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To develop new shuttle vectors for Deinococcus species, the nucleotide sequence of the
small cryptic plasmid pUE30 from Deinococcus radiopugnans ATCC19172 was determined.
The 2467-bp plasmid possesses two open reading frames, one encoding 88 amino acid res-
idues (Orf1) and the other encoding 501 amino acid residues (Orf2). The predicted amino
acid sequence encoded by Orf1 exhibits similarity to the N-terminal regions of replication
proteins encoded by repABC-type plasmids of a-proteobacteria. On the other hand, the pre-
dicted amino acid sequence encoded by Orf2 exhibits similarity to replication proteins
encoded by plasmids of D. radiodurans SARK and Thermus species. Hybrid plasmids consist-
ing of pUE30 and pKatCAT5, which replicates in E. coli with a chloramphenicol resistance
determinant, were shown to autonomously replicate in D. grandis ATCC43672. Deletion
analysis revealed that Orf2 was necessary for replication of the plasmids in D. grandis.
On the other hand, a DNA fragment encompassing the Orf1-coding region was involved
in the instability of the plasmid in D. grandis. An expression plasmid that possesses the
D. radiodurans minimal groE promoter was constructed, and a firefly luciferase gene was
successfully expressed in D. grandis. The D. grandis host-vector system developed in this
study should prove useful in the bioremediation of radioactive waste and for the investiga-
tion of DNA repair mechanisms.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction radioactive waste mixtures containing organic solvents
There is a wide diversity of radioresistance in the do-
main Bacteria, among which Deinococcus is the best known
genus (Cox and Battista, 2005). The genus Deinococcus
comprises more than 30 species that exhibit extraordinary
resistance to UV or ionizing radiation in the absence of a
differentiated resting stage (Asker et al., 2008; Callegan
et al., 2008; Im et al., 2008; Kämpfer et al., 2008). Among
these, D. radiodurans has been intensively studied in an ef-
fort to unravel mechanisms pertaining to DNA repair (Cox
and Battista, 2005; Blasius et al., 2008). Given their charac-
teristic radioresistance, D. radiodurans and D. geothermalis
possess great potential for use in the bioremediation of
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and heavy metals (Daly, 2000; Brim et al., 2003).
Several shuttle plasmids have been developed for D.

radiodurans. Smith and Minton (1989) constructed two
shuttle plasmids pS28 and pS19 that comprise the E. coli
vector pS27 and full-length clones of the D. radiodurans
stain SARK cryptic plasmids pUE10 (37 kb) and pUE11
(45 kb) respectively, and showed that these could replicate
in E. coli and D. radiodurans. Both pS28 and pS19 are large
in size (>40 kb). Subsequently, several smaller shuttle plas-
mids for D. radiodurans have been developed. Masters and
Minton (1992) constructed pI3, a 16-kb plasmid containing
replicons of pUE10 and the E. coli vector pKK232-8. Daly
et al. (1994) constructed pMD66, a 27-kb plasmid contain-
ing replicons of pUE10 and the E. coli vector pBR322. The
plasmid pMD66 was also used to express functional cloned
genes in D. geothermalis (Brim et al., 2003). Meima and
Lidstrom (2000) constructed pRAD1, a 6.3-kb plasmid con-
taining replicons of pUE10 and the E. coli vector pMTL23.
Given its small size and versatility, pRAD1 and its deriva-
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tives have frequently been used in recent years for the
investigation of DNA repair mechanisms in D. radiodurans
(e.g. Hua et al., 2003; Lecointe et al., 2004; Ohba et al.,
2005; Satoh et al., 2006; Jolivet et al., 2006; Gao et al.,
2006; Misra et al., 2006). Despite the variety of Deinococcus
species presently known, genetic engineering investiga-
tions have predominantly been applied to D. radiodurans
and D. geothermalis. The development of new host-vector
systems is therefore required to expand applications to a
broader variety of Deinococcus species.

