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    록

방사성 폐기물에 대한 우려가 증대됨에 따라 생물정화 기술에 대한 관심이 고조되고 있다. 병원과 원자력발전 등에서 
발생되는 많은 양의 방사성 폐기물이 환경에 직접 노출됨에 따라, 이를 정화하기 위한 다양한 물리화학적 기술이 보
고되고 있다. 하지만, 이러한 방법은 고비용 및 고위험성 과정이 수반되기 때문에 미생물을 이용한 친환경적 생물정화
기술이 요구되고 있다. 최근, 고방사선 노출 등과 같은 극한환경에서 서식할 수 있는 방사선저항성 미생물에 대한 
연구가 많이 보고되고 있으며, 이를 이용한 방사성 폐기물 정화에 대한 연구적 관심이 높아지고 있다. 데이노코쿠스 
라디오두란스는 대표적인 방사선저항성 미생물로써 높은 방사선에 저항성을 갖는 특성으로 인해 방사성 폐기물 등의 
유해물질 정화에 이용될 수 있다. 본 총설에서는 데이노코쿠스 라디오두란스의 방사선내성과 관련한 일반적 기작에 
대해 소개하고, 방사성 폐기물의 생물정화 활용 가능성에 대해 논의한다.

Abstract
Increasing concerns on radioactive wastes have drawn much attention on the development of remediation technologies. 
Massive amounts of radioactive wastes generated from hospital and nuclear power plants were exposed to our environment. 
Although physicochemical removal methods were developed, an eco-friendly remediation method has not yet been 
demonstrated. Recently, an extremophilic bacterium has received much attention due to their extraordinary characteristics. 
Among them, Deinococcus radiodurans (D. radiodurans) strain was regarded as the best host organism for the removal of 
radioactive heavy metals and radionuclides, because of their superb characteristics like tolerance against the high level of 
radioactivity. In this article, we briefly introduced the extraordinary nature of D. radiodurans and also discussed the potential 
use of D. radiodurans strain for the removal of radioactive wastes.
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1. Introduction
1)

Over the past few years, radiation and radioactive materials are re-

garded as an indispensable source to human beings on daily life such 

as medical application, academic research, and energy generation. The 

X-ray cinefluography and radiation therapy are commonly applied to 

patients to diagnose medical treatment condition. And also, huge 

amount of electricity is generated by nuclear power plant by using ra-
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dioactive materials such as uranium as an energy source. In spite of 

those of advantages, concerns on the radioactive substance and waste 

has been gradually increased due to the threat of radioactivity to public 

and environment as appears by serious accidental events. The huge 

amount of radioactive materials is leaked to environment after the cata-

strophic nuclear accidents such as the Chernobyl disaster and the 

Fukushima Daiichi nuclear disaster[1,2]. Not all radioactivity comes 

from disastrous accidents. The tremendous amount of radioactive waste 

which is believed to trigger development of cancer and chronic disease 

also has occurred from biomedical and industrial applications. 

However, despite the risk of radioactivity, a definite answer for re-

mediation method of radioactive polluted environment has not yet been 

addressed. 
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Radionuclides Organism Mechanism Reference

Uranium 

Deinococcus radiodurans

Bioprecipitation [73]

Bioaccumulation [74]

Bioprecipitation [59]

Desulfovibrio desulfuricans G20 Bioreduction [75]

Desulfovibrio desulfuricans Bioreduction [76]

Sphingomonas sp. BSAR-1 Bioprecipitation [77]

Thermoanaerobacter sp. TOR-39 Bioreduction [78]

Thermoterrabacterium ferrireducens Bioreduction [79]

Citrobacter sp. Biomineralisation [80]

Cobalt

Rhodopseudomonas palustris CGA0009

Bioreduction
[9]

Novosphingobium aromaticivorans F-199

Deinococcus radiodurans [62]

Neptunium(V)
Shewanella putrefaciens

Bioreduction [82]
Citrobacter sp.

Technetium

Desulfovibrio desulfuricans Bioreduction [83]

Thiobacillus spp Bioreduction [84]

Anaeromyxobacter dehalogenans 2CP-C Bioreduction [85]

Plutonium

Geobacter metallireducens GS15

Bioreduction

[86]
Shewanella oneidensis

Bacillus mycoides
[87]

Serratia marcescens

Americium Serratia sp Biomineralisation [88]

Iodine Desulfovibrio desulfuricans Bioreduction [89]

Strontium

Pseudomonas fluorescens

biomineralisation

[90]

Halomonas sp. [91]

Sporosarcina pasteurii [92]

Table 1. The Microbial Sources for Bioremediation of Radioactive Substances

There are several techniques to remove toxic materials from environ-

ment such as chemical precipitation, oxidation or reduction, and elec-

trochemical treatments[3]. However, most of these techniques entails 

expensive physicochemical process as well as secondary contamination. 

