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We fully annotated two large plasmids, pMOL28 (164 open reading frames [ORFs]; 171,459 bp) and
pMOL30 (247 ORFs; 233,720 bp), in the genome of Cupriavidus metallidurans CH34. pMOL28 contains a
backbone of maintenance and transfer genes resembling those found in plasmid pSym of C. taiwanensis and
plasmid pHG1 of C. eutrophus, suggesting that they belong to a new class of plasmids. Genes involved in
resistance to the heavy metals Co(II), Cr(VI), Hg(II), and Ni(II) are concentrated in a 34-kb region on
pMOL28, and genes involved in resistance to Ag(I), Cd(II), Co(II), Cu(Il), Hg(II), Pb(II), and Zn(II) occur in
a 132-kb region on pMOL30. We identified three putative genomic islands containing metal resistance operons
flanked by mobile genetic elements, one on pMOL28 and two on pMOL30. Transcriptomic analysis using
quantitative PCR and microarrays revealed metal-mediated up-regulation of 83 genes on pMOL28 and 143
genes on pMOL30 that coded for all known heavy metal resistance proteins, some new heavy metal resistance
proteins (czcJ, mmrQ, and pbrU), membrane proteins, truncated transposases, conjugative transfer proteins,
and many unknown proteins. Five genes on each plasmid were down-regulated; for one of them, chrl localized
on pMOL28, the down-regulation occurred in the presence of five cations. We observed multiple cross-
responses (induction of specific metal resistance by other metals), suggesting that the cellular defense of C.
metallidurans against heavy metal stress involves various regulons and probably has multiple stages, including
a more general response and a more metal-specific response.

Cupriavidus (formerly Ralstonia) metallidurans CH34 is a fac-
ultatively hydrogenotrophic, metal-resistant bacterium isolated
from the sludge of a zinc decantation tank in Belgium that was
contaminated with high concentrations of several heavy metals (2,
15, 23, 25). The Joint Genome Institute (http://genome.jgi-pst.org
/finished_microbes/ralme/ralme.home.html) sequenced the entire
genome of this strain, which revealed four replicons: the chromo-
some (3.9 Mb), a megaplasmid (2.6 Mb), and two large plasmids,
PMOL28 (171 kb) and pMOL30 (234 kb). C. metallidurans CH34
displays a variety of responses or resistance to several heavy met-
als; plasmid curing and transfer experiments demonstrated that
the two plasmids are involved in metal resistance.

Plasmid pMOL28 was associated with resistance to Ni(II),
Co(II), CrO,*", and Hg(II), and pMOL30 was associated with
resistance to Ag(I), Cd(II), Co(1I), Cu(1I), Hg(II), Pb(II), and
Zn(1II). Cloning and sequencing of several fragments from both
plasmids revealed many determinants of resistance (cnr, chr,
and mer for pMOL2S; czc, pbr, mer, sil, and cop for pMOL30)
(1, 9, 18, 22, 27, 30). The mechanisms of resistance included
chemoosmotic efflux of cations with proton antiporters (HME-
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RND family) encoded by czcCBA, cnrCBA, and silCBA, cation
diffusion facilitators such as CzcD and CnrT, and P-type
ATPases for cytoplasmic detoxification (pbrA, copF, and czcP).
The large copVTMKNSIRIAIBICIDIIJGFLQOHE cluster on
pMOL30 [resistance to Cu(II)] is involved in cytoplasmic (via
copF) copper detoxification; similarly, in the periplasm (27) the
copSIRIAIBICIDI genes, which have numerous equivalents
in other bacterial plasmids and genomes, are involved in cop-
per detoxification (3, 21, 24, 27).

Based on a sequence analysis, we described the complete
genetic contents of both plasmids and their organization. A
transcriptomic approach, using both reverse transcription-PCR
and microarrays, targeting differential expression of genes in
cultures challenged by heavy metals allowed us to identify
many new genes involved in the response to heavy metals.

MATERIALS AND METHODS

Media, strains, plasmids, and culture conditions. We grew C. metallidurans
CH34 and its derivatives in mineral salts liquid 284 medium (25, 36) supple-
mented with 0.2% (wt/vol) gluconate. Cultures were grown at 30°C on a rotary
shaker at 150 rpm. The four reference strains that we used were the wild-type
strain C. metallidurans CH34(pMOL28, pMOL30) and strains AE128, AE126,
and AE104 lacking pMOL28, pMOL30, and both plasmids, respectively (25).

Sequence determination and genome data mining. The C. metallidurans CH34
genome was sequenced at the Joint Genome Institute, Department of Energy
(United States), and the data are available at the website http:/genome.jgi-psf
.org/finished_microbes/ralme/ralme.home.html.

