1891 mögliche Auslösefaktoren dieses bisher
unbekannten UV-Reparaturprozesses sind.



C. LIST OF ABBREVIATIONS

Tab. C.1: List of abbreviations

6− 4 PPs – Pyrimidine (6− 4) pyrimidone photoproducts
CO2 – Carbon dioxide
aa – Amino acids
ACLAME – A CLAssification of Mobile genetic Elements
AG – Aktien-Gesellschaft
AMT – Accurate mass tag
AP – Apurinic/apyrimidinic sites
ATCC – American Type Culture Collection
ATP – Adenosine-triphosphate
biP – UV-induced bipyrimidine dimers (CPD and 6− 4 PP)
C – Cyotosine
cDNA – Complementary DNA
cfu – Colony forming units
Cm – Chloramphenicol (Antibiotic)
CP – Chromosomal plasmid
CPD – Cyclobutane pyrimidine dimer
Cy3 – 5-Amino-propargyl-2′-deoxyuridine or deoxycytidine 5′-

triphosphate coupled to Cy3 fluorescent dye
ddr – DNA damage response protein
DER 736 – Diglycidyl ether of polypropylene glycol
DFG – Deutsche Forschungsgemeinschaft

(German Research Foundation)
DIN – Deutsche Iso-Norm
Din – DNA damage-inducible gene
DLR – Deutsches Zentrum für Luft- und Raumfahrt e.V.
DMAE S-1– Dimethylaminoethanol (S-1)
DMM – chemically Defined synthethetic Minimal Media
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Tab. C.1b (continued): List of abbreviations

DNA – Deoxynucleic Acid
DR – Gene loci of D. radiodurans
dsb – Double strand breaks
EBI – European Bioinformatics Institute

(an outstation of EMBL)
EC – Enzyme Commission Numbers
ECF – Extracytoplasmatic funcion
EDTA – Ethylenediamine-tetraacetic acid
ELISA – Enzyme-linked immunosorbent assays
EMBL – European Molecular Biology Laboratory
ER – Excision repair pathway
ERL 4206 – Vinyl cyclohexen dioxide (a cycloaliphatic diepoxide)
ESDSA – Extended synthesis-dependent strand annealing
FIG – Fellowship for Interpretation of Genomes

(University of Chicago, USA)
GC [content]– Guanine cytosine content (mostly expressed as mol%)
GCR – Galactic cosmic rays
GmbH – Gesellschaft mit beschränkter Haftung
GTPase – Enzyme that cleaves Guanine-triphospate
HAIR – HspR-associated inverted repeat sequence
HIMAC – Heavy Ion Medical Accelerator
HPI – Hexagonally-packed intermediate layer

(component of cell wall)
HPLC – High performance liquid chromatography
HR – Homologous recombination repair
HRDC – Helicase and RNAse D C-terminal domain
HspR – Heat stress protein regulator
HTH – Helix-turn-helix motif
InterPro – Integrated resource of protein families,

domains and functional sites
IS – Insertion sequence in genome
KEGG – Kyoto Encyclopedia of Genes and Genomes
KG – Kommanditgesellschaft
KGaA – Kommanditgesellschaft auf Aktien
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Tab. C.1c (continued): List of abbreviations

LHR – Liquid holding recovery
Lig – DNA ligase
Mb – Mega base pairs
MCL – Markov clustering algorithm
MD – Maryland (a state in USA)
MESS – Mars-Environment-Simulation Studies
MGE – Mobile genetic elements
MMC – Mitomycin C
MMR – Mismatch repair pathway
Mn – Manganese
MNNG – N−methyl−N ′−nitro−N−nitrosoguanidine
MP – Megaplasmid
mRNA – Messenger RNA
MS/MS– Tandem mass spectrometry
NAD – Nicotinamide adenine dinucleotide
NCBI – National Center for Biotechnology Information
NCH – Nano-crystalline hematite
NER – Nucleotide excision repair
NHEJ – Non-homologous end joining