To overcome these shortcomings, there has been attracting increasing 

interest in bio-based treatment, called “Bioremediation”[4]. Aside from 

the other physicochemical processes, bioremediation is also commonly 

used in clean-up contaminated water and soil as it has several advan-

tages over physicochemical processes in terms of less side effect, 

cost-effectiveness and complete degradation of contaminants through 

natural processes such as biosorption, bioaccumulation, bio-

transformation, and biomineralization, which can be exploited for either 

ex situ or in situ (Table 1)[5,6]. For examples, Desulfovibrio de-
sulfuricans can couple the oxidation of a range of electron donors to 

reduction of Tc(VII) so that it was precipitated as an insoluble oxide 

at cell peripheries[7]. The Pseudomonas aeruginosa and Pseudomonas 
putida strains can remove Cd2+, Zn2+, Cu2+, Fe2+, Co2+, and Ni2+ from 

solution by incorporation of inorganic phosphate as a precipitant[8]. 

Genetically engineered Escherichia coli strain expressing Ni/Co trans-

porter (NiCoT) genes from Rhodopseudomonas palustris and 

Novosphingobium aromaticivorans was able to remove trace cobalt 

from aqueous solutions[9]. However, such radiosensitive organisms 

cannot be effectively used for remediation of radioactive heavy metals 

and radionuclide. From this point of view, the extremophile, micro-

organisms possess extraordinary characteristics originated from various 

genetic diversity evolved over a long period time, has been receiving 

much attentions as best candidate organism for bioremediation of toxic 

contaminants[10,11].

Among them, Deinococcus is well-known microorganism for highly 

resistance to environmental hazards[12]. Deinococcus radiodurans has 

been extensively studied to elucidate its extraordinary capacity to sur-

vive against various environmental stresses such as high level of gam-

ma-irradiation, UV irradiation, and oxidative stresses[13-16]. This ex-

treme resistance is mainly originated from a powerful DNA repair and 

efficient antioxidation mechanism[16]. Thus, the superior properties of 

D. radiodurans make it an ideal candidate for bioremediation of radio-

active heavy metals and radionuclides. In this article, we reviewed re-

markable characteristics of D. radiodurans and demonstrated the poten-

tial use of D. radiodurans for remediation of radioactive polluted envi-

ronments throughout the previous observations. 
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Heavy metals Organism Mechanism Reference

Mercury Deinococcus geothermalis Bioreduction [11]

Fe(III) Geobacter sulfurreducens Bioreduction [81]

Cadmium Pseudomonas veronii Biosorption [93]

Lead Bacillus sp. L14 Biosorption [94]

Copper Kocuria flava Bioprecipitation [95]

Zinc Bacillus cereus, Pseudomonas veronii Biosorption [93,96]

Arsenic Sporosarcina ginsengisoli Biomineralisation [97]

Chromium Bacillus cereus Bioreduction [98]

Table 2. The Microbial Sources for Bioremediation of Non-radioactive Substances

2. Common Features of D. radiodurans

In this section, we introduce the unique properties of an ex-

tremophilic bacterium Deinococcus radiodurans to survive under the 

acute exposure of irradiation[17]. D. radiodurans is first discovered in 

gamma irradiated canned meat. This bacterium initially named 

Micrococcus radiodurans because of morphological similarity to mem-

bers of the genus Micrococcus. After that, this bacterium was re-

classified to Deinococcus-Thermus phylum and renamed as 

Deinococcus radiodurans[15,18]. Since its discovery, Deinococcus spp. 

was also found in diverse environments, such as air sample[19], acti-

vated sludge[20], soil[21,22], water[23], hot spring[24], Antarctica[25], 

and surface on paper machine[26] etc. Up to now, 47 species of 

Deinococcus spp. were reported and the genetic information and ge-

nome sequence of some strains such as D. radiodurans[27,28], D. geo-
thermalis[29], D. deserti[30], D. marcopensis[31], D. gobiensis[32], D. 
proteolyticus[33], D. wulumuqiensis[34], D. xibeiensis[35], D. phoeni-
cis[36], and D. grandis[37] had completely been revealed in public. It 

is aerobic, non-motile, non-spore forming, and red pigmented tetrad 

forming bacterium and well known for its supreme resistance to ioniz-

ing radiation.