Annotation of the two plasmids. Sequence analysis and annotation were per-
formed using the integrated annotation tool (IANT) described for Ralstonia
solanacearum (35), except that the probabilistic hidden Markov model for coding
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FIG. 1. Expression analysis of pMOL28 (a) and pMOL30 (b). Plasmids pMOL28 and pMOL30 display gene expression under various metal
conditions. The sequences of both plasmids start at the ATG codon of the par4 gene that is oriented clockwise. The innermost circle is a GC
deviation plot and represents the mean centered G+C content (purple, above mean; orange, below mean) using a window size of 500 nucleotides
and a 250-nucleotide window overlap. The next circle (light brown) is a GC skew plot in which the (G-C)/(G+C) ratios are shown in sliding
windows of 500 nucleotides with a window overlap of 250 nucleotides. The next seven circles (circles 1 through 7) correspond to the results of gene
expression for the seven different metals listed in the color-coded diagram. The common color red indicates a negative expression ratio (i.e.,
down-regulation), while the common colors gray and white indicate expression ratios (range, 0.5 to 2.0) that are considered to be within the
background threshold. Up-regulated genes (expression ratio, >2.0) appear in different shades from light to dark corresponding to the degree of
increased expression. The two circles on the outside display the genes in functional categories according to the COG color scheme (from NCBI,
Bethesda, MD; http://www.ncbi.nlm.nih.gov/COG/grace/fiew.cgi), with genes in the outer circle oriented clockwise and genes in the inner circle
oriented counterclockwise. Special features are shown as bars that are either black (for metal resistance genes) or dark brown (for IS elements).
The circular positions are indicated at intervals of 10,000 bp. The arcs of circle displayed are (a) the cnr-chr-mer island, (b) the mer-pbr-czc island,
and (c) the copper island.

regions (as predicted by the FrameD software) was generated using C. metalli-
durans gene sequences obtained from public databases. Each predicted open
reading frame (ORF) was reviewed manually by gene annotators to assign start
codons. The outputs of a Prosite search and BLASTP (http://www.ncbi.nlm.nih
.2ov/BLAST/) analysis for the corresponding products also were individually
reviewed by experts to generate the proposed annotations.

The insertion sequence (IS) element families and groups were investigated using
the BLAST tool from the IS Finder database at http://www-is.biotoul.fr/is.html.

Plasmid maps. Plasmid maps displaying the results for gene expression, GC
skew, G+C content, and COG function (Fig. 1) were drawn using GenomeViz
v1.1 (14); all the data for these maps were prepared separately for each type of
information, using the TAG and MAP file formats. In particular, the expression
results were linked to color codes to display ranges of expression ratios (Fig. 1).

Further, we added an inner circle indicating the coordinates of each gene (within
a 10-kb window) to facilitate retrieving it in the annotation/expression data tables
(see Table S2 in the supplemental material).

Microarray analyses of heavy metal resistance gene expression. (i) Culture
induction and RNA extraction. Liquid cultures were grown at 30°C in cylindro-
conical flasks with 10 ml of 284 medium and shaken at 120 rpm on an orbital
shaker until the optical density at 660 nm reached 0.3 (early exponential phase).
Ten-milliliter samples of cultures were transferred into Falcon tubes, supple-
mented with the desired heavy metals [final concentrations, 0.4 mM Pb(II), 0.6
mM Ni(II), 0.6 mM Cd(II), 2 mM Co(II), 0.8 mM Zn(II), 5 uM Hg(II), and 0.1
mM Cu(IT)], and then incubated further at 30°C for 30 min before centrifugation.
Induction and RNA extraction were performed in duplicate using two indepen-
dent cultures.
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FIG. 1—Continued.

(ii) Spotting. We used the draft genome sequence (November 2003 version) of
C. metallidurans to design 60-mer aminosilane-modified oligonucleotide probes
corresponding to 6,205 ORFs. The oligonucleotides were synthesized by Euro-
gentec S. A. (Liege, Belgium). They were suspended at the appropriate concen-
tration in the spotting buffer (3X SSC [1X SSC is 0.15 M NaCl plus 0.15 M
sodium citrate]) and spotted in duplicate onto a glass slide (UltraGAPS; Corn-
ing, United States) using a MicroGrid system (BioRobotics, United Kingdom).
The spotted slides were cross-linked and placed in the presoaking solutions from
a Pronto kit (Corning-Promega, United States).

(iii) Labeling and hybridization. Total RNA was extracted using a QIAGEN
RNeasy midi kit. RNAprotect (QIAGEN, United Kingdom) was added to the
cultures to stop the synthesis of RNA and prevent its degradation. Extracted
RNAs were stored at —80°C. The quality of total RNA was monitored using a
BioAnalyzer 2100 (Agilent, United States). Ten micrograms of high-quality
RNA was reverse transcribed by random priming according to the Pronto kit’s
instructions (Corning-Promega, United States) and labeled by incorporation of
Cy3-dCTP or Cy5-dCTP nucleotides (Amersham Bioscience, United Kingdom).
Labeled cDNA derived from the different bacterial cultures was resuspended in
the universal hybridization buffer (Pronto kit; Corning-Promega, United States),
mixed, and added to the spotted slide for overnight hybridization at 42°C. The
slide was washed according to the Pronto kit’s protocol.

