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Abstract
Radiation of ionizing or non-ionizing nature has harmful effects on cellular components like DNA as radiation can compro-
mise its proper integrity. To cope with damages caused by external stimuli including radiation, within living cells, several 
fast and efficient repair mechanisms have evolved. Previous studies addressing organismic radiation tolerance have shown 
that radiotolerance is a predominant property among extremophilic microorganisms including (hyper-) thermophilic archaea. 
The analysis of the ionizing radiation tolerance of the chemolithoautotrophic, obligate anaerobic, hyperthermophilic Crenar-
chaeon Ignicoccus hospitalis showed a D10-value of 4.7 kGy, fourfold exceeding the doses previously determined for other 
extremophilic archaea. The genome integrity of I. hospitalis after γ-ray exposure in relation to its survival was visualized by 
RAPD and qPCR. Furthermore, the discrimination between reproduction, and ongoing metabolic activity was possible for 
the first time indicating that a potential viable but non-culturable (VBNC) state may also account for I. hospitalis.
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Introduction

Life as we know, it inhabits our planet Earth since about 
3.8 Ga years, and the terrestrial environment and prevail-
ing conditions have changed over time. Several geochemi-
cal and isotopic studies demonstrated that the atmosphere 
during the Archaean Age (approx. 3.8–2.5 Ga ago) was 
essentially anoxic (Grenfell et al. 2010; Holland 1999). As 
a consequence, the UV-absorbing ozone layer was absent, 
enabling short wavelengths of the non-ionizing solar UV 
radiation spectrum to penetrate into Earth’s surface hence 

increasing the overall terrestrial UV stress in comparison 
to today (Cockell and Horneck 2001; Margulis 1976). Early 
Earth’s ocean was significantly affected by the late heavy 
bombardment, heaviest until about 3.8 Ga when frequent 
meteorite impacts may have heated the oceans partially over 
100 °C (Nisbet and Sleep 2001). An adaptation to this hot, 
aqueous environment would have been beneficial for evolu-
tion, survival, and successful propagation of life (Miller and 
Lazcano 1995).

Ionizing radiation, from, e.g., geologic sources by the 
decay of radioactive elements in Earth’s crust, has severe 
effects on nucleic acids and genome integrity (Karam et al. 
2001). Efficient repair of DNA damage is, therefore, essen-
tial for all forms of life (White and Allers 2018). Besides 
that, a vast variety of different survival strategies by chang-
ing biochemical and physiological features have been devel-
oped to inhabit a broad range of extreme biological niches 
(Jung et al. 2017). Focusing here on hyperthermophilic 
microorganisms, efficient intracellular repair mechanisms 
(Grogan 1998, 2000) allow them to thrive in their hot habi-
tats which are expected to affect their genome stability by 
spontaneous decomposition of DNA suggesting that genome 
replication may depend on DNA repair (Mao and Grogan 
2017; Lindahl 1993). Given that DNA damages induced by 
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high temperature are similar to those induced by ionizing 
radiation, the intrinsic property of hyperthermophiles might 
be responsible for γ-radiation resistance (Jung et al. 2017) 
allowing them to withstand periods of high radiation inten-
sities (Beblo et al. 2011). Previous studies addressing the 
radiation tolerance of different (hyper-) thermophilic archaea 
including Ignicoccus hospitalis demonstrated that radiotol-
erance is a common property among the tested extremo-
philic organisms even though a naturally radiation-intensive 
environment has not been found (Beblo et al. 2011; Jung 
et al. 2017). The hyperthermophilic crenarchaeon I. hospi-
talis, first described in 2007, was isolated from a submarine 
hydrothermal system (Paper et al. 2007). The genus Ignico-
ccus, belonging to the order Desulfurococcales, represents 
a deeply branching lineage within the family of Desulfuro-
coccaceae (Huber et al. 2000; Huber and Stetter 2001). All 
members share common morphological and physiological 
characteristics like an irregular coccoid shape with a cell 
diameter of 1–4 µm (Huber et al.2000, 2012), and an opti-
mal growth temperature at 90 °C. They live as chemolitho-
autotrophic, obligate anaerobes, and grow by reduction of 
elemental sulfur using hydrogen as electron donor while 
producing H2S (Huber et al. 2000).

