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TABLE 3-1. Extremophile and tolerance tables. 
The Limits of Known Life on Earth* 

Factor  Environment/Source Limits 

High Temperature  Submarine Hydrothermal Vents 110 to 121°C 

Low Temperature  Ice -17 to -20°C 

Alkaline Systems  Soda Lakes pH > 11 

Acidic Systems  Volcanic Springs, Acid Mine Drainage pH -0.06 to 1.0 

Ionizing Radiation  Cosmic Rays, X-rays, Radioactive Decay 1,500 to 6,000 Gy 

UV Radiation  Sunlight 5,000 J/m2 

High Pressure  Mariana Trench 1,100 bars 

Salinity  Low Temperature Systems DH20 ~ 0.6�

Desiccation  Atacama Desert (Chile), McMurdo Dry 

Valleys (Antarctica) 

~60% relative humidity 

Extremophiles** 

Factor Class Defining Growth Condition Example Organisms 

High Temperature Hyperthermophile 

Thermophile 

> 80°C 

60 to 80°C 

Pyrolobus fumarii 

Low Temperature Psychrophile < 15°C Synechococcus lividis 
High pH Alkaliphile pH > 9  Psychrobacter, Vibrio, Anthrobacter 
Low pH Acidophile pH < 5 (typically much less) Natronobacterium, Bacillus, Clostridium 

paradoxum 
Radiation – High ionizing and UV radiation Deinococcus radiodurans, Rubrobacter, 

Pyrococcus furiosus 
High Pressure Barophile 

Piezophile 

High weight 

High pressure 

Unknown 

Pyrococcus sp. 

Salinity Halophile 2 to 5 M NaC1 Halobacteriaceae, Dunaliella salina 
Low Nutrients Oligotroph e.g., <1 mg L-1 dissolved organic carbon Sphingomonas alaskensis, Caulobacter spp. 

Oxygen Tension Anaerobe 

Microaerophile 

Cannot tolerate O2 

Tolerates some O2 

Methanococcus jannaschii 
Clostridium 

Chemical Extremes – Tolerates high concentrations of metal (e.g., 

Cu, As, Cd, Zn) 

Ferroplasma acidarmanus 
Ralstonia sp. CH34 

* Table adapted from Marion et al. 2003. Reprinted with permission from Elsevier. 

** Table adapted from Mancinelli and Rothschild 2001. Reprinted with permission from Macmillan Publishers Ltd. 

It is important to understand how, within the last half-century, our expanded understanding of 
terrestrial environments that harbor life has changed our understanding of the limits within which 
life is not only definable, but still is capable of sharing many features. The discovery of life outside 
Earth could further change the ways we understand what is necessary and what is contingent upon 
environment. 
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Why the study of radiation and its effects in materials and biology is important?
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Most robotic missions to Mars have failed, but 
future astronauts headed for the Red Planet 
will have more than an imagined martian jinx 
to worry about. Measurements that the Curi-
osity rover made en route to its touchdown on 
Mars last August show that radiation in deep 
space could pose a significant—if poorly 
understood—threat to human space travelers.

The radiation levels that Curiosity mea-
sured “are in line with the kind we expect,” 
says astrobiologist Lewis Dartnell of the Uni-
versity of Leicester in the United Kingdom. 
“That’s in a way reassuring. But traveling 
Earth to Mars, you’re getting a fairly large 
portion of [the allowed] exposure.” And even 
with good measurements in hand, he adds, 
much about radiation’s effects on the human 
body remains unknown.

The measurements—from the Radiation 
Assessment Detector (RAD) piggybacking 
on Curiosity—provide the best hard num-
bers gauging the radiation that astronauts 
will encounter as they voyage beyond Earth’s 
protective magnetic fi eld. The spacecraft that 
carried Curiosity to Mars provided much the 
same radiation shielding as the Crew Explo-
ration Vehicle that NASA is building to carry 
astronauts beyond low Earth orbit. So RAD’s 
counts of the energetic charged particles that 
make up space radiation should give a reason-
able idea of what humans will be up against, 
says physicist Cary Zeitlin of Southwest 
Research Institute in Boulder, Colorado, lead 
author on the RAD paper on page 1080.

Those energetic charged particles come in 
two sorts. Protons fl ung off the sun in solar 
fl ares or in great blobs of plasma called coro-
nal mass ejections caused a spike in RAD read-
ings fi ve times from December 2011 into July 
2012. The protons’ energies tend to range up to 
a few hundred megaelectron volts. Astronauts 

caught outside with nothing but a spacesuit to 
protect them from those surges could become 
acutely ill, but shielding like RAD’s can stop 
much although not all of such radiation. Then 
there are the cosmic rays—atomic nuclei 
ranging from lone protons up to iron nuclei—
blasting in from the galaxy with energies of a 
few hundred to many thousands of megaelec-

tron volts. Most of them passed right through 
RAD’s shielding or even shattered atoms in 
the protective material, creating showers of 
damaging fragments.