(iv) Scanning and analysis. The array was scanned with a laser scanner at 532
and 635 nm (Genepix 4100A; Axon, Instruments, The Netherlands). The image
was analyzed with Genepix Pro software. Spot intensities were measured, and
artifacts due to the circularity, shape, and background were removed. Statistical
analyses were performed using “S-PLUS.” PrintTipLoess normalization was
applied to the different slides. From the four values obtained for each condition
(two technical assays and two biological assays) the mean average of ratios (red
fluorescence/green fluorescence) was determined, and the P value was calculated
using the SAM (significance analysis of microarrays) test. Genes with a P value
of <0.05 and a degree of freedom of 3 were considered significant. Known metal
resistance genes (based on transcriptomic and proteomic data and/or mutant
analyses) were considered down- or up-regulated when the expression ratios
were at least —2 or 2. For the numerous hypothetical or unknown genes, we
focused mainly on those with expression ratios less than —3 and greater than 3.

The expression ratios for pMOL28 and pMOL30 are shown in Table S2 in the
supplemental material.

Microarray accession number. Array data have been deposited at the Gene
Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) under accession
number GSE7272.

Nucleotide seq e accessi bers. The sequences obtained for plasmids
pMOL28 and pMOL30 of C. metallidurans CH34 have been deposited in the
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FIG. 2. Synteny between plasmid pMOL28 from C. metallidurans CH34 and pHGI1 from R. eutropha H16. Plasmid pMOL28 from C.
metallidurans CH34 and plasmid pHG1 from R. eutropha H16 display large regions of synteny. The syntenic region contains the pil genes (involved
in pilus biosynthesis) (see Fig. S1 in the supplemental material), the #b genes (involved in conjugative plasmid transfer) (see Fig. S1 in the
supplemental material), the origin of replication, and two IS elements. On pMOL2S, mer cnr indicates the heavy metal resistance region. The
syntenic analysis was performed using tools from MAGE (http://www.genoscope.cns.fr/agc/mage).

GenBank database under accession numbers NC_007972 and NC_007971, re-
spectively.

RESULTS

General features of plasmids pMOL28 and pMOL30. Plas-
mids pMOL28 (171,459 bp) and pMOL30 (233,720 bp) have
average G+C contents of 60.4 and 60.1%, respectively, while
the chromosome and megaplasmid have an average G+C con-
tent of 63.0%. A total of 164 ORFs were identified on
pMOL28, and 247 ORFs were identified on pMOL30; the
percentages of coding sequences were 87% for pMOL28 and
80% for pMOL30. The annotation revealed genes involved in
plasmid replication, stability, pilus biosynthesis, and conjuga-
tive transfer, as well as the presence of several mobile genetic
elements and many hypothetical genes (conserved or unique).
Detailed annotations are shown in Table S2 in the supplemen-
tal material and include, for every annotated ORF, the mi-
croarray expression data from cultures grown in the presence
and in the absence of seven different metals.

Plasmid pMOL28. (i) pMOL28 shares a common core for
basic plasmid functions with pHG1 (chemolithoautotrophy;
Ralstonia eutropha H16) and pSym (legume symbiosis; Ralsto-
nia taiwanensis). pMOL28 contains genes for DNA replication
(39), maintenance, and plasmid transfer (b and pil) (26, 33)
(Fig. 1a) that are mostly syntenic and have a high level of
identity with the corresponding genes of pHG1 (13, 38) (Fig. 2)
and the pSym plasmid of R. taiwanensis LMG19424 (4; C.
Masson, personal communication). Seventy-nine pMOL28
genes correspond to a continuous syntenic piece of pHGI,
beginning with repA parB parA uvrD1, trb genes, pil genes, ssb,
pri, and parB2 and ending with sbcD sbcC. Yet the level of
similarity between the repA parB and parA orthologs is quite
low (around 27%), while for most of the other genes of the

synteny the level of similarity is around 80% (ssb, pri, and most
trb genes). As shown in Fig. 1a, a 13-gene insertion in pMOL28
separates the sbcC-parB2 cluster from the ssb cluster. This
insertion contains a xerD gene (encoding a site-specific recom-
binase) and ends with three ras-like genes rich in YD motifs
whose function is unknown (RHS elements are proteins having
nonessential functions believed to play an important role in the
cell’s natural ecology [12]). The protein sequences include a
highly conserved 141-kDa domain containing multiple tandem
22-residue repeats, followed by divergent C-terminal domains
(12, 16). The 22-residue repeats contain a YD dipeptide, the
most strongly conserved motif of the repeat.