The remarkable radiotolerance mentioned above raises 
the question for the boundaries and capabilities of life as 
we know it. All previously tested microorganisms prefer an 
extremophilic lifestyle but are never exposed in their natural 
habitat to radiation in the kGy range (Beblo et al. 2011). 
The mechanisms of radiation resistance remain incompletely 
understood and probably vary between different taxa. They 
can include non-enzymatic antioxidants like manganese 
complexes and physiological adjustments to combat oxi-
dative stress (e.g., reduce intracellular free iron concentra-
tions), in addition to efficient DNA repair systems (Shuryak 
2019). Fast and efficient DNA repair mechanisms can main-
tain proper genome integrity under varying harsh environ-
mental conditions, and developing additional survival strate-
gies to withstand unpredictable environmental changes may 
be advantageous for long-term survival. One prominent bac-
terial example for this is the so-called viable but non-cultur-
able state (VBNC) of Escherichia coli and Vibrio cholerae 
(Xu et al. 1982). Cells entering the VBNC state are alive 
but no longer able to grow in artificial media, while main-
taining their metabolic activity (Oliver 2000). The VBNC 
state of human bacterial pathogens and its importance has 
extensively been reviewed by Li et al. (2014), whereas noth-
ing is known in terms of Archaea (Moissl-Eichinger 2011). 
This lack of knowledge encourages reconsidering the defi-
nition of survivability for extremophilic archaea, and was 
consequently tested with I. hospitalis after ionizing radiation 
treatment. Experimental data presented in this study indicate 
that a potential VBNC state may also account for this strain, 
thus (hyperthermophilic) Archaea. A possible discrimination 

between the ability to replicate, and the metabolic activ-
ity may promote a better understanding of the organismic 
response and tolerance as a consequence thereof.

Materials and methods

Strain and culture conditions

The type strain Ignicoccus hospitalis KIN4/IT was obtained 
from the Institute for Microbiology and Archaea Centre, 
University Regensburg. Cells were cultivated in 120-ml 
serum bottles containing 20 ml of anoxic, elemental sulfur-
containing ½ SME medium (½ SME + S0) with a H2/CO2 
(250 kPa; 80:20, v/v) headspace (Paper et al. 2007). For 
inoculation, 0.2 ml of a stationary phase culture was used. 
Incubation was carried out at 90 °C under shaking (60 rpm) 
for approximately 15 h (final cell concentration around 
1 × 107 cells/ml). The cell concentration was determined 
using a Thoma cell counter chamber (depth: 0.02 mm).

Ionizing radiation (γ‑ray) exposure of Ignicoccus 
hospitalis

Independent irradiation campaigns were performed using the 
γ-ray source (60Co) at BGS (Beta Gamma Service, Wiehl, 
Germany) with slightly differing doses for technical rea-
sons. The doses applied were either 0, 6.7, 12.7, 19.0, 27.2, 
55.8, 81.1, 117.1 kGy or as indicated. Certified dosimetry 
data were provided by BGS for the respective irradiation 
campaign.

I. hospitalis stationary phase cultures were anoxically 
exposed to ionizing radiation (0–117.1 kGy) at room tem-
perature. In addition, unexposed laboratory (DLR) and trans-
port control (BGS) samples were kept at room temperature, 
too. Two milliliters of radiation-exposed and unexposed 
stationary phase culture was transferred into 20-ml fresh 
culture medium (1/2 SME + S0) followed by serial dilutions 
to determine the survival. Samples, which were exposed in 
parallel, were used for genomic DNA extraction. To pre-
clude that the experimental procedure potentially impacts 
the relative survival of ionizing radiation-exposed cells, I. 
hospitalis cultures were serial diluted (1:10) in ½ SME + S0 
medium prior to γ-ray exposure (0, 11.6, 17.5 kGy), and 
directly incubated at 90 °C after irradiation. The surviving 
fractions were determined by most probable number (MPN) 
technique (Franson 1985).

Determination of dose–effect curves after γ‑ray 
exposure based on survival and metabolic activity

Ionizing radiation-exposed I. hospitalis cells were incubated 
at 90 °C for up to 6 days to determine the surviving fraction. 
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The metabolic activity (H2S production) was qualitatively 
monitored by dripping 5 µl of the culture onto lead acetate 
paper (Macherey–Nagel, Düren, Germany). The sulfide ion 
from metabolically produced H2S reacts immediately with 
lead acetate to insoluble lead sulfide which can be seen as 
dark-brown spots on the paper (Paper et al. 2007). Three 
independent experiments were conducted for each dose 
(Fig. 1). The resulting survival rate was calculated from 
serial dilutions as relative survival (S = N/N0) after exposure 
to ionizing radiation (N) compared to the untreated labora-
tory control sample (N0). The dose needed to inactivate the 
population by 90% (D10) was determined by linear regres-
sion from the linear parts of the semi-logarithmically plotted 
survival curves (Harm 1980).