RAD’s bottom line was that a round trip 
to Mars would give an astronaut a hefty 
dose of damaging radiation. Zeitlin and col-
leagues converted RAD measurements of 
energetic particle abundances, energies, and 
masses into a measure of biological damage 
called sieverts, which is related to lifetime 
cancer risk. During a 360-day round trip, 
an astronaut would receive a dose of about  
662 millisieverts (mSv), according to RAD 
measurements. National space agencies 
limit exposure to about 1000 mSv or less 
during an astronaut’s entire career; NASA’s 
limit corresponds to a 3% risk of exposure-

induced death from cancer.
“These results show that cosmic rays are 

not a showstopper,” says Robert Zubrin, a 
trained nuclear engineer and president of The 
Mars Society headquartered in Lakewood, 
Colorado. “This confirms what you might 
expect: The radiation risk is quite acceptable. 
Frankly, it’s a modest portion of the risks on a 

Mars mission.”
Dartnell is less sanguine. 

He notes that RAD trav-
eled to Mars during a qui-
eter part of what is turning 
out to be a relatively quiet 
solar cycle. Future astro-
nauts might well encoun-
ter more and bigger solar 
events, he says. And RAD 
team members have yet to 
report radiation levels from 
the surface of Mars, where 
astronauts could well spend 
a year or more.

But Dartnell’s biggest reservation is 
the uncertainty of it all. “It’s the things we 
don’t know that are the biggest concern,” he 
says. “We don’t know how dangerous [the 
observed radiation] would be.” The con-
version from charged-particle energies and 
masses to biological damage involves “a 
high degree of uncertainty,” Zeitlin says, 
especially when it comes to the heavy nuclei 
of galactic cosmic rays.

So more work looms for both space 
physicists and radiation biologists. “Radia-
tion is one of many risks in space travel,” 
Zeitlin says. But when flesh-and-blood 
explorers start to travel between planets,
 “How much risk?” will be as much an ethical 
as a technical question.

–RICHARD A. KERRC
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receive up to hundreds of thousands of dol-
lars in startup funds and a $163,000 reloca-
tion subsidy. Following the central govern-
ment’s lead, provinces launched their own 
recruitment programs. Zhu was recruited by 
Guangdong , a province in southern China, 
to be a core member of an innovation team 
focused on advanced MRI technology, the 
complaint states. In 2011, the Guangdong 
government recruited 20 innovation teams 
and provided them with about $80 million 
total, according to Chinese news reports. 

Meanwhile, Chinese scientists working 
overseas worry that the allegations against 

Zhu could cast them in a negative light. 
The case will be “followed carefully by 
Chinese scientists both in China and in the 
U.S.,” Han says. Wei Jia, a researcher at the 
University of North Carolina, Greensboro, 
fears that the Zhu case could harm percep-
tions among U.S. employers and federal 
funding agencies.

Two scientists in the case have been 
arrested. The third, Li, returned to China 
before charges were fi led, according to the 
FBI press release. After news of the arrests 
broke, SIAT deleted photos of and informa-
tion about Zhu and Li from its website and is 

reportedly considering legal action to shield 
its reputation. A United Imaging Healthcare 
offi cial told The Wall Street Journal that it’s 
“impossible that our company would get 
involved in this kind of thing.”

At the very least, the case against the three 
scientists should alarm others attempting to 
straddle two boats. Ying Xu, a bioinformat-
ics researcher at the University of Georgia in 
Athens, says, “I hope those with full positions 
in the U.S. and [who] consult in China can 
learn a lesson from this incident.”

–CHRISTINA LARSON AND HAO XIN

Christina Larson writes for Science in Beijing.
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Radiation Will Make Astronauts’ Trip to Mars Even Riskier 
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from the indirect effects of IR (BOX 1) is sur-
vival ultimately determined by the level of 
DNA damage12. In the early 1970s, Holliday’s 
work on IR-induced homologous recombi-
nation strongly supported the notion that 
the most radiosensitive targets in extremely 
IR-resistant U. maydis cells were single 
genes13, an inference that has been applied 
by others to IR toxicity in general.