The organization of the cluster of pilus biosynthesis genes
largely resembles that of the Salmonella enterica serovar Typhi
plasmid R64 pil operon (34, 38). The region for conjugative
gene transfer resembles the organization of the plasmid RP4
Tra2 region (38), although the level of protein sequence sim-
ilarity between the putative orthologs is low. For pilus biosyn-
thesis, pSym and pHGI1 are completely syntenic, while
pMOL28 lacks pilO and pilS. The organization of the three
plasmids (pMOL28, pSym, and pHG1) indicates that there is a
common family of elements having very different functions but
having a common backbone with basic plasmid functions (Fig.
2).

Numerous data reflecting the effects of heavy metals on the
regulation of the plasmid were obtained. pilQ (encoding a
hexameric ATPase required for pilus assembly [38]) was up-
regulated 4.35-fold in the presence of Cu(II); pilT (encoding a
Iytic transglycosylase involved in pilus biosynthesis [38]) was
induced 6.77-, 10.4-, and 11.33-fold in the presence of Cd(II),
Pb(II), and Zn(II), respectively; ##bN (also encoding a lytic
transglycosylase) was up-regulated 6.6-fold in the presence of
Cu(Il); #rbI was up-regulated 3.51-fold in the presence of
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Ni(II); rbG (involved in mating pair formation) was up-regu-
lated 6.36-fold in the presence of Pb(II); and #bJ (encoding an
“entry exclusion protein” in other known plasmid transfer sys-
tems) was up-regulated 3.42-fold when Cd(II) was present.

(ii) Island with heavy metal resistance genes. All the genetic
determinants involved in heavy metal resistance in pMOL28
were grouped in a 34-kb region. The entire 42-kb region con-
taining all pMOL28 heavy metal resistance genes is flanked by
a partial IS element from the Tn3 family on the cnrT side and
by IS71071 from the same Tn3 family on the other side (near
merR). The latter element, 1S7071 (10, 29), has a complex
structure with a 21-bp deletion of its right inverted repeat
sequence and a duplication of the internal end of its left ex-
tremity. Furthermore, the transposase gene of this element is
disrupted by a conserved cluster of four genes: two genes
encoding hypothetical proteins, a gsp4 gene encoding a protein
in the type II secretion system, and a recombinase gene. Eleven
other copies of this cluster occur in the genome, and one is
inserted into the pbrU gene of pMOL30. This four-gene ele-
ment may correspond to a new mobile element carrying a gene
involved in transport or secretion and provisionally is desig-
nated TnRme?2.

Besides the rearranged IS1071, plasmid pMOL28 contains
one copy of IS1086 (11) and one copy of ISRme9 (see Table S1
in the supplemental material). The yac4 and yacB genes, which
are very similar to putative orthologs found in the IncPg B8
plasmid (37) coding for a toxin/antitoxin system, also were
identified between the IS1071-based structure and merR. The
function of these genes could be related to maintaining the
stability of the genomic island rather than that of the plasmid.

(iii) Expression of pMOL28 metal resistance genes. The
entire cnr cluster was induced in the presence of Ni(II) and,
surprisingly, also by Cu(II) and Cd(II). We noted induction of
cnrX, cnrA, and cnrB after addition of Pb(II) and induction of
cnrH with Zn(II). Yet we observed no involvement of the cnr
cluster in resistance to Cu(II) or Pb(II), although cultures fully
induced by Ni(II) or Co(II) displayed some resistance to
Zn(II) and Cd(II) (5). However, it was found that insertion of
IS elements into the regulatory gene cnrY or cnrX resulted in
constitutive expression of cnrCBAT (5, 42) that led to very high
resistance to Co(II) and Ni(IT) and also to medium resistance
to Zn(II).

Low induction of chrC1A1BI was observed in the presence
of Cu(II), and low induction of chrFECI was observed in the
presence of Ni(II). The last gene of this cluster, chrl, which
putatively is involved in regulating chr (18), was one of the very
few genes that was down-regulated in the presence of Cd(II),
Cu(II), Ni(II), or Pb(II). The protein encoded by chrl is pre-
dicted to be anchored to the inner cell membrane and has two
lipoprotein domains, suggesting that it is a membrane-bound
regulatory protein (like the proteins encoded by cnrY and
cnrX) (42).

The merRTPADE genes involved in mercury resistance show
100% sequence identity between transposons Tn4378 and
Tn4380. The tnpA and tnpR genes involved in transposition
and the orf-2 gene have levels of sequence similarity of 69, 8§,
and 93%, respectively, to their Tn4380 counterparts. The di-
vergence of tmpA, tmpR, and orf-2 in the two transposons has
enabled the design of transposon-specific probes, although the
induction levels for the mer genes cannot be discriminated.