Ionizing radiation exposure of ½ SME medium 
and single‑medium components

To investigate the influence of γ-ray-exposed culture 
medium on the survival of I. hospitalis, serum bottles con-
taining 20-ml anoxic ½ SME + S0 medium were exposed 
to increasing ionizing radiation doses (0–117.1 kGy), and 
used for subsequent serial dilutions of untreated I. hospitalis 
cells. The relative survival of I. hospitalis either cultivated 
in 60Co radiation-exposed or unexposed ½ SME medium 
(½ SME-S0) supplemented by exposed or unexposed dry 
elemental sulfur was determined in an additional approach. 
Furthermore, small amounts of single substances, needed for 
½ SME medium preparations, were exposed to γ-radiation 
(0, 117.1 kGy) as they were provided by the manufacturer. 
Dose-specific ½ SME media were prepared from these 
exposed substances using sterile ddH2O, except autoclaving, 
and either supplemented with dose specific γ-ray-exposed 

or unexposed elemental sulfur (S0). All serum bottles were 
purged with H2/CO2 (250 kPa; 80:20, v/v).

Extraction of genomic DNA

Genomic DNA was extracted from 20-ml unexposed and 
ionizing radiation-exposed cells according to the protocol of 
Tillett and Neilan (2000). The samples were centrifuged at 
4 °C, 4500 × g for 1 h, and the resulting pellets resuspended 
in 700-µl freshly prepared XS-Buffer. The DNA was puri-
fied by PCI (25:24:1) purification, isopropanol precipitation, 
and two washing steps with 70% ethanol. Resulting DNA 
was resuspended in 30-µl ddH2O. DNA preparations from 
three independently exposed cultures were pooled and used 
as template for following RAPD-PCR and qPCR analyses. 
The concentrations were determined by Qubit fluorometric 
quantitation using Qubit dsDNA HS Assay (Thermo Fischer 
Scientific, Waltham, MA, USA), and a Qubit 2.0 Fluorom-
eter (Thermo Fischer Scientific, Waltham, MA, USA).

Determination of the genomic DNA integrity

The genomic DNA integrity after irradiation was analyzed 
by RAPD-PCR (randomly amplified polymorphic DNA) 
(Atienzar et al. 2002). Twenty-five nanograms of genomic 
DNA were used as template. The PCR reaction was carried 
out in 20 µl containing 1 U Platinum Taq Polymerase (Inv-
itrogenTM, Carlsbad, CA, USA), 1 × PCR buffer, 3.75 mm 
MgCl2, 0.2 mm dNTPs, and 0.5 µm of the primer P2 (5′-
GGG GCC CTA C-3′; Lepage et al. 2004). A PeqSTAR 96 
Universal cycler (Peqlab, Erlangen, Germany) was used for 
40 cycles of amplification (94 °C for 1 min, 42 °C for 1 min, 
and 72 °C for 2 min) after an initial DNA denaturation step 

Fig. 1   Metabolic activity of I. hospitalis (three parallels: IH1, IH2, 
and IH3) after γ-ray exposure monitored on lead acetate paper. The 
metabolical produced H2S reacts with lead acetate forming lead 
sulfide, visible as dark-brown spots. Flash γ-radiation-exposed cul-

tures, M unexposed ½ SME + S0 medium incubated at 90  °C for up 
to 6 days, DLR laboratory control, BGS transport control. Serial dilu-
tions with 1:10 dilution steps (10–1–10–8) are represented by the expo-
nent (Koschnitzki 2016)
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at 94 °C for 10 min. RAPD profiles were subjected to 2% 
agarose gel electrophoresis in Tris Acetate-EDTA buffer 
with 7 V/cm for 2.5 h. SYBR Safe (Invitrogen, Carlsbad, 
CA, USA) was used for staining, and the profiles visual-
ized using an ImageQuant LAS4000 (GE Healthcare, Little 
Chalfont, UK).