In this study, attention was focused on the small 2.5-
kb cryptic plasmid pUE30 from D. radiopugnans (Mackay
et al., 1985) towards the development of new shuttle
vectors for Deinococcus species. To accomplish this aim,
the complete nucleotide sequence of pUE30 was deter-
mined, and hybrid plasmids were constructed by ligating
pUE30 to a derivative of pKatCAT, a vector developed for
gene disruption studies in D. radiodurans (Funayama
et al., 1999). We show that the new shuttle vectors con-
structed in this study autonomously replicated, were sta-
bly maintained, and expressed a functional exogenous
gene in D. grandis.
2. Materials and methods

2.1. Bacterial strains and growth conditions

Deinococcus radiopugnans ATCC19172T, D. grandis
ATCC43672T, D. radiodurans ATCC13939T and D. proteolyti-
cus ATCC35074T were purchased from American Type Cul-
ture Collection. Deinococcus geothermalis DSM11300T and
D. murrayi DSM11303T were purchased from Deutsche
Sammlung Von Mikroorganismen Und Zellkulturen. Esche-
richia coli strain JM109 was purchased from Takara Bio. In
this study, D. grandis and E. coli were used as hosts for recom-
binant plasmids. D. radiopugnans, D. grandis, D. radiodurans
and D. proteolyticus were grown at 30 �C in TGY broth con-
taining 0.5% Bacto Tryptone (Difco), 0.1% glucose and 0.3%
Bacto Yeast Extract (Difco), or on TGY agar supplemented
with 1.5% Bacto Agar (Difco). D. geothermalis and D. murrayi
were grown at 37 �C in TGY broth or TGY agar. E. coli was
grown at 37 �C in LB broth-Miller (Difco) or on LB Agar-Len-
nox (Difco). The following antibiotics were added when nec-
essary: chloramphenicol (3 lg per ml) for Deinococcus
species; ampicillin (100 lg per ml), chloramphenicol
(34 lg per ml) and spectinomycin (80 lg per ml) for E. coli.

2.2. Determination of the nucleotide sequence of pUE30

To isolate plasmid pUE30, D. radiopugnans cells grown
to early stationary phase were harvested, resuspended in
buffer P1 (Qiagen) containing lysozyme (1 mg per ml)
and incubated at 37 �C for 30 min. Plasmid DNA was iso-
lated using a QIAfilter Plasmid Midi Kit (Qiagen), and
further purified by agarose gel electrophoresis and elec-
troelution. Purified pUE30 DNA was digested with HincII
or Aor51HI, which cut the plasmid at one site, and either
fragment was ligated to the HincII site of the E. coli vec-
tor pGBM5 (Manen et al., 1997) to yield plasmids pZT1
or pZT5. pZT1 and pZT5 were then processed using a
Kilo-sequence Deletion Kit (Takara Bio) to prepare nested
deletion clones. The complete nucleotide sequence at the
region of the pUE30 insertion was confirmed by DNA
sequencing using the nested deletion clones as tem-
plates, universal sequencing primers (M4 and RP2) and
a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) with an ABI Prism 377 DNA Sequencer.

2.3. Modification of pKatCAT

A NcoI site of pKatCAT (Funayama et al., 1999) was re-
placed with an NdeI site using the QuikChange Site-direc-
ted Mutagenesis Kit (Stratagene) to yield plasmid
pKatCAT3. In order to allow for chloramphenicol selection
of the recombinant plasmids in E. coli, the�35 promoter se-
quence TGGACA of the D. radiodurans katA promoter (katA-
p) was modified to TTGACA in pKatCAT3 by site-directed
mutagenesis to yield plasmid pKatCAT4. Finally, pKatCAT4
was digested with BspHI and EheI, blunted using T4 DNA
polymerase and self-ligated to remove an ampicillin resis-
tance determinant. The resulting plasmid pKatCAT5 was
used as the source of a replicon required for the replication
in E. coli and a selection marker in shuttle vectors.