2.1. DNA damage responses in D. radiodurans
The acute DNA damage is usually occurred by hydroxyl radical (⋅OH) 

and the quintessential reactive oxygen species (ROSs) from ionizing 

radiation. As the DNA damage appears to be lethal to living organ-

isms, cells possess various mechanisms to repair damaged DNA to sur-

vive[38]. The extreme radiation resistance of D. radiodurans is mainly 

originated from a powerful DNA repair system that accomplishes pre-

cise and an efficient reassembly of shattered chromosomal DNA by 

ionizing radiation through excision, mismatch, and recombination proc-

ess[16,39]. Although DNA repair system of D. radiodurans relatively 

simple compare to those of reported other radiosensitive bacteria such 

as E. coli and Shewanella oneidensis, they have remarkable DNA re-

pair capacity[40]. Among the various DNA repair mechanisms in D. 
radiodurans, double strand break (DSB) repair is mainly accomplished 

by extended synthesis-dependent strand annealing (ESDSA) and some 

DNA repair proteins such as RecFOR, UvrD, RecJ, RecA, PolI, and 

PolIII are involved in ESDSA DNA repair mechanism[16,41]. In addi-

tion, a large number of radiation induced DNA repair related proteins 

such as DdrBCDO and PprA are identified in Deinococcaceae[42]. 

PprI, novel regulatory protein, plays an important role in DNA dam-

age response as well as various cellular metabolisms such as stress re-

sponse, transcription, translation, cell cycle control, and signal 

transduction. Under the exposure to radiation, the expression of recA 

and pprA gene were positively controlled by PprI to enhance DNA re-

pair capacity[43-45]. In addition, DdrO is an another essential protein 

able to bind specific consensus nucleotide sequence called Radiation/ 

Desiccation Response Motif (RDRM) of genes[46]. Thus, the ex-

pression of genes containing RDRM sequence genes involved in DNA 

repair mechanism is tightly repressed by DdrO under the normal con-

dition[46]. Recently, Devigne et al. and Ludanyi et al. suggested that 

PprI-DdrO pathway has critical roles in repairing mechanism for dam-

aged DNA in D. radiodurans and D. deserti[47,48]. Moreover, it has 

been reported that DrRRA[49], RadS/RadR[50], and several small 

non-coding RNAs (sRNAs)[51] found in D. radiodurans may play an 

important role for withstanding high dose of radiation. 

2.2. Antioxidation mechanism in D. radiodurans
Various reactive oxygen species (ROSs) including hydroxyl radical, 

superoxide anion radical, and hydrogen peroxide are generated by the 

ionizing radiation from radioactive wastes[10]. During the treatment of 

radioactive waste, the organism was suggested to be exposed to the 

ROSs which trigger DNA breaks and protein oxidation resulting in le-

thal damage to the cell. Therefore, the organism used for bio-

remediation of radioactive polluted environment should have cellular 

mechanisms to protect and repair cells from cellular damages induced 

by ROSs[38]. 

There are mainly two types of scavenge mechanisms, enzymatic and 

non-enzymatic mechanisms in D. radiodurans. First, enzymatic ROS 

scavenging is mediated by three catalases, four SODs, two peroxidases, 

and two DNA protection (Dps) proteins during starvation[16]. 

Superoxide dismutase (SOD) alternatively removes or adds electrons 

from superoxide to make the molecules encounter subsequently stable 

species such as O2 and hydrogen peroxide (H2O2). Dps proteins protect 

DNA from oxidative stress by chelating Fe2+ and reducing H2O2[52]. 

