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Deinococcus radiodurans R1 is extremely resistant to both oxidative stress and ionizing radiation. A simple
and general targeted mutagenesis method was developed to generate catalase (katA) and superoxide dismutase
(sodA) mutants. Both mutants were shown to be more sensitive to ionizing radiation than the wild type.

Deinococcus (Micrococcus) radiodurans R1 has extreme re-
sistance to genotoxic chemicals, oxidative damage, high levels
of ionizing and UV radiation, and desiccation (4, 7, 12, 19). It
has been suggested that the extreme resistance to ionizing
radiation is attributable to an effective DNA repair system and
a special chromosome structure (8, 13, 14, 16–18). However,
protective mechanisms against oxidative damage may also be
involved in this extreme radiation resistance. The lethal effect
of ionizing radiation is known to be oxygen enhanced (15) by
generating hydrogen peroxide and oxygen free radicals, which
damage cell membranes, proteins, and nucleic acids. It has
been shown that a pretreatment of D. radiodurans at early
exponential-growth phase with hydrogen peroxide enhances
its resistance to radiation (22). Moreover, D. radiodurans ex-
presses relatively high levels of catalase and superoxide dis-
mutase activities (5). However, the importance of the catalase
and superoxide dismutase activities in the extreme radiation
resistance of D. radiodurans has never been tested.

In this study, we have developed a general and simple meth-
od to inactivate any targeted gene in D. radiodurans. We have
successfully constructed both catalase (katA) and superoxide
dismutase (sodA) mutants for investigating their roles in the
extreme resistance to ionizing radiation.

Construction of katA and sodA mutants. The plasmids and
strains used in this study are listed in Table 1. Based on the
available sequence of the katA gene from D. radiodurans, three
different plasmids were constructed carrying different parts of
the gene. A 705-bp DNA fragment from codon 154 to 386 of
the deinococcal katA gene (accession no. D63898) was PCR
amplified with katA-F (59-GGACTTCGTCGTCAACAACCT
C-39) and katA-B (59-ATCGGCAGTTGCAGGTAGTTGG-
39) primers. A 2,970-bp PCR fragment containing the com-
plete regulatory and coding regions of katA was PCR ampli-
fied with katA-F1 (59-GCTCTTCCATCCCGATCAC-39) and
katA-B6 (59-CCAGAAAAGCACCGTACTGG-39) primers.
Amplified PCR fragments were blunt end cloned into a pCR-
Blunt cloning vector (Kmr; Invitrogen, Carlsbad, Calif.). D. ra-
diodurans was transformed with the plasmid constructs, select-
ing for kanamycin resistance at 25 mg/ml. The transformation
protocol was described previously (20). Since pCR-Blunt is a

ColE1 plasmid derivative and does not replicate as a plasmid in
D. radiodurans, kanamycin resistance in D. radiodurans was
produced by duplication insertion of the plasmid into the chro-
mosome and subsequent amplification of the plasmid (20). To
confirm that the plasmid constructs had integrated into the
chromosome, high-molecular-weight DNA plugs were pre-
pared and analyzed by pulsed-field gel electrophoresis (PFGE)
as described previously (23). DNA plugs were digested with
NotI restriction enzyme and resolved by PFGE (Fig. 1). Be-
cause the pCR-Blunt vector has a unique NotI restriction site,
its integration into the chromosome creates an extra NotI site
in the 485-kb NotI fragment (Fig. 1A, lane 2) of wild-type R1,
yielding 290- and 195-kb fragments (Fig. 1A, lanes 3 to 5). The
integration of the plasmid constructs was further confirmed by
Southern blot analysis (Fig. 1B) with a nonradioactive probe
generated from pKKW1 plasmid DNA by a method described
previously (24).

To construct the sodA mutant, sequence data of D. radio-
durans was obtained through early release from The Institute
for Genomic Research at www.tigr.org and searched for puta-
tive sodA sequence. A putative deinococcal sodA gene, which
shares 57% identity in deduced amino acid sequence with the
Escherichia coli sodA gene, was identified (data not shown).
A 475-bp DNA fragment from codon 24 to 182 of the putative
deinococcal sodA gene was PCR amplified with SodA-F1
(59-AGTTGAGGTAGTAGGCGTGTTCCC-39) and SodA-B3
(59-GGAAATTCACCACACCAAGCATC-39) primers. Ampli-
fied PCR fragments were blunt end cloned into pCR-Blunt
cloning vector. D. radiodurans was transformed with the plas-
mid construct, selecting for kanamycin resistance at 25 mg/ml
by using a previously described protocol (20).