Resistance to DNA-damaging agents
In addition to IR and UV, D. radiodurans is 
profoundly resistant to the lethal and muta-
genic effects of many redox-active (ROS-
mediated) xenobiotics, such as mitomycin C42,  
an antibiotic produced by Streptomyces that 
is known for its ability to cross-link DNA. 
Whereas E. coli is readily mutated by mito-
mycin C, D. radiodurans cells that survive 
mitomycin C treatment show approximately 
the same low level of mutagenesis that 
occurs during one normal round of replica-
tion31,42. Thus, E. coli has an error-prone 
DNA-repair pathway but D. radiodurans 
apparently does not31. Under our model, 
I attribute error-prone DNA repair to 
ROS-damaged enzymes, which passively 
promote mutations by repair malfunction34. 
By contrast, D. radiodurans and E. coli are 
equally sensitive to the mutagenic effects of 

N-methyl-N -nitro-N-nitrosoguanidine, a 
direct mutagen31,42 that was used to construct 
most D. radiodurans mutants prior to 1990 
(REF. 31). Because DNA-repair-defective 
D. radiodurans mutants (such as recA and 
polA mutants) are approximately as sensi-
tive to IR, UV and indirect (ROS-mediated) 
mutagens as repair-defective E. coli9,30,31,43, 
accurate repair of DNA in D. radiodurans 
might require little more than protection 
against protein oxidation and genome mul-
tiplicity. I attribute protein protection in 
D. radiodurans to the presence of high levels 
of manganese complexes16,34. In radiation-
resistant fungi and cyanobacteria, it is pos-
sible that resistance is conferred by different 
sorts of antioxidants, perhaps based on 
melanin44 and trehalose45, respectively.

Manganese within resistant bacteria
As no clear explanation has been inferred 
from the genome sequences of IR-resistant 
organisms for their survival capabilities, 
there have been no reliable physiological 
predictors of the ability of a cell to toler-
ate IR. In 1976, Bruce and colleagues 
reported that D. radiodurans accumulates 
substantially more manganese than the 
IR-sensitive bacterium Micrococcus luteus46. 
Furthermore, the IR-resistant bacterium 

Lactobacillus plantarum16,47, which lacks 
the enzyme superoxide dismutase, and 
Synechocystis sp. PCC 68034 (REF. 48) 
accumulated exceptionally high levels of 
manganese49,50. The growth of IR-resistant 
bacteria was reported to be relatively inde-
pendent of iron compared with IR-sensitive 
bacteria16. This set of reports led my research 
team to examine the relationship between 
manganese and iron accumulation and 
bacterial radioresistance16. FIGURE 1b shows 
the correlation between IR resistance and 
the ratio of intracellular manganese to iron 
concentrations for eight bacteria and one 
archaeon. For example, D. radiodurans 
(manganese:iron = 0.24) accumulates 157 
times more manganese and 3.3 times less 
iron than the IR-sensitive S. oneidensis 
(manganese:iron = 0.0005)16. Bacteria with 
high manganese to iron ratios are extremely 
resistant to IR-induced protein oxidation, 
whereas bacteria with low manganese to 
iron ratios are hypersensitive to protein 
oxidation16,32,34 (FIG. 2). Measurement of the 
accumulation of protein carbonyl groups34 
revealed that Mn2+ accumulation in bacteria 
specifically prevented protein oxidation, but 
did not affect DSB levels16. This led to the 
hypothesis that manganese-accumulating 
bacteria have an enhanced capacity to 

Figure 1 | Relationship between survival following exposure to ionizing 
radiation and intracellular manganese and iron contents. a | Ionizing 
radiation (IR) survival curves for whole-genome sequenced strains that 
encode a similar repertoire of DNA-repair proteins8,16,38. Standard growth, 
irradiation (60Co at 0 C) and recovery conditions were used16. b | Intracellular 
manganese to iron concentration ratios. For cells cultured under standard 
growth conditions, total manganese and iron contents were determined 
by inductively coupled plasma mass spectrometry16. D

10
 represents the IR 

dose that reduces the number of viable cells by 90%. Other manganese to 
iron ratios and D

10
 survival values reported recently for novel IR-resistant 

desert bacteria32 include Deinococcus radiodurans 7b-1 (D
10

 = 13 kGy; 

manganese:iron = 0.14), Deinococcus sp. 1A1 (D
10

 = 17 kGy; manganese:iron 
= 0.15), Deinococcus sp. 5A5 (D

10
 = 15 kGy; manganese:iron = 0.38), 

Deinococcus sp. 1A6 (D
10

 = 7 kGy; manganese:iron = 0.15), Deinococcus sp. 
3B1 (D

10
 = 10.5 kGy; manganese:iron = 0.12), alphaproteobacterium 4A4 

(D
10

 = 1.5 kGy; manganese:iron = 0.07) and alphaproteobacterium 4A6 
(D

10
 = 1.5 kGy; manganese:iron = 0.15). We did not investigate the distri-

bution of manganese or iron in the desert strains, nor did we evaluate 
the extent of cell grouping before irradiation, which can significantly 
increase D