2.4. Construction of shuttle vectors and their deletion
derivatives

PCR was performed using PfuTurbo HotStart DNA poly-
merase (Stratagene) with pUE30 and the oligonucleotide
primer set, UE30KpF1and UE30KpR1 (Table 1). PCR product
was digested with KpnI and ligated to KpnI-digested pKat-
CAT5 to yield plasmid pZT23. Plasmid pZT23 was digested
with AvaI and self-ligated to yield pZT25. Plasmid pZT23
was digested with EcoT14I and BpiI, blunted and self-li-
gated to yield pZT26. Plasmid pUE30 was amplified by
PCR using the oligonucleotide primer set, UE30KpF2 and
UE30KpR2 (Table 1). PCR product was digested with KpnI
and ligated with KpnI-digested pKatCAT5 to yield pZT27.
Plasmid pZT27 was digested with SpeI and self-ligated to
yield pZT29. For the construction of pZT30, pZT27 was
amplified by PCR using the oligonucleotide primer set, Rep-
DNDF1 and RepDNDR1 (Table 1). PCR product was phos-
phorylated using T4 polynucleotide kinase and self-
ligated. Following propagation in E. coli, the DNA sequence
of the plasmids was determined to confirm the absence of
errors during the construction procedure. Oligonucleotide
primers used for DNA sequencing are listed in Table 1.

2.5. Plasmid transformation of Deinococcus species

Transformation of Deinococcus species using the cal-
cium chloride method was as follows. Cells (1 ml) grown
to early stationary phase were harvested by centrifugation,
washed with 1 ml of TGY broth, resuspended in 0.1 ml of
TGY broth, and to this was added 40 ll of 0.3 M CaCl2. A
30 ll-aliquot of the cell mixture and 10 ll of plasmid
DNA (200–400 lg per ll) were mixed in a new culture
tube and incubated at 30 �C for 90 min. To this was then
added 2 ml of TGY broth and the mixture was incubated
at 30 �C for 24 h. The culture was appropriately diluted
with 10 mM sodium phosphate buffer (pH 7.0), spread



Table 1
Oligonucleotide primers used in this study.

Name Sequence (50–30)

For PCR
UE30KpF1a CGCGGTACCATCTTGCCTCTGAAACTGCGTT
UE30KpR1a GCGGGTACCGCACTTTAGTGCTAATCTTGCG
UE30KpF2a GAAACCGGGCTAGGTACCCCAAATCCTGAC
UE30KpR2a GGTGGTACCCTCAGACATGATCGGGCCTC
RepDNDF1 ATGCTGCTGCCCGAGATCGTCG
RepDNDR1 TTCTCGCGCATTGACCCCTCGAA
Pgro154Fb AGACATCGATTGTCAGCTTCGGTCAG
Pgro154Rb AAGATCGATGCATGTGGGGTCCTCCT
Pluc+FP TGGAAGACGCCAAAAACATAAAGAAAG
Pluc+RP TTACACGGCGATCTTTCCGC

For Sequencing
UE30F2 ATCTTGCCTCTGAAACTGCGTT
UE30F3 GCCTAGCCGCCCTGCGTGGCG
UE30F4 TCGGTGCCGTGGCTGAGCAAGG
UE30F5 CAGCACCTGTGACGCCTACCTG
RepD-F1 TCGATCATCTCGCACGCCCTGG
UE30F GATGCCAAGAGCATAGTC
RepD-F2 CAAATCCTGACCGTGCCAAAG
ZT18EheI CGCCAGCTGGCGTAATAGCG
UC-F1 GGCGATAAGTCGTGTCTTACCG
UC-F2 CCCTGATTCTGTGGATAACCG
RP2 GTGAGCGGATAACAATTTC
pkatCHK3 CGTAACACGCCACATCTTGCG
pkatCHK1 CATTGGGATATATCAACGGTGG
RepD-R1N GTGTCCACCGGCTCGCCACGC
RepD-R2 CGCCGAGTTGGGGATCAC
RepD-R3 CGCCACTCGTGCTGCCAGTCC
RepD-R4 GCTGGACTCCTGCACATCCGC
UE30R CATCTTCGTACTCTTCGG
M4 GTTTTCCCAGTCACGAC
ZT18BspH CAAGCAGCAGATTACGCGCAG
UC-R3 ACTATCGTCTTGAGTCCAACC
UC-R2 ACGGTTATCCACAGAATCAGG
UC-R1 GTCGACCTGCAGGCATGCAAGC
pKatCHK2 CATATATTCGCAAGATGTGGCG
kat-35F1 GACCGAGGGCCCTTGACATTGAGAATG

a KpnI site was underlined.
b ClaI site was underlined.
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onto TGY agar supplemented with chloramphenicol (3 lg
per ml), and incubated at 30 �C for 2–3 days. D. geothermal-
is and D. murrayi were incubated at 37 �C instead of 30 �C.