Determination of the relative amplification rates

Quantitative PCR (qPCR) was used to determine the rela-
tive amplification rates for a 1.3 kb amplicon after ionizing 
radiation exposure. Primers for the 16S rRNA gene sequence 
were designed to amplify between the position 27 and posi-
tion 1394 (fwd: 5′-CTA​AGC​CAT​GGG​AGT​CGA​AC-3′; rev: 
5′-ACG​GCT​ACC​TTG​TTA​CGA​CT-3′) in the genome of I. 
hospitalis (Podar et al. 2008). An Engine Opticon® 2 cycler 
(CFD-3220, MJ Research Inc., St. Bruno, Canada) was used 
for 35 cycles of amplification (95 °C for 20 s, 60 °C for 
20 s, and 72 °C for 90 s) after an initial DNA denatura-
tion step at 95 °C for 3 min. Five nanograms of genomic 
DNA were used as template and the amplifications were 
performed using the KAPA SYBR® FAST 2 × qPCR Master 
Mix (Peqlab, Erlangen, Germany). The relative amplifica-
tion rates were calculated according to the normalized C(t) 
values by C(t) normalized the minimum = (Max − value)/
(Max − Min) where Max represents the highest and Min the 
lowest C(t) value within the experiment, and value is the 
C(t) value to be normalized (Hunter et al. 2010). The rela-
tive amplification rates were plotted against the applied dose 
(kGy). To check whether single 16S rRNA amplicons were 
obtained for every sample, qPCR amplicons were analyzed 
on a 2% agarose (w/v) gel where 2 µl of sample were loaded 
per lane.

Results

Survival of I. hospitalis after gamma radiation 
exposure

The survival of I. hospitalis after ionizing radiation expo-
sure was determined. Ongoing metabolic activity, here H2S 
production qualitatively monitored on lead acetate paper, 
was detected for cells exposed to > 55.8 kGy (Fig. 1). As a 
control, unexposed ½ SME + S0 medium, incubated at 90 °C 
for 6 days, did not result in any positive signal. All signals 
obtained within the serial dilutions were assessed as positive 
signals due to organismic, metabolic activity. Thus, ioniz-
ing radiation exposure of I. hospitalis to ~ 25 kGy resulted 
in an inactivation by five orders of magnitude, allowing to 
determine a D10-value of 4.7 kGy (Fig. 2a). A comparable 
D10-value was determined by Beblo et al. (2011), supporting 
this high radiation tolerance of I. hospitalis.

Discrimination between culturability and VBNC

To demonstrate a potential VBNC state in the domain of 
Archaea (Fig. 2), different control samples were analyzed 
to exclude autonomous H2S-production by chemical or 
thermal reactions in the absence of I. hospitalis cells which 
might result in false-positive signals on lead acetate paper 
after ionizing radiation exposure. However, no H2S was 
produced (no lead sulfide was detected) in irradiated ½ 
SME + S0 medium incubated at 90 °C (Fig. 2b; column 
Medium). Therefore, all positive signals obtained were 
assumed as organismic, metabolic activity. A tenfold dilu-
tion of ionizing radiation-exposed I. hospitalis stationary 
phase cultures in fresh ½ SME + S0 medium resulted in 
only light-brown spots before incubation; this signal can be 
ascribed to dissolved H2S which was metabolically produced 
prior to exposure (Fig. 2b; column 1:10). I. hospitalis cells 
which were exposed to doses > 27.2 kGy and tenfold diluted 
before incubation showed positive signals on lead acetate 
paper supporting the results presented in Fig. 1. To further 
increase sensitivity, 20 ml of ½ SME + S0 medium was 
inoculated with only 0.2 ml from the serum bottle giving 
the last positive lead acetate paper signal within the serial 
dilution (see Fig. 1), and was repeated for all independently 
exposed samples (IH1, IH2, IH3; Figs. 1, 2b). As a result, 
a dose < 19.0 kGy decreased the survival by around three 
orders of magnitude, and is seen as viable/culturable state 
(Fig. 2; filled circles). Metabolic activity (hence active H2S 
production) was visualized on lead acetate paper (Fig. 2b). 
An applied dose ranging between 19.0 and 27.2  kGy 
(Fig. 2b; IH2, IH3), represented by gray circles in Fig. 2a, is 
defined as transition state. Within these three independently 
exposed I. hospitalis samples, only two (Fig. 2b; IH2, IH3) 
gave positive signals on lead acetate paper when 100-fold 
diluted (0.2 ml in 20 ml ½ SME + S0 medium). The abil-
ity of reproduction/cell division ended with an applied dose 
of > 27.2 kGy (Fig. 2a; open circles), although metabolic 
activity was maintained. The ability of cell division was for-
feited resulting in a potential VBNC state (Fig. 2a). Positive 
signals due to H2S production after exposure to even higher 
doses can be seen in Fig. 1, when exposed I. hospitalis cells 
were tenfold diluted. The same samples did not give any 
positive signal when 100-fold diluted (Fig. 2b). The concen-
tration of cells did not increase after 6 days of incubation due 
to the loss of the ability to divide. Thus, the concentration of 
metabolically active I. hospitalis cells producing H2S was 
too low to form insoluble lead sulfide.