C. METALLIDURANS pMOL28 AND pMOL30 7421

The mer genes were the only genes that were induced by
mercury. However, they also were strongly up-regulated by
Zn(II), Cd(II), and Pb(II). The genes involved in transposition
(tnpA, tmpR, and orf-2) also were induced by Cd(IT) and Pb(II).

(iv) Responses to heavy metals of hypothetical and unknown
genes in pMOL28. Besides the genes described above, 50 other
genes were up-regulated more than twofold after exposure to
a metal; 12 of these genes were up-regulated more than three-
fold (Fig. 3).

Plasmid pMOL30. (i) Plasmid maintenance and replication
genes. The parA, parB, and repA genes (Fig. 1b) differ substan-
tially (11 to 19% sequence similarity) from their pMOL28
orthologs. Plasmids pMOL28 and pMOL30 clearly belong to
very different plasmid incompatibility (Inc) groups, as both of
these plasmids are stably maintained in each other’s presence.
pMOL30 parAB are very similar to their equivalents in Burk-
holderia vietnamiensis G4, as well as to a helicase gene (uvrD).
Other genes important for plasmid maintenance and mobility
were found on a 15-kb fragment located ~140 kb from the
parAB genes, as follows: (i) stdB encodes an antitoxin protein,
but so far the associated toxin gene has not been found; (ii)
three genes, traW, traU, and trbC (orthologs of IncF plasmids),
may be considered related to plasmid transfer (plasmid
pMOL30 itself was observed to transfer at a very low fre-
quency); and (iii) the dsbC gene encodes a disulfur bond
isomerase located on pMOL30, which could be involved in the
resistance to copper (17; M. Berkmen, personal communica-
tion), yet no metals have induced dsbC under any conditions.

(ii) Mobile genetic elements and genomic islands. pMOL30
contains two copies of ISRme3 (the most represented IS ele-
ment in the C. metallidurans genome, with 10 copies), one copy
of ISRmel0, and one copy of TnRme?2 that we describe above
for pMOL28. The TnRme?2 copy is inserted in the pbrU gene.
Between the czc and pbr operons, there is also a recombinase-
rich region containing ISRme3, three genes encoding a Ser/Tyr
recombinase, and nine ORFs from five truncated IS elements
(Fig. 1b). pMOL30 contains 12 ORFs from truncated IS ele-
ments. Surprisingly, some of them were induced by heavy met-
als. orf-102 was induced by Zn(II) (7.3-fold), Cd(II) (20.1-
fold), Cu(1I) (2.4-fold), Ni(II) (5.9-fold), and Pb(II) (3.5-fold).
orf-103 was induced by Zn(II) (2.4-fold), Cd(II) (3.6-fold),
Ni(IT) (2.5-fold), and Pb(II) (2-fold). And orf-157 and orf-158
were also induced by Cd(II).

IS3 elements contain two ORFs: one encoding a protein
with a defined DNA-binding domain and one that encodes the
catalytic site with characteristic aspartyl and glutamyl residues.
orf-103 and orf-157 display a fairly intact DNA-binding motif,
while the catalytic site is largely deleted in orf-102 and orf-158.

As in pMOL28, genes involved in heavy metal resistance
seem to be concentrated in areas delimited by genes belonging
to mobile genetic elements. The first region, containing the czc
and pbr clusters, is flanked by the fully active mercury trans-
poson Tn4380 on one side and on the other side by three mer
genes that might be remnants of former rearrangements. Hy-
pothetically, the mer transposon might have had a role in the
final assembly of this island. The second region, containing the
cop, sil, and nre-ncc clusters, is flanked by a complete ISRmel0
element and a strongly ISRmel0-related remnant (orf-157 and
orf-158) with an extremity very similar to the ISRmel0 inverted