Transformation of D. grandis using the electroporation
method was as follows. Cells (200 ml) cultured in TGY
broth to an OD600 of 0.6 were harvested by centrifugation,
washed twice with 200 ml of cold 10% glycerol and resus-
pended in 0.5 ml of cold 10% glycerol (1/400 of the original
culture volume). The cell suspension was dispensed into
40-ll aliquots and stored at �80 �C until use. For the trans-
formation, an aliquot was thawed on ice, mixed with 1 ll
of plasmid DNA (0.05, 0.5 or 1.5 lg per ll) and then trans-
ferred to a cold electroporation cuvette with a 0.1-cm in-
ter-electrode gap (Bio-Rad). A Gene Pulser (Bio-Rad) was
set at 25 lF, 600 W and 1.8 kV. Immediately following
application of an electric pulse, the cell suspension was
mixed with 1 ml of TGY broth, transferred into a new cul-
ture tube, and incubated at 30 �C for 90 min. The culture
was appropriately diluted with 10 mM sodium phosphate
buffer (pH 7.0), spread onto TGY agar supplemented with
chloramphenicol (3 lg per ml), and incubated at 30 �C for
2 days. The transformation efficiency was calculated as
the average number of transformants per lg of plasmid
DNA used. Transformations with 0.05 and 0.5 lg of plas-
mid DNA gave approximately the same transformation fre-
quency. But, transformation frequency was down to
approximately 1/50-fold when 1.5 lg of plasmid DNA
was used.

2.6. Plasmid isolation from D. grandis transformants

A culture of D. grandis transformant (3.5 ml) was har-
vested by centrifugation, and resuspended in 0.25 ml of
buffer P1 (Qiagen) supplemented with lysozyme (10 mg
per ml). Following incubation of the suspension at
37 �C for 30 min, plasmid DNA was isolated using a Qia-
prep Spin Miniprep Kit (Qiagen) according to the
standard protocol described in the manufacturer’s
instructions.

2.7. Plasmid stability test

Deinococcus grandis transformants were cultivated for
24 h in TGY broth supplemented with chloramphenicol
(3 mg per ll). Cultures were diluted 4096-fold in TGY
broth without chloramphenicol addition and cultivated
for 24 h. Following cell division through 12 generations,
cultures were again diluted 4096-fold in TGY broth. This
procedure was repeated until cell division reached 96 gen-
erations. At each dilution step, aliquots (0.1 ml) of culture
were withdrawn, appropriately diluted with 10 mM Tris–
HCl (pH 7.0) and spread onto TGY agar supplemented with
chloramphenicol (3 lg per ml) and chloramphenicol-free
TGY agar to determine the percentage of chlorampheni-
col-resistant colonies in the total viable counts.

2.8. Construction of an expression plasmid for firefly
luciferase gene

A 154-bp DNA fragment containing the D. radiodurans
groE minimal promoter (groE-p) (Meima et al., 2001) was
amplified by PCR from the D. radiodurans genome using
the oligonucleotide primer set, Pgro154F and Pgro154R
(Table 1). PCR product was digested with ClaI and ligated
to the ClaI site of pZT29 to yield plasmid pZT90. To isolate
the firefly luciferase gene, plasmid pSP-luc+ (Promega) was
amplified by PCR using PfuTurbo HotStart DNA polymerase
and the oligonucleotide primer set, Pluc+FP and Pluc+RP
(Table 1). PCR product was phosphorylated using T4 poly-
nucleotide kinase and ligated to pZT90 that had been di-
gested with EcoT22I, blunted using T4 DNA polymerase
and dephosphorylated using alkaline phosphatase. The
resulting plasmid was designated pZTGL93.

2.9. Luciferase assay

Deinococcus grandis transformants carrying pZTGL93
were cultivated as described in Section 2.7. Following
every 24 generations, a 10 ll-aliquot was withdrawn from
the cultures and assayed for luciferase activity using the
Bright-Glo Luciferase Assay System (Promega). Lumines-
cence intensity was measured for 1 min using a Lumi Ima-
ger F1 Workstation (Roche Molecular Biomedicals).