Influence of the surrounding medium 
on the survivability of I. hospitalis

Ionizing radiation is known to be a source of free radi-
cal (ROS) formation, produced via the radiolysis of 
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aqueous solutions (Kottemann et al. 2005). We, therefore, 
tested the influence of ionizing radiation on the culture 
medium itself (i.e., the environment of the organism), and 
we detected an increasing turbidity of the surrounding 

medium correlating with an increasing ionizing radiation 
dose applied (Fig. 3a, Falcon® tubes). I. hospitalis cells 
appeared as dark cocci with a diameter of around 3 µm 
independent of the doses applied (Fig. 3a). The increasing 

Fig. 2   a Survival of I. hospitalis 
for reproduction (culturable) 
and viable but non-culturable 
(VBNC) state. Black circles: 
viable and replication-compe-
tent, hence culturable. Gray 
circles: transition state between 
culturable, and viable but 
non-culturable (VBNC). Open 
circle: viable but non-culturable 
(VBNC). The experiment was 
conducted with n = 3 and refers 
to the results on lead acetate 
paper. Trendlines were fitted by 
hand. b Controls to discriminate 
between the culturable and 
viable but non-culturable state. 
Metabolic activity of three inde-
pendently exposed (γ-radiation) 
I. hospitalis stationary phase 
cultures (IH1, IH2, and IH3) 
monitored on lead acetate paper. 
Exposed ½ SME + S0 medium, 
and exposed stationary phase 
cultures (1:10 diluted in fresh 
medium) were incubated at 
90 °C for up to 6 days (columns 
1, 3, and 4). Exposed IH1 
stationary phase cultures were 
tenfold diluted in fresh medium 
before incubation (column 2). 
For higher sensitivity, 0.2 ml 
of the last positive IH1 bottle 
within a serial dilution were 
transferred into fresh medium, 
and incubated at 90 °C for up to 
6 days (columns 5, 6). The same 
was conducted with IH2 (col-
umns 7, 8), and IH3 (columns 
9, 10). DLR laboratory control, 
BGS transport control. Serial 
dilutions with 1:10 dilution 
steps (10–1–10–8) are repre-
sented by the exponent (− 1 to 
− 8), and 2 and 6 refer to the 
days of incubation (Koschnitzki 
2016)
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amount of strong refractive particles, ascribed to elemen-
tal sulfur particles, correlated with increasing turbidity, 
too (Fig. 3a). Furthermore, I. hospitalis cells showed 
reduced tolerance to γ-radiation when serial diluted in ½ 
SME + S0 medium prior to exposure (Fig. 3b; black cir-
cles) compared to cells which were exposed to similar ion-
izing radiation doses, but serial diluted into ½ SME + S0 
medium after exposure (Fig. 1). To further investigate 
whether the exposure of the cultivation medium itself 
has a negative or inhibitory effect on cell survival, ½ 
SME + S0 medium was exposed to γ-rays, and used for 
serial dilutions with untreated cells (Fig. 3b; open cir-
cles). Gamma radiation-exposed ½ SME + S0 medium 
has an inhibitory effect on cell survivability and can be 
compared to the results obtained for I. hospitalis cultures, 
which were serial diluted prior exposure. An exposure 
to ~ 20 kGy reduced the survival by around five orders of 
magnitude, but the log reduction of cells serial diluted in 
gamma ray-exposed ½ SME + S0 medium did not decrease 
with increasing dose (> 20 kGy) (Fig. 3b; open circles). 
The D10-value for cells serial diluted prior to exposure 
was around 2.5 kGy, whereas ~ 3.5 kGy was needed to 
inactivate the population when serial diluted in exposed 
½ SME + S0 medium). In addition, sulfur-free γ-ray-
exposed ½ SME medium (Fig. 3b; gray circles), which 

was supplemented with unexposed S0 after γ-ray expo-
sure, shows a similar inactivation tendency on untreated 
I. hospitalis cells compared to radiation-exposed sulfur-
containing ½ SME (Fig. 3b; open circles).

The medium composition itself seems to have a nega-
tive effect on the survival of I. hospitalis after γ-radiation 
exposure. ½ SME medium without elemental sulfur (½ 
SME-S0) was exposed to γ-radiation and unexposed 
(Fig. 4; light-gray bars) or exposed (dark-gray bars) dry 
elemental sulfur S0 was added after treatment. An inhibi-
tory effect on cell survival, in the range of six orders of 
magnitude, was observed in both cases compared to unex-
posed ½ SME-S0 with y-ray-exposed S0 (black bars).