(DNA damage repair pathway)
NIH – National Institute of Health
NIRS – National Institute for Radiological Sciences
NLM – National Library of Medicine
NSA – Nonenyl succinic anhydride
OH – Hydroxyl molecule
ORF – Open reading frames
PEG – Protein encoding genes
PIR – Protein Information Resource
Pol – Polymerase
PSI – Planetary and Space Simulation Facilities
PVA – Polyvinyl alcohol
QPCR – Real-time polymerase chain reaction
Rec – Recombinase, enzyme linked to homologous

recombinational repair
RIN – RNA integrity number
RMA – Robust Multichip Average algorithm
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Tab. C.1d (continued): List of abbreviations

RNA – Ribonucleic Acid
RNAse – RNA degrading enzyme
ROS – Reactive oxygen species
rRNA – Ribosomal RNA
RSR – Ro sixty related protein
RZPD – German Resource Center for Genome Research
SDSA – Synthesis-dependent strand annealing

(most recent model for HR)
SEM – Scanning electron microscopy
SER – Standard error
SI – Systéme international d’unités
SMC – Structural maintenance-of-chromosomes proteins
SSA – Single-strand annealing (aberrant HR)
SSB – Single-strand-binding protein
ssDNA – Single-stranded DNA
Swiss-Prot – Swiss Institute of Bioinformatics
T – Thymine
TE – Tris-EDTA buffer solution
TEM – Transmission electron microscopy
TGY – Tryptone Yeast and Glucose (nutrient broth)
TPR – Tetratricopeptide repeats
UHV – Ultrahigh vacuum
UniProt – Universal Protein Resource
UniPRotKB– UniProt Knowledgebase
USA – United States of America
USUHS – Uniformed Services University of the Health Sciences
UV – Ultra violet
UVA – 315− 400 nm
UVB – 280− 315 nm
UVC – 100− 280 nm
UVDE – UV-induced dimer endonucleases
UVP – Ultra-Violet Products

(instrument to measure the UV radiation flux)
VUV – Vacuum UV, λ < 100− 200 nm
WT – Wild-type strain



D. ADDITIONAL TABLES

Tab. D.1: Transposase affiliated to the IS4-family including E-values and the grade
of homology. The proteins encoded by this group of MGE resulted in
sequence pairs within the D. radiodurans genome. The list of sequence
pairs is transformed into a scoring matrix with the E-value (expected
value) as distance.

IS4-family
Aligne index E-value ID% Organism

DRC0029
584 1.e-168 98 DRB0057
583 1.e-167 98 DRB0117
581 1.e-167 97 DRB0020
581 1.e-166 97 DRB0102
581 1.e-166 97 DRB0005
578 1.e-166 97 DRB0134
134 3.e-32 80 DRC0032

DRB0020
674 0.e+00 99 DRB0102
674 0.e+00 99 DRB0005
667 0.e+00 98 DRB0057
666 0.e+00 98 DRB0134
660 0.e+00 97 DRB0117
581 1.e-167 97 DRC0029
130 7.e-31 78 DRC0032

DRB0055
82 3.e-17 87 DRB0059
65 4.e-12 97 DRB0018
65 4.e-12 97 DRB0113
65 4.e-12 97 DRB0132
65 4.e-12 97 DRB0058
65 4.e-12 97 DRB0103
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Tab. D.1b (continued): IS4-family

IS4-family
Aligne index E-value ID% Organism

DR1196
593 1.e-170 99 DRC0029
587 1.e-168 98 DRB0057
586 1.e-168 98 DRB0117
583 1.e-167 97 DRB0020
583 1.e-167 97 DRB0102
583 1.e-167 97 DRB0005
581 1.e-166 97 DRB0134
134 3.e-32 80 DRC0032

DRB0057
667 0.e+00 98 DRB0134
667 0.e+00 98 DRB0020
667 0.e+00 98 DRB0102
667 0.e+00 98 DRB0005
652 0.e+00 96 DRB0117
584 1.e-167 98 DRC0029
130 7.e-31 78 DRC0032

DRB0134
670 0.e+00 99 DRB0102
670 0.e+00 99 DRB0005
667 0.e+00 98 DRB0057
666 0.e+00 98 DRB0020
651 0.e+00 96 DRB0117
578 1.e-166 97 DRC0029
126 1.e-29 76 DRC0032