Enzymatic activities of katA and sodA mutants. Transfor-
mants with katA plasmid constructs (pKKW1, pKKW2, and
pKKW3) were tested for catalase activities by adding 10 ml of
3% hydrogen peroxide to 200 ml of overnight culture in a
microtiter plate. The robust bubbling due to the formation of
oxygen from hydrogen peroxide was an indication of catalase
activity. This test indicated that only transformants from plas-
mid pKKW3 had lost catalase activity. Transformants with a
sodA plasmid construct (pKKW4) were tested for loss of su-
peroxide dismutase activity by a paraquat sensitivity test with a
standardized single filter paper disk method (1). Briefly, 10 ml
of 13 mM paraquat was spotted on a 5-mm-diameter sterilized
filter paper disk which was placed on a lawn of tested bacteria.
Wild-type R1 strain was resistant to paraquat and no zone of
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growth inhibition was observed, but sodA mutants were sensi-
tive to paraquat and a zone of growth inhibition about 25 mm
in diameter around the filter disk was observed.

A few selected mutant strains were further confirmed for the
loss of catalase or superoxide dismutase activities. Enzymatic
activities of the transformants were analyzed by separating
total soluble protein extract in a 7.5% nondenaturing gel and
staining for catalase activity (Fig. 2) or superoxide dismutase
activity (Fig. 3). To prepare the protein extract, D. radiodurans
cultures were pelleted and resuspended in butanol-saturated
phosphate buffer to remove the outer membrane. Cells were
washed in 50 mM phosphate buffer (pH 7) and then resus-
pended again in the same buffer. Cell suspensions were soni-
cated at 4°C (15 s pulse on, 10 s pulse off) for a total of 5 min
by using a Model 60 Sonic Dismembrator set at an intensity of
8 (Fisher Scientific, Pittsburgh, Pa.). Cell debris was removed
by centrifugation (13,000 3 g, 5 min, 4°C), and the cell extracts
were either stored on ice or quick frozen at 270°C until sub-
sequent analysis. Protein concentration was determined by us-
ing the Bradford protein dye assay (Bio-Rad, Hercules, Calif.)
(3). Samples of cell extracts (5 or 10 mg per lane) were sepa-
rated electrophoretically on 7.5% nondenaturing polyacryl-
amide gels (22). Gels were stained for catalase activity by
the horseradish peroxidase-diaminobenzidine method (6) or
stained for superoxide dismutase activity by the nitroblue tet-
razolium-riboflavin method (2). As predicted, only transfor-
mants derived from the plasmid, which carries part of the
internal coding region of the katA gene (pKKW3), lost the
major catalase activity (Fig. 2). Strain KKW7003 (katA mu-
tant) had lost the major catalase, but a minor catalase was still
present (Fig. 2). Strain KKW7004 was also confirmed to have
lost superoxide dismutase activity (Fig. 3). These results con-
firmed the validity of the developed targeted mutagenesis meth-
od.

This is the first report to demonstrate that duplication in-
sertion (20) can be exploited to create insertional mutations in
D. radiodurans, although a similar strategy has been used with
budding yeast and Listeria spp. (9, 25). Unlike the previous
direct insertion technique used with D. radiodurans (10, 11),
which involves complex in vitro DNA manipulation and nu-
merous cloning steps, the current technique is simpler, calling
for (i) PCR of the internal fragment of the gene, (ii) a single
cloning step to put the PCR fragment into the plasmid, and
(iii) transformation of the host. The developed targeted mu-

tagenesis method should be generally applicable for inactivat-
ing other genes, thereby facilitating functional studies of tar-
geted genes with unknown function in D. radiodurans, whose
genome is almost completely sequenced.

FIG. 1. (A) PFGE analysis of wild type and transformants. DNA agarose plugs
were digested with NotI restriction enzyme, and digested fragments were resolved
with a contour-clamped homogeneous electric field mapper. The gel was stained
with ethidium bromide. Lane 1, yeast markers; lane 2, R1 (wild type); lane 3,
KKW7001 (complete katA); lane 4, KKW7002 (katA with its promoter region de-
leted); lane 5, KKW7003 (partial internal coding region of katA). The 485-kb NotI
fragment (which disappears) is indicated by the white arrowhead. The two new
NotI fragments are indicated by black arrowheads. The molecular sizes in kilobases
are shown on the left. (B) Southern blot from gel shown in panel A and hybridized
with fluorecein-labelled probe generated from pKKW1 plasmid DNA. The hybrid-
ization signal was detected with a FluorImager SI as described previously (24).