Furthermore, we tried to mimic the inhibitory effect of 
radiation-exposed medium by irradiation of single sub-
stances, and subsequent dose-specific medium preparation. 
A strong color change caused by high-energy ionizing 
radiation exposure was observed in all halide compounds 
(NaCl, NaBr, and KI), NaHCO3 and Na2S × 9 H2O (data 
not shown). The solubility of the single substances in 
water was not affected and no inhibitory effect on cellular 
survivability was observed in ½ SME medium prepared 
from these substances regardless of the supplied sulfur 
variant (± γ-radiation exposure; data not shown).

Fig. 3   a Anoxic exposure of I. hospitalis stationary phase cultures to 
gamma radiation, and transfer into Falcon® tubes after irradiation. I. 
hospitalis cells can be seen as black cocci (scale bar = 5 µm), whereas 
strong refractive particles are ascribed to elemental sulfur. The num-
bers in the lower right corner represent the applied dose in kGy. DLR 
represents the laboratory control, whereas BGS stands for the trans-
port control. b Influence of γ-ray-exposed, sulfur-containing and sul-
fur-free ½ SME medium on the survival of I. hospitalis in compari-
son to serial diluted γ-ray-exposed I. hospitalis cells. Black circles: 

serial dilution of I. hospitalis stationary phase cells prior to exposure. 
The diluted samples were exposed to ionizing radiation, and directly 
incubated afterwards. Open circles: serial dilution of untreated I. 
hospitalis cells in γ-ray-exposed ½ SME + S0 medium. Gray circles: 
serial dilution of untreated I. hospitalis cells in γ-ray-exposed ½ 
SME-S0 medium supplemented with unexposed S0 after exposure. 
The experiments were conducted with n = 1 and the trendlines fitted 
by hand (Koschnitzki 2016)
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Genomic DNA integrity and relative amplification 
rates after γ‑radiation exposure

The RAPD band pattern analysis of I. hospitalis revealed 
that genomic DNA was severely impacted by ionizing radia-
tion compared to the untreated control samples (DLR, BGS; 
Fig. 5a); the loss of bands increased with increasing doses 
indicating a loss of potential primer binding sites within the 
genomic DNA template. An exposure to 19.0 kGy resulted 
in the absence of the bands with a length of > 2000 bp, and 
1400 bp (Fig. 5a). A supportive result was obtained by 
qPCR. The underlying principle of this method is to measure 
the integrity of genomic DNA after ionizing radiation treat-
ment by amplifying a long DNA target without assessing the 
specific nature of the lesion (Furda et al. 2014). The DNA 
damage to be detected is thereby influenced by the length of 
the amplicon, with a long amplicon being desired (Ayala-
Torres et al. 2000; Leuko and Rettberg 2017). This qPCR 
method relies on the ability of specific DNA lesions to block 
the progression of the polymerase on the template strand 
with the result that gene-specific damage can be measured 
as decreased amplification of the gene of interest (Ayala-
Torres et al. 2000; Leuko and Rettberg 2017). The specific 
16S rRNA primer set, was used to amplify a 1.3 kb frag-
ment of the 16S rRNA sequence from genomic DNA. The 
relative amplification rates were calculated according to the 

Fig. 4   Survival of I. hospitalis cells either cultivated in 60Co radia-
tion-exposed or unexposed ½ SME medium supplemented with 
exposed or unexposed elemental sulfur (N). N0 represents I. hospi-
talis cells cultivated in unexposed ½ SME + S0 medium. Black bar: 
½ SME medium (unexposed) + sulfur (exposed). Light-gray bar: ½ 
SME medium (exposed) + sulfur (unexposed). Dark-gray bar: ½ SME 
medium (exposed) + sulfur (exposed). Non-linear scale for ease of 
display. The experiment was conducted with n = 1 (Koschnitzki 2016)

Fig. 5   a Analysis of the genomic DNA integrity of I. hospitalis cells 
after γ-ray exposure. The RAPD profile was analyzed on a 2% aga-
rose gel. The numbers indicate the applied dose. The arrow indicates 
decreasing genomic DNA integrity with increasing ionizing radia-
tion dose applied. b qPCR with 16S rRNA primer to determine the 
relative amplification rate after γ-ray exposure. The C(t) values were 

normalized the minimum with DLR (laboratory control) acting as 
untreated reference sample. qPCR analysis was conducted with n = 1. 
c Primer specific qPCR amplicon analyzed on a 2% agarose gel, 2 µl 
were loaded per lane. *No signal, DLR laboratory control, BGS trans-
port control, B blank sample (Koschnitzki 2016)
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normalized Ct values. As a result, the overall amplification 
rate decreased with increasing radiation dose compared to 
the untreated control sample (BGS; Fig. 5b); the agarose gel 
of the qPCR amplified 16S rRNA fragments emphasized 
this result (Fig. 5c), showing single 16S rRNA amplicons 
of around 1.3 kb for every respective sample. An exposure 
to 117.1 kGy prevented amplification (Fig. 5c).