7422 MONCHY ET AL.

J. BACTERIOL.

pMoL28 Downregulated Upregulated
Vetal F.ind. | Total 3_ Func. TOIZI ;u. Func. Categories of upregulated genes (3 fold and up)
Cdill) >2 1 0 54 21
>3 1 0 20 3
Cofll) >2 0 0 8 4
>3 0 0 4 1
cu(lly >2 1 0 20 4
>3 0 0 12 3
Hg(ll) >2 0 0 7 1
>3 0 0 3 0
Ni(IT) >2 4 1 13 2
>3 0 0 9 2 MGE
Pb(ll) >2 2 1 40 11
>3 1 0 13 2
Zn(lly >2 0 0 11 2
=3 0 0 5 2
All =2 5 3 83 30 Legend for COG codes:
=3 1 0 35 8 [HM] Heavy Metal resistance genes [P] Inorganic ion transport and metabolism
[MGE] Mobile Genetic Elements [N] Cell motility
pMOL30 [?] unknown function [L] Replication, recombination and repair
Down regulated Up regu{ated [M] Cell wall / membrane / envelope [F] Muclectide transport and metabolism
Metal E ind. | Total | U. Func. | Total JU. Func. [R] General function prediction only [U] Intracellular trafficking, secretion, vesicular transport
Ca(n) ) 0 0 104 35 [E] Amine acid transport and metabolism | [K] Transcription
>3 0 0 48 8
Co(ll) >2 5 3 7 1
>3 0 0 4 0 Categories of upregulated genes ( 3 fold and up)
Cu(ln) >2 0 0 47 12 E P N LK
>3 0 0 26 5 =
Hg(ll) >2 0 0 9 1
=3 0 0 3 0
Ni(Il) >2 o] 0 39 9
=3 0 0 26 5]
Pb(11) >2 0 0 69 24
>3 0 0 31 10
Zn(ll) >2 0 0 47 9
=3 0 0 30 4
All >2 L3 3 145 49
=3 0 0 75 17

FIG. 3. Numbers of down- and up-regulated genes on the two plasmids according to metal exposure. The tables summarize the numbers of
down- and up-regulated genes with two thresholds: more than twofold induction and more than threefold induction. Results are given for both
plasmids and for all metals tested [Cd(II), Co(II), Cu(II), Hg(II), Ni(II), Pb(II), and Zn(II)]. “All” represents the number of down- or up-regulated
genes in the presence of at least one of the metals. The pie graphs display the proportion of genes up-regulated more than threefold as a function

of the COG class. F.ind., fold induction; U.Func., unknown function.

repeats; partial deletion of one of the IS elements might have
stabilized this acquisition.

(iii) Updating pMOL30 heavy metal resistance genes and
main features in differential gene expression in the presence of
heavy metals. (a) czc region. The entire czc cluster of genes was
induced mainly by Cd(II) and Zn(II). The czcA4, czcB, and czcC
genes were the genes that were induced the most, with 13- to
26-fold induction. czcN and czeA also were induced by Cu(II),
czeN and czel also were induced by Ni(II), and czeN, czcl, czeC,
and czcB also were induced by Pb(II). Furthermore, Pb(II)-
mediated induction of czcR had been observed previously in a
czcR::Tn4431 construction with luxEDCBA as reporting genes
(7). Upstream of czcN, czeM, which was formerly called mgtC,
exhibits protein sequence similarities with the ATPases in-
volved in Mg(II) transport. Another paralog of czeM (with

28.9% similarity) was found on the C. metallidurans megaplas-
mid close to a czc-like cluster (31).

Downstream of czcDRSE, czcJ (D. Nies, personal commu-
nication) was strongly induced by Cd(II) (26.8-fold), Cu(II)
(11.8-fold), Ni(II) (5.5-fold), Pb(II) (4.2-fold), and Zn(II)
(22.8-fold); the CzcP Pl-type ATPase was classified in the
family of lead, cadmium, and zinc efflux P-type ATPases (24,
28). Quantitative PCR revealed induction of czcP (28; D. Nies,
personal communication) by Zn(II), Cd(II), and Cu(II), in
agreement with the microarray data.

czc] has two paralogs, orf-167 (proposed designation, mmrQ,
for “multiple metal response”) and copQ. These three genes
encoding proteins having functions that are still unknown with
a signal peptide were highly induced (between 3- and 77-fold)
in the presence of all the metals that we tested except Hg(II).
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The corresponding proteins have a common motif, RDXX
TDG, repeated three times. The upstream regions of czcJ and
mmrQ are very similar, suggesting that they have a common
promoter.

(b) New putative gene in the pbr operon. Only one OREF,
pbrB/C, codes for functional PbrB and PbrC. An additional
gene, pbrU (likely comprised of orf-125 and orf-130), encoding
a putative permease belonging to the major facilitator family
(MFS1) and predicted to be located in the inner membrane,
should be included in the pbr cluster (although it is knocked
out as described above). Examination of the upstream se-
quence showed the presence of a promoter (pbrUp; GTGAA
TTCATTCGAGCGCCCGATTTAAC) that is very similar to
the promoters of pbrA and pbrR (GTGTATTCATCTCGCGT
TGCCGATTTAAC) (identical residues are underlined).

The complete pbr cluster (except pbrR) was up-regulated in
the presence of Pb(II) (with major induction of pbrA4 [7.3-fold])
and Cd(II) (see Table S2 in the supplemental material). The
truncated pbrU gene had the same expression pattern as the
rest of the pbr cluster, with induction by Pb(II) and Cd(II).