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Characteristic(s) Source

Strain
D. radiodurans

R1 Wild type, catalase A and superoxide dismutase positive ATCCa

KKW7001 R1 transformed with pKKW1, catalase A positive This study
KKW7002 R1 transformed with pKKW2, catalase A positive This study
KKW7003 R1 transformed with pKKW3, catalase A negative This study
KKW7004 R1 transformed with pKKW4, superoxide dismutase negative This study

E. coli Top10 F2 mcrA D(mrr-hsdRMS-mcrBC) f80lacZDM15 DlacX74 deoR recA1 araD139 D(ara-leu)7679 galU galK rpsL(StrR)
endA1 nupG

Invitrogen

Plasmids
pCR-Blunt pUC derived (Kanr) Invitrogen
pKKW1 A 2,970-bp PCR fragment containing the complete regulatory and coding regions of katA cloned into pCR-Blunt This study
pKKW2 A 547-bp SacII fragment (the promoter region of katA and part of the coding region) deleted from pKKW1 This study
pKKW3 A 705-bp PCR fragment from codon 154 to 386 of katA cloned into pCR-Blunt This study
pKKW4 A 475-bp PCR fragment from codon 24 to 182 of sodA cloned into pCR-Blunt This study

a ATCC, American Type Culture Collection.
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Testing ionizing radiation resistance of katA and sodA mu-
tants. Five-milliliter cultures of wild-type (R1), katA mutant
(KKW7003), and sodA mutant (KKW7004) strains, grown in
Falcon 2097 culture tubes to exponential phase at 32°C, were
placed on ice inside a 250-ml beaker. All bacterial cultures
were simultaneously exposed to ionizing radiation with a dose
of 8,000 to 32,000 Gy from a 60Co source irradiator (Gamma-
Beam 650). The katA mutant and wild type have similar sen-
sitivities to ionizing radiation when exposed to 8,000 Gy, but
the katA mutant is reproducibly more sensitive (2- to 15-fold)
than the wild-type strain to gamma radiation at doses of 16,000
Gy or higher (Fig. 4). A previous analysis of changes in cellular
proteins of D. radiodurans after gamma irradiation by two-
dimensional gel electrophoresis has identified a number of
proteins that increase in amount after irradiation, including a
60-kDa protein, RIP60 (21). The N-terminal end of RIP60,
which has been partially determined, has an amino acid se-
quence of DENNKGV (21), which we were able to match
perfectly with the katA gene when the amino acid sequence
was reverse transcribed into DNA sequence, and the calcu-
lated size of deduced katA gene product is also 60 kDa (data
not shown). Thus, the katA gene product is likely the uniden-
tified RIP60 protein that increases in amount after gamma
radiation, which is consistent with our finding that katA is
required for extreme radiation.

On the other hand, the sodA mutant is reproducibly more
sensitive (3- to 90-fold) than the wild-type strain and the katA
mutant to ionizing radiation at a dose of 16,000 Gy or higher
(Fig. 4). This result suggested that superoxide dismutase en-
coded by sodA is more important than the catalase encoded by
katA in protecting the bacteria from high doses of ionizing
radiation. It is possible that the existence of a secondary cata-
lase B in the katA mutant (Fig. 2) is enough to handle most of

the hydrogen peroxide generated during ionizing radiation.
However, apparently, there does not exist a secondary super-
oxide dismutase in the sodA mutant (Fig. 3) to handle the su-
peroxide anions generated during ionizing radiation. Through
analysis of sequence data of D. radiodurans obtained through
early release from The Institute for Genomic Research, at
www.tigr.org, we have identified other genes that encode pu-
tative oxidative defense enzymes such as glutathione reductase
(gor) and alkyl hydroperoxide reductase (ahpA). We are cur-
rently creating mutations in these genes and constructing mu-
tants with double mutations in order to decipher the oxidative
defense systems in D. radiodurans.

FIG. 2. Analysis of catalase activity. Lane 1, R1 (wild type); lane 2, KKW
7001 (complete katA); lane 3, KKW7003 (internal coding region of katA); lane 4,
KKW7002 (katA with promoter region deleted). The two catalase bands shown
are labelled KATA (catalase A) and KATB (catalase B).

FIG. 3. Analysis of superoxide dismutase activity. Lane 1, R1 (wild type);
lane 2, KKW7003 (katA mutant); lane 3, KKW7004 (sodA mutant). SOD, super-
oxide dismutase.

FIG. 4. Cell survival after gamma ray exposure. Gamma radiation was from
a 60Co source (GammaBeam 650). Circles, strain R1 (wild type); squares, strain
KKW7003 (katA mutant); triangles, strain KKW7004 (sodA mutant). The expo-
sure rate was 368 Gy per min.
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