Discussion

Radiation tolerance can be found in all three domains of life 
(Bacteria, Archaea, Eukarya) (Jung et al. 2017). Extreme 
radiation tolerance, however, predominates the prokaryotic 
lineage, and can be found in the domain Bacteria (Daly 
2009) as well as Archaea (Beblo et al. 2011). For an effi-
cient proteome and genome protection, distinct molecular 
mechanisms exist in these microorganisms to resist radiation 
of non- and ionizing nature and other toxic agents (Krisko 
and Radman 2013). One prominent bacterial example for 
an extremely radiotolerant microorganism is Deinococcus 
radiodurans. This representative is the most radioresistant 
bacterium known so far with a D10-value of 10 kGy (Daly 
2009). Several other Bacteria and Archaea, including extre-
mophilic ones, like the hyperthermophilic archaea Archaeo-
globus fulgidus or Pyrococcus furiosus have been investi-
gated in respect to their radiotolerance as well. Both showed 
a comparable high D10-value of around 1 kGy (Beblo et al. 
2011) in comparison to the mesophilic bacterium Escheri-
chia coli (D10-value 0.25 kGy; Clavero et al. 1994).

Bacterial viability but non-culturability and the reversal 
of this status (resuscitation) has already been known since 
three decades (Whitesides and Oliver 1997); however, noth-
ing is known in terms of Archaea (Moissl-Eichinger 2011). 
The underlying results strikingly demonstrate the remarkable 
radiation tolerance of Ignicoccus hospitalis, and its ongoing 
metabolic activity. We were able to discriminate between the 
survival in terms of reproduction and its metabolic activity 
after exposure to extremely high doses of γ-radiation. This 
phenomenon allowed, for the first time, the postulation of 
a potential VBNC state in the domain of Archaea, and sup-
ports this hypothesis empirically by experimentation. This 
phenomenon raises the question for the boundaries and capa-
bilities of life as we know it, and the accompanying organ-
ismic response to external stressors (Moeller et al. 2017). A 
“dead cell” was long assumed as a cell being unable to mul-
tiply, but Lleò and colleagues considered this expression as 
insufficient (Lleò et al. 2000). They redefined this expression 
as “a cell being unable to express genes and/or the loss of a 
cell’s ability to return to the culturable state”, respectively. 
Here, the VBNC state of I. hospitalis allows speculating that 
this state does also exist in other hyperthermophilic archaea. 
Different conditions potentially inducing resuscitation need 

to be tested. Further investigation should test whether the 
production of mRNA molecules can also be monitored 
during this process as shown by Lleò and colleagues for 
Enterococcus faecalis (Lleò et al. 2000). The discrimination 
between the ability of reproduction and metabolic activity 
helps us to better understand the organismic tolerance and 
overall response to given stressors.

Besides optimal organismic adaptation to the natural hab-
itat, the propagation of life in an unfavorable environment 
benefits from cellular responses that may also be advanta-
geous during additional unpredictable stress exposure. The 
results presented here demonstrate that the environment 
itself (the corresponding culture medium) plays a role in 
radiation tolerance and cell survivability. Both, exposed ½ 
SME + S0 and ½ SME-S0 medium (S0 added after radia-
tion treatment), showed comparable inhibitory effects on 
cell survivability. This may indicate that the composition 
of the medium can undergo unfavorable changes resulting 
in negative effects impacting the cellular survival after ion-
izing radiation exposure. Saran and Bors discussed in 1997 
that cells suspended in physiological saline (PBS) experi-
ence varying concentrations of hydrogen peroxide (H2O2), 
hypochlorite (HOCl) and the hypochlorite radical anions 
which are formed in this buffer during irradiation. The 
chemical half-life of H2O2 and HOCl during this process is 
in the order of seconds, but they proposed that this may be 
enough time to damage the cells substantially (Saran and 
Bors 1997). The production of these cytotoxic agents may 
also occur during irradiation of ½ SME medium (+ S0/ − S0) 
due to high amounts of NaCl, KCl and KH2PO4, substances 
used also for PBS preparation. Due to their short half-lives, 
other compounds than H2O2 and HOCl may be responsible 
for the observed inhibitory effect of radiation-exposed ½ 
SME + S0 medium. A reduced or altered bioavailability of a 
substance needed for proper metabolism (here elemental sul-
fur) has to be taken into account, too. It has been observed 
that elemental sulfur seems to undergo a conformational 
change upon γ-radiation exposure, seen by increasing tur-
bidity with increasing radiation dose (Fig. 3a). The environ-
ment and available energy sources may undergo unfavorable 
changes upon external impacts, here ionizing radiation expo-
sure, leading to an additional stress for microbial life and its 
potential propagation.