Fig. 1. (a) Multiple amino acid sequence alignment of residues encoded by D. radiopugnans ATCC19172 plasmid pUE30 Orf1, Rhizobium etli CFN 42 plasmid
p42e RepC (González et al., 2006), Bradyrhizobium sp. BTAi1 plasmid pBBta01 RepC (Giraud et al., 2007), Mesorhizobium loti MAFF303099 plasmid pMLa
RepC (Kaneko et al., 2000), Rhizobium sp. NGR234 plasmid pNGR234a RepC (Freiberg et al., 1997) and Agrobacterium tumefaciens C58 plasmid pTiC58 RepC
(Li and Farrand, 2000). Protein sequence motif was analyzed using the MOTIF Search web program (http://motif.genome.jp/). IclR-type helix-turn-helix
DNA-binding motif found in pMLa RepC was indicated by an underline. (b) Multiple amino acid sequence alignment of residues encoded by D. radiopugnans
ATCC19172 plasmid pUE30 Orf2, Thermus sp. 4C plasmid pL4C Orf35 (Ruan and Xu, 2007), Thermus sp. 4C plasmid pS4C Orf17 (Ruan and Xu, 2007), Thermus
sp. ATCC 27737 plasmid pMY1 RepA (de Grado et al., 1998), Thermus sp. YS45 plasmid pTsp45s RepT (Wayne and Xu, 1997) and D. radiodurans SARK
plasmid pUE10 RepU (Meima and Lidstrom, 2000). Dashes indicate gaps in the alignment. Numbers are the coordinates of each protein. Reverse letters
represent amino acid residues conserved in all proteins. Gray boxes indicate highly conserved amino acid residues. Multiple alignment was employed using
the GENETYX-MAC software package version 14 (GENETYX Co., Ltd.).
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Fig. 2. (a) Construction of shuttle vectors pZT23 and pZT27. (b) Schematic presentation of pUE30-derived regions in pZT23, pZT27 and their deletion
derivatives. pKatCAT5-derived regions are not shown. For construction details, see Section 2.4.
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3. Results and discussion

3.1. Nucleotide sequence of plasmid pUE30 from D.
radiopugnans

Mackay et al. (1985) reported the presence of plasmid
pUE30 D. radiopugnans with size of ca. 2.5 kb as determined
by electron microscopic examination. However, the nucleo-
tide sequence had not yet been determined. The complete
nucleotide sequence of pUE30 was determined after the
cloning of pUE30 into the E. coli vector pGBM5 (Manen
et al., 1997). pUE30 comprises 2467 bp and possesses two
open reading frames, one encoding 88 amino acid residues
(Orf1) and the other encoding 501 amino acid residues
(Orf2) (Figs. 1a and b). The predicted amino acid sequence
encoded by Orf1 exhibits similarity to the N-terminal re-
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gions of replication protein C (RepC) encoded by repABC-
type plasmids of Rhizobium, Bradyrhizobium, Mesorhizobium
and Agrobacterium, and where 11 amino acid residues are
perfectly conserved (Fig. 1a) (Freiberg et al., 1997; Li and
Farrand, 2000; Kaneko et al., 2000; González et al., 2006;
Giraud et al., 2007). Protein sequence motif analysis
revealed that the N-terminal regions of RepCs from pBBta01,
pMLa and pTiC58 share an IclR-type helix-turn-helix DNA-
binding motif (Pfam ID: HTH_IclR), where all conserved
residues are located (Fig. 1a). However, the helix-turn-helix
DNA-binding motif was not found in Orf1 by protein
sequence motif analysis. Therefore, the importance of the
conserved amino acid residues between Orf1 and RepCs re-
mains unclear. On the other hand, the predicted amino acid
sequence encoded by Orf2 exhibits similarity to those resi-
dues encoded by Orf35 of plasmid pL4C and Orf17 of plasmid
pS4C from Thermus sp. strain 4C (Ruan and Xu, 2007), RepA
of plasmid pMY1 from Thermus sp. ATCC 27737 (de Grado
et al., 1998), RepT of plasmid pTsp45s from Thermus sp.
strain YS45 (Wayne and Xu, 1997) and RepU of plasmid
pUE10 from D. radiodurans strain SARK (Meima and
Lidstrom, 2000), and where 17 amino acid residues are
perfectly conserved (Fig. 1b). Although we tried protein
sequence motif analysis, no conserved motif was found
between Orf2 and Rep proteins in Fig. 1b. Nevertheless, the
fact that Orf2 has similarity to Rep proteins of plasmids from
Deincoccus and Thermus suggests that the conserved amino
acid residues might play an important role in the replication
of plasmids in Deinococcus-Thermus phylum.