(c) Tn4380 and its mer operon. The tnpA gene (encoding a
transposase) is induced 2.15-fold by Cd(II), whereas tnpR (en-
coding a resolvase) is induced by Zn(II) (2.4-fold), Cd(II)
(6.89-fold), Pb(II) (4.38-fold), and Hg(Il) (2.41-fold). urf-2
(putative diguanylate phosphodiesterase gene) was induced
when preparations were exposed to Cd(II) (2.73-fold) and
Pb(II) (2.75-fold). The expression of the merRTPADE genes is
discussed above.

On pMOL30, an incomplete mer cluster (merRTP) was dis-
cerned (Fig. 1b) (the region 65 to 67 kb from parA). Its genes
encoded proteins that showed between 40 and 50% protein
similarity with their Tn4378 and Tn4380 counterparts. They
were not induced under any of the experimental conditions
and likely are nonfunctional. We suggest that these genes are
a remnant of the rearrangements, having generated the czc-
pbr-mer genomic island.

(d) Silent and defective ncc-nre cluster. No Ni(II) resistance
was shown to be carried by plasmid pMOL30. The presence of
a frameshift covering 28 bp into nccB suggests that the ncc
genes probably are not functional. These genes were not in-
duced by heavy metals, confirming previous observations (31).

(e) How extended is the cop region? The 19 cop genes of
pMOL30 are highly induced by Cu(II) (from 2.2- to 21.6-fold),
confirming previous data (27). They are also induced by
Zn(II), Cd(II), and Ni(II), while Pb(II) induces copF, copRI,
copS1, copK, copM, and copT. Microarray data also indicate
that the cluster includes some of the neighboring genes (espe-
cially outside copE) (see Table S2 in the supplemental mate-
rial). The larger cluster of copper response genes would con-
tain 33 genes, from copV to ubiE (encoding a putative
methyltransferase), including the cop, gtr-2, and sil genes (Fig.
1b). The cop and sil genes encode the efflux and resistance
mechanisms required for detoxifying the cytoplasm and
periplasm. Equivalents of the silCBA genes were found on the
megaplasmid of R. solanacearum (24). Proteomic data re-
vealed that SilB and SilC were overexpressed in the presence
of Cu(Il) and Ag(I) (24).

The gtr-2 cluster is required for lipopolysaccharide exposi-
tion on the outer membrane (20).
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(iv) Response of pMOL30 hypothetical and unknown genes
to metal exposure. Besides the genes involved in heavy metal
resistance, 85 genes were up-regulated more than twofold, and
32 of them were up-regulated more than threefold. In the
latter group, the functions of 17 genes are unknown, and 10 of
them are unique to C. metallidurans according to the current
databases (Fig. 3) [e.g., orf-231, located in the island flanked by
ISRmel0 and its putative remnant, is up-regulated when prep-
arations are treated with Zn(II) (8.3-fold), Cd(II) (2.1-fold),
Cu(II) (5.6-fold), and Ni(II) (6.8-fold) (Fig. 1b)].

DISCUSSION

Our annotation of plasmids pMOL28 and pMOL30 con-
firmed all previously known heavy metal resistance clusters
(24), identified a few additional ORFs within these clusters,
and described plasmid maintenance and transfer genes, as well
as IS elements. However, the function of most of the newly
described genes remains hypothetical or is unknown. Although
these findings may suggest that these ORFs do not have any
real function and therefore might be considered evolutionary
remnants, microarray data has shed more light on their possi-
ble role because they are over- or underexpressed in the pres-
ence of heavy metals.

Plasmid pMOL28 shares a common set of genes with plas-
mids pSym of R. taiwanensis and pHG1 of R. eutropha H16
(Fig. 2). This common set contains orthologs for basic plasmid
functions in a ~90-kb backbone indicative of a common origin.
This situation resembles the genesis of IncPB plasmids, which
also contain a conserved region involved in plasmid mainte-
nance next to a variety of functional modules concerned with
resistance to antibiotics, mercury, or xenobiotics or combina-
tions thereof (8, 41). Plasmid pMOL30, in contrast, belongs to
another plasmid family; parA4, parB, and some other closely
linked genes of pMOL30 are highly similar to B. vietnamiensis
G4 equivalents.

Besides the determinants for metal resistance, other plas-
mid-borne genes were strongly induced by heavy metals, and
some of these genes are involved in conjugative transfer (such
as pMOL28 #bN, trbl, trbG, and trb]), transposition (Tn4378
and Tn4380), and membrane maintenance. Of particular in-
terest for the latter function are the putative glycosyltrans-
ferase genes that are situated between known metal resistance
loci and that appear to be organized as they are in Shigella
flexneri (20). Their products may play a role in maintaining the
integrity of the cell wall. Thus, the induction of the gfr gene
clusters in the presence of high concentrations of heavy metals
suggests that such exposure may heighten the demands for
membrane biogenesis and restoration of the outer membrane
lipopolysaccharides.