Reliable cellular responses to altered environmental con-
ditions are a key to success for evolution and propagation 
of life. Radiation, especially ionizing radiation has adverse 
effects on organismic genome integrity (Baumstark-Khan 
and Facius 2001). Here, the genomic DNA integrity of I. 
hospitalis was analyzed after gamma radiation exposure 
using two different PCR-based applications. The random 
amplified polymorphic DNA (RAPD) method uses one sin-
gle primer of arbitrary nucleotide sequence (here: decamer), 
able to anneal to multiple regions of the genomic DNA 
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(Atienzar et al. 2002). The amplification reaction generates 
a number of amplicons of variable length which can be visu-
alized by gel electrophoresis. The changes in the genomic 
DNA, occurring upon different damaging treatments (here: 
gamma radiation exposure), can be seen in the specific 
RAPD profile by discrete DNA products like gain/loss of 
bands and band intensity. These qualitative results can be 
compared to untreated samples giving an idea of the altera-
tions variance after treatment (Kumar and Gurusubramanian 
2011; Atienzar et al. 2002). An increasing amount of DNA 
lesions in a dose-dependent manner was shown, and expo-
sure to 117.1 kGy prevented amplification (Fig. 5b, c). An 
altered RAPD pattern, here loss of bands, with increasing 
radiation intensity (Fig. 5 a) supports this result. Compara-
ble results were obtained for the halophilic archaea Halo-
bacterium salinarum NRC-1, Halococcus morrhuae, and 
Halococcus hamelinensis. A similar increasing amount of 
DNA lesions in a dose-dependent manner was shown result-
ing in a 100% lesion occurrence after 112 kGy (Leuko and 
Rettberg 2017).

No predictions concerning unspecific changes in other 
targets like proteins can be made by both PCR-based meth-
ods (qPCR, RAPD). Comparing the enormous impact of 
ionizing radiation in the kGy range on genome integrity, it 
is highly surprising that I. hospitalis is able to survive (here: 
able to reproduce) doses of up to ~ 19 kGy. An imaginable 
explanation for this phenomenon would be polyploidy, an 
increased genome copy number, seen for, e.g., the radio-
tolerant Euryarchaeon H. salinarum which may result in 
an enhanced resistance against DNA-damaging conditions 
inducing dsDNA breaks (Kottemann et al. 2005). Besides 
H. salinarum, the highly radiation- and desiccation-tolerant 
D. radiodurans (Mattimore and Battista 1996) shows vary-
ing haploid genome copies during exponential or stationary 
growth phase (Makarova et al. 2001). Gene redundancy may 
allow the mutation of the genome under unfavored condi-
tions keeping the wild-type information in another copy 
(Hildenbrand et al. 2011). Polyploidy is often found in eur-
yarchaeal species potentially offering evolutionary advan-
tages (Spaans et al. 2015; Hildenbrand et al. 2011), and pos-
sibly also for Crenarchaeota although not yet determined 
(Hildenbrand et al. 2011; Bernander and Poplawski 1997; 
Lundgren et al. 2008). A potentially increased copy number 
may, therefore, correlate with the demonstrated extremely 
high radiation tolerance (Beblo et al. 2009), but was not yet 
demonstrated for Ignicoccus hospitalis.

The molecular evolution analysis indicates that anaerobic 
sulfur-reducing chemotrophic hyperthermophiles may act as 
the oldest recognizable prokaryotes (according to Pace 1991; 
according to Miller and Lazcano 1995), and an overall adap-
tation to a hot environment would have been beneficial to 
survive the last ocean-boiling asteroid impact around 3.8 Ga 
ago independent from the environmental origin. (Hyper-) 

thermophilic organisms including Ignicoccus hospitalis are 
known to be highly radiotolerant (Beblo et al. 2011), and 
seem to be the most suitable survivors after this late heavy 
bombardment, indicating them at least as potential candi-
dates for early Earth inhabitants (Miller and Lazcano 1995).
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