The overall G + C content of pUE30 is 58.2%. However, a
370-bp AT-rich region (36.0% G + C) was found in the non-
coding region started from 89-bp downstream of orf2 (Figs.
2a and b). Meima and Lidstrom (2000) showed that the min-
imal region required for autonomous replication of D. radio-
Fig. 3. (a) Plasmid profiles of D. grandis and D. grandis transformants. Lane 1, Su
lane 3, D. grandis transformant carrying pZT23; lane 4, D. grandis transformant ca
was isolated from cells cultured in chloramphenicol-enriched broth, excep
chloramphenicol-free broth. (b) Stability of shuttle vectors in D. grandis. Transf
Symbols: closed square, D. grandis transformant carrying pZT23; closed circles, D.
carrying pZT29. Plotted data are the mean ± standard error of three independ
cultivated until 96 generations in chloramphenicol-free broth. Lane 1, Supercoile
lane 3, D. grandis transformant carrying pZT27; lane 4, D. grandis transformant
durans plasmid pUE10 resides within a 2624-bp fragment
containing the repU gene and an AT-rich sequence down-
stream of repU. The similarities in amino acid sequence
homology and DNA sequence arrangement between
pUE10 and pUE30 suggest that Orf1 of pUE30 encodes a pre-
dicted replication initiation protein and that the AT-rich re-
gion of pUE30 may be involved in replication initiation. Two
putative DnaA boxes (TTATC) have been identified in the
DNA sequences of D. radiodurans plasmid pUE10 (Meima
and Lidstrom, 2000) and Thermus plasmid pTsp45s (Wayne
and Xu, 1997). However, sequences that resemble DnaA
boxes were not found in pUE30. The nucleotide sequence
of pUE30 has been assigned in the DDBJ/EMBL/GenBank
Accession No. AB473550.

3.2. Construction of shuttle vectors

Prior to the construction of shuttle vectors, plasmid
pKatCAT, a vector developed for gene disruption studies
in D. radiodurans (Funayama et al., 1999), was modified
as described in Section 2.3. The resulting plasmid pKat-
CAT5 contains a replicon of the E. coli vector pUC19 and a
chloramphenicol acetyltransferase gene capable of func-
tioning in E. coli and D. radiodurans with a D. radiodurans
catalase promoter (katA-p). The hybrid plasmid pZT23
was then constructed by ligating pKatCAT5 to a PCR frag-
ment containing full-length pUE30 (Fig. 2a). Plasmid
pZT23 was utilized for the transformation of D. radiodu-
rans, D. radiopugnans, D. proteolyticus, D. grandis, D. geother-
malis and D. murrayi using the calcium chloride method.
When D. grandis was used as a host for the transformation,
a few chloramphenicol resistant transformants were ob-
tained. Although D. radiodurans and D. geothermalis are
known to be experimentally transformable with plasmids,
percoiled DNA Ladder (Invitrogen); lane 2, D. grandis (no shuttle vector);
rrying pZT27; lane 5, D. grandis transformant carrying pZT29. Plasmid DNA
t for the DNA in lane 2, which was isolated from cells cultured in
ormants were grown in chloramphenicol-free broth until 96 generations.
grandis transformant carrying pZT27; open circles, D. grandis transformant
ent experiments; n = 9. (c) Plasmid profiles of D. grandis transformants

d DNA Ladder (Invitrogen); lane 2, D. grandis transformant carrying pZT23;
carrying pZT29.