DR0144
678 0.e+00 100 DRB0102
678 0.e+00 100 DRB0005
674 0.e+00 99 DRB0020
670 0.e+00 99 DRB0134
667 0.e+00 98 DRB0057
659 0.e+00 97 DRB0117
581 1.e-166 97 DRC0029
130 7.e-31 78 DRC0032
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Tab. D.1c (continued): IS4-family

IS4-family
Aligne index E-value ID% Organism

DRB0102
678 0.e+00 100 DRB0005
674 0.e+00 99 DRB0020
670 0.e+00 99 DRB0134
667 0.e+00 98 DRB0057
659 0.e+00 97 DRB0117
581 1.e-166 97 DRC0029
130 7.e-31 78 DRC0032

DRC0019
120 1.e-28 96 DRB0102
120 1.e-28 96 DRB0005
120 1.e-28 96 DRB0117
120 1.e-28 96 DRB0020
118 6.e-28 95 DRB0134
114 1.e-26 91 DRB0057

DR1618
701 0.e+00 90 DRB0018
701 0.e+00 90 DRB0113
687 0.e+00 89 DRB0103
684 0.e+00 89 DRB0058
655 0.e+00 84 DRB0059
392 1.e-109 93 DRB0132

DRB0018 and DRA0253
699 0.e+00 90 DRB0113
686 0.e+00 89 DRB0103
683 0.e+00 89 DRB0058
392 1.e-109 93 DRB0132

DR0010
701 0.e+00 90 DRB0018
701 0.e+00 90 DRB0113
687 0.e+00 89 DRB0103
684 0.e+00 89 DRB0058
655 0.e+00 84 DRB0059
392 1.e-109 93 DRB0132
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Tab. D.1d (continued): IS4-family

IS4-family
Aligne index E-value ID% Organism

DRB0058
749 0.e+00 93 DRB0103
732 0.e+00 94 DRB0018
732 0.e+00 94 DRB0113
684 0.e+00 88 DRB0059
414 1.e-116 93 DRB0132

DRB0113
414 1.e-116 93 DRB0132
412 1.e-116 92 DRB0018
412 1.e-116 92 DRB0058
412 1.e-116 92 DRB0103
379 1.e-106 86 DRB0059

DRB0103
749 0.e+00 93 DRB0058
735 0.e+00 95 DRB0018
735 0.e+00 95 DRB0113
687 0.e+00 89 DRB0059
414 1.e-116 93 DRB0132

DRB0132
414 1.e-116 93 DRB0018
414 1.e-116 93 DRB0058
414 1.e-116 93 DRB0103
412 1.e-116 92 DRB0113
378 1.e-106 85 DRB0059

DR1762
412 1.e-116 8 4 DRB0018
412 1.e-116 84 DRB0058
412 1.e-116 84 DRB0103
411 1.e-116 84 DRB0113
392 1.e-110 93 DRB0132
380 1.e-106 79 DRB005
∗An aclame family is defined as a set of similar sequences

sharing one or more functions.
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Tab. D.2: Up regulated hypothetical proteins with a fold change < 2 . Induced
hypotheticals with a fold change ≥ 2 are listed in table 5.9 (chapter 5,
p. 102).

f-value
Gene Hypotheticals 1R1A

DR0007 hypothetical protein 1.98
DR2449 hypothetical protein 1.96
DR1919 hypothetical protein 1.95
DR0988 hypothetical protein 1.92
DR0008 hypothetical protein 1.90
DR2318 hypothetical protein 1.84
DR1574 hypothetical protein 1.83
DR0381 hypothetical protein 1.82
DR2150 hypothetical protein 1.81
DR0380 hypothetical protein 1.74
DR1818 hypothetical protein 1.72
DR1715 hypothetical protein 1.71
DR2452 hypothetical protein 1.70
DR2446 hypothetical protein 1.66
DR1388 hypothetical protein 1.65
DR2436 hypothetical protein 1.63
DR2517 hypothetical protein 1.62
DR0488 hypothetical protein 1.61
DR0481 hypothetical protein 1.58
DR1936 hypothetical protein 1.54
DR2167 hypothetical protein 1.43
DR2319 hypothetical protein 1.40
DR1821 hypothetical protein 1.39
DR2445 hypothetical protein 1.36
DR2437 hypothetical protein 1.33
DR0392 hypothetical protein 1.31
DR2505 hypothetical protein 1.31
DR0600 hypothetical protein 1.31
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Tab. D.2b (continued): Proteins with a fold change < 2