Second, divalent manganese complexes and carotenoids are also re-

sponsible for non-enzymatic scavenging mechanisms. Previous studies 

reported that high ratio of Mn2+/Fe2+ was observed in radio-tolerant mi-
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Figure 1. The scheme of bioremediation process for the removal of 
radioactive wastes using D. radiodurans R1 strain. The various 
radioactive wastes represented in the colored small circles are managed 
by D. radiodurans R1 strain through bioremediation process.

croorganisms exposed to high dose of ionizing radiation[53,54]. It is 

interesting to note that intracellular level of Mn2+ is higher than that 

of radiosensitive bacteria such as E. coli, Enterococcus faecium, P. pu-
tida, and S. oneidensis, whereas relatively lower in ferrous ion[54]. 
The complex of free amino acids or peptides with Mn2+ and orthophos-

phate (or bicarbonate) catalytically decompose H2O2 and scavenge su-

peroxide radicals[55]. It has been reported that D. radiodurans was in-

herently able to produce large amount of new carotenoid-like pigment, 

named as deinoxanthin, acts as a hydroxyl radical scavenger[56]. The 

deletion study of crtB and crtI which are involved in deinoxanthin bio-

synthetic pathway revealed that deinoxanthin plays important roles in 

scavenging ROSs induced by ionizing radiation, UV, and H2O2[57]. In 
vitro test of scavenging activity of deinoxanthin have also shown that 

it showed decomposing activity of H2O2 as well as singlet oxygen, and 

the scavenging activity is much higher than those of carotenes (lycopene 

and β-carotene) and xanthophylls (zeaxanthin and lutein)[58]. 

3. Potential Application of D. radiodurans on 
Bioremediation of Radioactive Polluted Environment

Due to the unique DNA repair system and strong anti-oxidation 

mechanism described above, D. radiodurans can survive against acute 

exposure to more than 10-20 kGy which is lethal to living organisms 

without any genotypic and phenotypic changes[16]. Therefore, D. ra-
diodurans has been attempted to clean-up radioactive contaminated 

toxic compounds. Genetically engineered D. radiodurans harboring 

phoN from Salmonella entarica and phoK from Sphigomonas sp. which 

encodes the nonspecific acid phosphatase and ribose-phosphate py-

rophosphokinase, respectively, was able to efficiently precipitate ura-

nium from diluted nuclear waste[59]. The genetically engineered D. ra-
diodurans expressing the merA gene encoding mercuric ion reductase 

from E. coli strain BL308 was able to efficiently reduce toxic Hg2+, 

which is main component of radioactive waste sites, to monoatomic 

volatile Hg(0)[60]. There was also previous report on recombinant D. 
radiodurans expressing toluene dioxygenase (tod) from P. putida capa-

ble of degrading indole, toluene, chlorobenzene, and 3, 4-di-

chloro-1-butene under high level of chronic ionizing radiation (60 

Gy/h)[61]. The recombinant D. radiodurans overexpressed with the 

nxiA and nvoA genes from Rhodopseudomonas palustris CGA009 and 

Novosphingobium aromaticivorans F-199, respectively, showed effi-

cient removal efficacy of 60Co (> 60%) from spent decontamination 

solution[62]. 

Recently, the new possibility of nanotechnology on environmental 

remediation for increasing number of toxic compounds has been 

addressed. Nanoparticles have been used to cover the treatment of in-

dustrial wastewater contaminated by toxic metals, radionuclides, organ-

ic, and inorganic solutes[63,64]. Recently, Choi et al reported that ra-

dioactive iodine (125I) was efficiently absorbed by chemically synthe-

sized gold nanoparticles (AuNPs) embedded desalting column under 

the various aqueous media[65]. There are also several studies on the 

microbial synthesis of various nanoparticles[66-72]. Microbial synthesis 

of gold and silver nanoparticles using D. radiodurans has been re-

ported and considered it as an antimicrobial reagent[71,72]. Although 

there had been a few reports on microbial synthesis of nanoparticles, 

direct use of biogenic nanoparticles on bioremediation has not yet been 

reported. Therefore, development of genetically engineered D. radio-
durans strain capable of synthesizing nanoparticles and its application 

on removal of radioactive wastes is worth investigating for the ad-

vances on bioremediation technology. 

4. Conclusion

During the last few decades, concerns on the treatment of radio-

active waste has been gradually increased as the radioactive materials 

are significant part of our life and the management of radioactive 

waste is critical for sustainability of public and environment health. 

Recent advances in biotechnology, especially focus on extremophilic 

bacterium, allow us to develop bioremediation processes which has ad-

vantages over the currently used physicochemical processes in terms of 

1) cost-effectiveness, 2) natural process without less side effects, 3) 

sufficiently applicable to inaccessible contaminated areas. Therefore, D. 
radiodurans has potential to be used as promising host microorganism 

for removal of radioactive waste (Figure 1). Furthermore, advances in 

bioremediation will be achieved by engineering of microorganisms to 

have novel abilities worth investigating for industrial applications. 
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