Fig. 4. (a) Construction scheme of the expression plasmid containing the firefly luciferase gene. For construction details, see Section 2.8. The nucleotide
sequence of pZT90 has been assigned in the DDBJ/EMBL/GenBank Accession No. AB473551. (b) Luciferase activity of D. grandis transformant carrying
pZTGL93 and grown in chloramphenicol-free broth. Every 24 generations, 10 ll-aliquots were withdrawn from the cultures and assayed for luciferase
activity. The 10 ll-aliquots contained approximately 3.0 � 106 cells. Data represent the mean ± standard deviation; n = 6.
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transformant was not obtained from Deinococcus species
other than D. grandis in this study. D. radiopugnans is the
original host of pUE30. However, it is not clear at present
whether D. radiopugnans is experimentally transformable.



In this study, D. grandis was employed as a host for the
shuttle vectors in further experiments. To increase the
transformation efficiency, a methodology utilizing electro-
poration was developed for D. grandis by optimizing bacte-
rial cell concentration and electric pulse conditions.
Plasmid pZT23 could transform D. grandis at an efficiency
of approximately 6.6 � 103 transformants per lg of DNA
using the electroporation method developed.

In an effort to determine the region required for auton-
omous replication of the shuttle vectors in D. grandis, sev-
eral deletion plasmids were constructed (Fig. 2b).
Electrotransformation experiments revealed that pZT27
and pZT29, unlike the other constructs examined, could
transform D. grandis at efficiencies of approximately
1.1 � 104 and 1.4 � 104 transformants per lg of DNA,
respectively. This result indicated that the entire length
of the orf2 region is needed to replicate the shuttle vectors
in D. grandis, unlike the case with orf1. Only part of the AT-
rich region downstream of orf2 is needed, and an 86-bp re-
gion surrounded by two SpeI sites in the AT-rich region is
dispensable. These results further support the notion that
Orf2 of pUE30 encodes a putative replication initiation
protein.

3.3. Stability of shuttle vectors

To confirm whether the introduced shuttle vectors
were maintained in the transformants, plasmid DNA
was isolated from D. grandis cells that were cultured in
chloramphenicol-enriched broth and the DNA was ana-
lyzed by agarose gel electrophoresis. This revealed that
D. grandis possesses an endogenous plasmid of 8 kb
(Fig. 3a). The shuttle vectors were predominantly present
as monomers in the D. grandis transformants. The copy
number of the shuttle vectors was comparable to that
of the endogenous plasmid. To determine whether the
shuttle vectors could stably replicate under non-selective
conditions, D. grandis transformants carrying pZT23,
pZT27 and pZT29 were grown in non-selective broth un-
til 96 generations by repeated dilution and incubation,
and the percentage of chloramphenicol-resistant colonies
in the total viable count was determined. As shown in
Fig. 3b, plasmids pZT27 and pZT29 (approximately 30%
chloramphenicol-resistant colonies after 96 generations)
exhibited higher stability than pZT23 (4.7% chloramphen-
icol-resistant colonies after 96 generations). The profiles
of the plasmids isolated from D. grandis that had been
cultured until 96 generations in non-selective broth
(Fig. 3c) revealed the structural integrity of the plasmids
after multiple replications, and reflected the rate of
chloramphenicol-resistant colonies shown in Fig. 3b.
The DNA sequence of the shuttle vectors following trans-
formation of E. coli using pZT23, pZT27 and pZT29 iso-
lates from 96 generations in non-selective broth was
determined following isolation of DNA from the E. coli
transformants. The determined sequences were identical
with those of the original plasmid constructs. These re-
sults indicate that the instability of pZT23 was not due
to a plasmid mutation event. We suggest that the DNA
fragment deleted in pZT27 is involved in the instability
of the plasmid in D. grandis.
3.4. Expression of firefly luciferase gene in D. grandis

In an effort to express a functional exogenous gene in D.
grandis, an expression vector based on pZT29 was con-
structed. The strategy underlying the construction is illus-
trated in Fig. 4a. The expression vector pZT90 possesses the
D. radiodurans groE minimal promoter (groE-p) (Meima
et al., 2001) for the expression of an exogenous gene. To
express the firefly luciferase gene, a region from the second
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