Some truncated IS elements also were overexpressed during
exposure to heavy metals. The fact that the metal-induced
partial IS elements encode only the DNA-binding domain
opens the possibility that their corresponding proteins could
have evolved to serve another function unrelated to gene mo-
bility but possibly related to regulation. Interestingly, other
researchers suggested that some eukaryotic mobile genetic el-
ements might have evolved in such a way (44).

An intriguing feature of the microarray data was the multi-
ple-metal responses exhibited by several genes belonging to the
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cop, cnr, mer, and pbr loci. These genes inevitably were induced
by the expected substrate and also by other metals. Most no-
tably, mer genes were activated in response to Cd(II) and
Pb(II) and cop genes were activated in response to Zn(II),
Cd(II), and Ni(II), while the expression of the cnr genes rose in
response to Cu(II) and Cd(II), usually by the same order of
magnitude irrespective of which metal was tested. These ob-
servations contrast with the more specific metal responses that
previously were noted with gene fusions (biosensors) (6, 7, 32,
42, 43). The responses of these gene fusions, made with
pMOL28 and pMOL30 as various in vivo and in vitro construc-
tions, mostly relied on bioluminescence. Indeed, they were
elicited mostly by the metallic substrates of the corresponding
resistance proteins (6, 7, 32, 42, 43). This apparent contradic-
tion may mainly reflect the differences in the timing of the
responses to metal induction; thus, the luminescent responses
of the gene fusions are observed only after a couple of hours,
while the results for quantitative PCR or microarrays corre-
spond to a 30-min pulse. Nonetheless, data reported for cnr
genes and cnr-lac fusions (32) are consistent with the concept
of a multiple-metal response [e.g., up-regulation of cnr genes
in the presence of Cu(Il), although this metal is not a substrate
of cnr] and experimental detection after short exposure times
(10 min) (32), followed by a more specific response [up-regu-
lation in the presence of Ni(II) or Co(II), which are the main
substrates of cnr] when cells are exposed to the metals for
longer times (32).

Thus, multiple-metal responses could be transient phases in
global resistance to heavy metals, with an early stage of mul-
timetallic up-regulation of the metal resistance genes followed
by a more substrate-specific response directed towards a par-
ticular metal. These apparent different phases involved in the
response and resistance to heavy metals need to be investi-
gated further by detailed kinetic studies during exposure. Re-
cently, such an analysis was performed with copper-induced
Pseudomonas aeruginosa cultures (40). For now, we hypothe-
size that such layered multiple responses would mean that the
heavy metal resistance genes are controlled by various regula-
tory pathways with different regulators, each responding to
several metals. The genes for these regulatory circuits could be
located on the two plasmids, but they could also be located on
the larger replicons.

Alternatively, highly specific sigma factors may be involved.
Currently, 11 sigma factors have been recognized in C. metal-
lidurans CH34, half of which are up- or down-regulated in the
presence of heavy metals; furthermore, deleting five of these
factors caused a decrease in heavy metal resistance (D. Nies,
personal communication). The only sigma factor encoded on a
plasmid (pMOL28), cnrH, is induced in the presence of Cu(Il),
Cd(II), Co(II), or Ni(II) (D. Nies, personal communication;
this study). The cellular defense mechanisms of C. metalli-
durans against heavy metals might encompass several stages,
implying a response to various signals, some of which are
distinct from the substrates of the detoxification genes, with
the corresponding genes located on the various replicons.

In both plasmids, mobile genetic elements may have partic-
ipated in acquiring genes involved in heavy metal resistance. In
pMOL28, the metal resistance island is flanked by inactivated
IS elements belonging to the IS3 family (IS1071).

In pMOL30, the metal resistance genes are grouped in two
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putative islands separated by a small 13-kb region that contains
some fra genes that might have belonged to the pMOL30
backbone before the acquisition of the “islands” (Fig. 1b) (re-
gion 130 to 140 kb from parA). These islands, as well as the
pMOL28 island, do not seem to be mobile, which might reflect
ancient acquisition.

For all the heavy metals tested, microarrays showed that the
genes most up-regulated were located on the two plasmids. But
many chromosomal genes and genes on the megaplasmid also
are up-regulated. It would be interesting to compare these
responses with the microarray data reported previously for
Escherichia coli (19) and for P. aeruginosa (40) after exposure
to copper. These microarray data (and likely the data for the
CH34 chromosome and the megaplasmid) give an overview of
possible microbial responses to moderate to high concentra-
tions of heavy metals. pMOL28 and pMOL30 gene expression
data probably describe the bacterial reaction to the most acute
viable metallic stress for mesophilic heterotrophs growing at
neutral pH. Classic metal resistance genes are only part of the
gene arsenal on which bacterial survival depends. We expect
that the transcriptomic data from this study will be a stepping
stone for additional research on the unknown and hypothetical
genes in the form of proteomics, mutagenesis, and phenotypic
analyses.
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