10
 survival values based on colony forming unit (CFU) 

assays16,22. Part b is modified, with permission, from REF. 81  (2006) 
Elsevier Science.
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prevent the formation of iron-dependent 
ROS (through the Fenton reaction)16,22,34 
(FIG. 3). As the ability of manganese to pro-
tect the cell becomes depleted, DNA-repair 
systems and other essential cellular enzymes 
are expected to become increasingly sub-
jected to damage22,34. This model explains 
the ability of orthologues from radiosensi-
tive bacteria to complement D. radiodurans 
DNA-repair mutants, in which manganese 
complexes in D. radiodurans shield proteins 
irrespective of their origin34. It also explains 
the long ‘shoulders’ of IR-response curves 
for extremely resistant organisms (FIG. 1a), 
which are ultimately overwhelmed and 
killed owing to the hundreds of recalci-
trant DSBs per cell3,12 rather than protein 
damage34.

Biological evidence
Direct evidence for a biological role of 
manganese accumulation in IR resistance 
comes from studies of D. radiodurans, which 
actively transports manganese into the cell16. 
Mn2+ sensing occurs widely in bacteria and 
influences both Mn2+ homeostasis and genes 
involved in the oxidative stress response51. 
D. radiodurans possesses two of the three 
types of known Mn2+ transporters: one from 
the Nramp (natural resistance-associated 

macrophage) family and one from the ATP-
dependent ABC-type transporter family16. 
The third type of manganese transporter, the 
unique P-type ATPase with a high specificity 
for Mn2+, has been detected in L. plantarum, 
but has not been found in D. radiodurans. 
Manganese transport in D. radiodurans is 
predicted to be regulated by a transcriptional 
regulator of the MntR–DtxR (manganese 
transport regulator–diphtheria toxin repres-
sor) family by a metal-binding motif that 
is more closely related to the Mn2+-binding 
configuration than the Fe2+ form16,51. 
Repression of manganese transport in 
D. radiodurans is predicted to be controlled 
by TroR16.

When D. radiodurans was grown in 
conditions that limit manganese accumula-
tion, the manganese to iron ratio of the cells 
decreased from 0.24 to 0.04, and the cells 
became highly sensitive to IR and highly sus-
ceptible to IR-induced protein oxidation, but 
there were no other obvious effects on other 
traits16,34. Furthermore, when D. radiodurans 
cells with normal manganese levels were 
irradiated under conditions that were known 
to perturb manganese-dependent ROS 
scavenging in vitro, such as high pH, the 
cells lost their ability to prevent IR-induced 
protein oxidation and became sensitive to 

IR34. Increasing evidence indicates that accu-
mulated manganese ions can act as chemical 
antioxidant protectants by decreasing the 
levels of ROS to prevent oxidative stress. 
This mode of ROS control is not specific for 
radiation-resistant organisms, but is appli-
cable to diverse settings. Addition of manga-
nese can rescue yeast and bacterial mutants 
that are deficient in ROS-scavenging 
enzymes51–53, and manganese supplementa-
tion can restore the lifespan of short-lived 
C. elegans mutants54. Mitochondria accumu-
late high Mn2+ concentrations55, and the  
level of carbonylated proteins, which is rec-
ognized as a marker of oxidative stress, is 
reduced in animal cells56 treated with Mn2+.

Manganese and iron in IR resistance
The effects of radiation in cells are mediated 
primarily through ROS. Dissolved oxygen, 
either derived from the atmosphere, gener-
ated endogenously from IR-induced H2O2 
by redox-cycling of iron, manganese and/or 
other biologically relevant transition metals, 
or produced enzymatically (for example, 
by the intracellular decomposition of H2O2 
by catalase), reacts rapidly with electrons 
released during water radiolysis11 to form 
superoxide (O2

–) (BOX 1; FIG. 3). Because O2
– 

does not easily cross membranes, it can 

Figure 2 | In vivo ionizing radiation-induced oxidative protein damage. 
a | Western blot immunoassay of protein-bound carbonyl groups in cell 
extracts prepared from bacteria irradiated to 4 kGy (60Co at 0 C; 20 g of a 
protein sample (soluble fraction) was loaded per lane). Coomassie repre-
sents a coomassie-stained polyacrylamide denaturing gel, whereas carbo-
nyl represents the corresponding western blot, which reveals the presence 
(black) or absence of protein oxidation (no signal). Carbonyl groups (alde-
hydes and ketones) are widely used as markers of irreversible protein 

damage, which cannot be repaired and represents a small fraction of the 
total oxidative protein damage34. b | Relationship between bacterial survival 
(D