f-value
Gene Hypotheticals 1R1A

DR1138 hypothetical protein 1.30
DRA0292 hypothetical protein 1.28
DR1135 hypothetical protein 1.22
DR1575 hypothetical protein 1.22
DR0214 hypothetical protein 1.22
DR1466 hypothetical protein 1.20
DR0357 hypothetical protein 1.19
DR0915 hypothetical protein 1.15

DRA0294 hypothetical protein 1.15
DR1249 hypothetical protein 1.15

DRA0293 hypothetical protein 1.14
DR0337 hypothetical protein 1.14
DR2441 hypothetical protein 1.14
DR2143 hypothetical protein 1.13
DR0787 hypothetical protein 1.12
DR1484 hypothetical protein 1.12
DR0800 hypothetical protein 1.12
DR1021 hypothetical protein 1.11
DR0368 hypothetical protein 1.11
DR0737 hypothetical protein 1.10
DR1422 hypothetical protein 1.09
DR2411 hypothetical protein 1.06
DR2159 hypothetical protein 1.06
DR1119 hypothetical protein 1.05

DRA0129 hypothetical protein 1.04
DR1576 hypothetical protein 1.02
DR2472 hypothetical protein 1.02

DRA0006 hypothetical protein 1.01
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Tab. D.3: Abundance of broad stress response genes post-UV-(254 nm) radiation.
The qualitative induction response to the environmental stressors of
these selected genes has been derived from [Lipton et al., 2002].

f-value
Gene 1R1A table Environmental stress conditions

DRB0051 HP -11.4 5.6 n ox st cs ph uv
DRB0067 extra-

cellular
nuclease

-10.2 5.6 n th ox st ph uv

DR1279 SodA -7.0 5.1 n t ox st cs ph uv
DR1459 serine

protease
2.9 5.1 n t ox st cs ph ir uv

DR2588 Fe-
complex
trans-
porter

1.5 5.1 n t ox st cs ph uv

Protein Fate

DR1473 phage
shock
protein

2.1 5.1 n t ox st cs ph hs uv

DR0129 DnaK 1.8 5.1 n t ox st cs ph hs uv
DR1314 heat

shock
protein

1.8 5.1 n t ox st cs ph hs uv

DR0606 GroES 1.2 5.9 n t ox st cs ph hs uv
DR0309 EF-Tu 1.1 5.1 n t ox st cs ph uv
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Tab. D.3b (continued): Broad stress response genes

f-value
Gene 1R1A table Environmental stress conditions

Outer structure proteins

DR1185 S-layer-
like
array

2.1 5.1 n t ox st cs ph hs uv

DR2070 membrane
lipopro-
tein

1.6 5.1 n t ox st cs ph uv

DR1124 S-layer
homolog

1.2 5.9 n t ox st cs ph uv

DR0379 outer
mem-
brane

1.2 5.9 n t ox st cs ph uv

Protein Synthesis, ribosomal proteins

DR2115 rplO 2.3 5.9 n t ox st cs ph uv
DR0098 rpsF 1.5 5.1 n t ox st cs ph uv
DR0101 rpsR 1.4 5.1 n t ox cs ph ir uv
DR0102 rpll 1.2 5.1 n t ox st cs ph uv

Potential core genes of bypass repair

DR2450 HP 3.3 5.9 t ox st uv
DR2438 endonu-

clease
1.0 5.9 tc st uv

HP – hypothetical protein, n – Nutrient constraints, t – Temperature shock (heat ”h”) and cold),
ox – Oxidative stress by adding H2O2, st – Starvation period, cs – Chemical shock, ph – Alkaline
shock, hs – Heat shock [Schmid et al., 2005a], d – Desiccation and ir – Ionizing radiation exposure
[Tanaka et al., 2004], uv – UV-(254 nm) irradiation (this work)
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