10
; the ionizing radiation dose that reduces the number of viable cells by 

90%) and relative protein carbonylation following exposure of the strains to 
4 kGy. Carbonylation in relative units was quantified: the intensity profile of 
a particular lane (part a; carbonyl) was generated from previously published 
digitized membrane images34. DNPH, 2,4-dinitrophenylhydrazine. Part a is 
modified from REF. 34.
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prevent the formation of iron-dependent 
ROS (through the Fenton reaction)16,22,34 
(FIG. 3). As the ability of manganese to pro-
tect the cell becomes depleted, DNA-repair 
systems and other essential cellular enzymes 
are expected to become increasingly sub-
jected to damage22,34. This model explains 
the ability of orthologues from radiosensi-
tive bacteria to complement D. radiodurans 
DNA-repair mutants, in which manganese 
complexes in D. radiodurans shield proteins 
irrespective of their origin34. It also explains 
the long ‘shoulders’ of IR-response curves 
for extremely resistant organisms (FIG. 1a), 
which are ultimately overwhelmed and 
killed owing to the hundreds of recalci-
trant DSBs per cell3,12 rather than protein 
damage34.

Biological evidence
Direct evidence for a biological role of 
manganese accumulation in IR resistance 
comes from studies of D. radiodurans, which 
actively transports manganese into the cell16. 
Mn2+ sensing occurs widely in bacteria and 
influences both Mn2+ homeostasis and genes 
involved in the oxidative stress response51. 
D. radiodurans possesses two of the three 
types of known Mn2+ transporters: one from 
the Nramp (natural resistance-associated 

macrophage) family and one from the ATP-
dependent ABC-type transporter family16. 
The third type of manganese transporter, the 
unique P-type ATPase with a high specificity 
for Mn2+, has been detected in L. plantarum, 
but has not been found in D. radiodurans. 
Manganese transport in D. radiodurans is 
predicted to be regulated by a transcriptional 
regulator of the MntR–DtxR (manganese 
transport regulator–diphtheria toxin repres-
sor) family by a metal-binding motif that 
is more closely related to the Mn2+-binding 
configuration than the Fe2+ form16,51. 
Repression of manganese transport in 
D. radiodurans is predicted to be controlled 
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When D. radiodurans was grown in 
conditions that limit manganese accumula-
tion, the manganese to iron ratio of the cells 
decreased from 0.24 to 0.04, and the cells 
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ceptible to IR-induced protein oxidation, but 
there were no other obvious effects on other 
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irradiated under conditions that were known 
to perturb manganese-dependent ROS 
scavenging in vitro, such as high pH, the 
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IR34. Increasing evidence indicates that accu-
mulated manganese ions can act as chemical 
antioxidant protectants by decreasing the 
levels of ROS to prevent oxidative stress. 
This mode of ROS control is not specific for 
radiation-resistant organisms, but is appli-
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that are deficient in ROS-scavenging 
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level of carbonylated proteins, which is rec-
ognized as a marker of oxidative stress, is 
reduced in animal cells56 treated with Mn2+.
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either derived from the atmosphere, gener-
ated endogenously from IR-induced H2O2 
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extracts prepared from bacteria irradiated to 4 kGy (60Co at 0 C; 20 g of a 
protein sample (soluble fraction) was loaded per lane). Coomassie repre-
sents a coomassie-stained polyacrylamide denaturing gel, whereas carbo-
nyl represents the corresponding western blot, which reveals the presence 
(black) or absence of protein oxidation (no signal). Carbonyl groups (alde-
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damage, which cannot be repaired and represents a small fraction of the 
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; the ionizing radiation dose that reduces the number of viable cells by 

90%) and relative protein carbonylation following exposure of the strains to 
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Cell death by protein damage after gamma irradiation 
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Is D. radiodurans the last frontier of 
radiation resistance?







Other organisms:

•  Accumulate higher levels of Mn;

•  May have a more efficient DNA repair tool set;

•  May produce antioxidant secondary metabolites;








METHODS

•  Selection and identification of (106) morphotypes from 25 soil samples


Raw soil


UV-C lamp

Sonoran Desert


Atacama Desert


•  Survival curves to UV-C irradiation using germicidal lamp

•  Extracellular and Intracellular Mn/Fe ratio through ICP-MS

•  Optical and Electron Microscopy
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