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Transition metals are known to cause toxic effects through their interaction with oxygen, but toxicity under anoxic conditions is
poorly understood. Here we investigated the effects of iron (Fe) and copper (Cu) on the anaerobic growth and gene expression of
the purple phototrophic bacterium Rhodopseudomonas palustris TIE-1. We found that Fe(II) and Cu(II) act synergistically to
delay anaerobic growth at environmentally relevant metal concentrations. Cu(I) and Cu(II) had similar effects both alone and in
the presence of ascorbate, a Cu(II) reductant, indicating that reduction of Cu(II) to Cu(I) by Fe(II) is not sufficient to explain the
growth inhibition. Addition of Cu(II) increased the toxicity of Co(II) and Ni(II); in contrast, Ni(II) toxicity was diminished in
the presence of Fe(II). The synergistic anaerobic toxicity of Fe(II) and Cu(II) was also observed for Escherichia coli MG1655, She-
wanella oneidensis MR-1, and Rhodobacter capsulatus SB1003. Gene expression analyses for R. palustris identified three regula-
tory genes that respond to Cu(II) and not to Fe(II): homologs of cueR and cusR, two known proteobacterial copper homeostasis
regulators, and csoR, a copper regulator recently identified in Mycobacterium tuberculosis. Two P-type ATPase efflux pumps,
along with an FoF1 ATP synthase, were also upregulated by Cu(II) but not by Fe(II). An Escherichia coli mutant deficient in copA,
cus, and cueO showed a smaller synergistic effect, indicating that iron might interfere with one or more of the copper homeosta-
sis systems. Our results suggest that interactive effects of transition metals on microbial physiology may be widespread under
anoxic conditions, although the molecular mechanisms remain to be more fully elucidated.

Copper (Cu) and iron (Fe) are essential but potentially toxic
metals. While much is known about these metals individually,

their combined biological effect(s) under environmentally rele-
vant conditions has not been studied. This gap in our knowledge is
partially due to the fact that although iron is abundant in the
Earth’s crust, in the presence of oxygen it occurs mainly as poorly
soluble Fe(III), and aerobic organisms face iron deficiency more
often than excess. However, the fact that bacteria thrive under
anoxic conditions in diverse habitats has been appreciated since
the work of Winogradsky in the late 19th century (1). Today, it is
well known that soluble Fe(II) can build up in anoxic environ-
ments and that this is often due to microbial activity (2). Indeed,
soluble iron in groundwater has been measured at concentrations
as high as several hundred micromolar (3). The effect of excess
dissolved iron on microbial physiology, especially under anoxic
conditions, deserves further attention.

Iron is known to be toxic through the Fenton reaction (H2O2 �
Fe2� ¡ Fe3� � HO· � OH�) (4–6), but this mechanism depends
on the presence of O2 and thus cannot account for anaerobic
toxicity. Indeed, iron has not traditionally been considered a toxic
metal under environmentally relevant anoxic conditions, al-
though there are a few reports of anaerobic iron toxicity in the
literature (7, 8). No mechanism for anaerobic iron toxicity has
been established, and the toxicity reported is not a universal trait:
a number of bacteria, including dissimilatory iron reducers, such
as Shewanella and Geobacter spp., and iron oxidizers, such as Rho-
dobacter ferrooxidans SW2 and Rhodopseudomonas palustris
TIE-1, tolerate millimolar concentrations of Fe(II) with no obvi-
ous growth handicap.

Copper toxicity, in contrast, has been much better studied,
because copper is a well-documented pollutant. A survey of public
testing data showed that copper levels in U.S. groundwater range
from undetectable to approximately 1 mM, with most samples in

the nanomolar range (9). Micro- to millimolar concentrations,
which represent the high end of the range, are found particularly
in industrial and mining waste streams (10, 11). There are several
mechanisms by which copper is toxic (6, 12, 13). Under oxic con-
ditions, copper, like iron, can react with hydrogen peroxide to
form oxygen radicals [H2O2 � Cu(I) ¡ Cu(II) � HO· � OH�]
(14). Cu(I) also interferes with the iron-sulfur clusters of some
proteins in an oxygen-independent process (15). To combat these
toxic effects, bacteria have sophisticated copper homeostasis sys-
tems that can include several types of efflux pumps, chaperones,
ligands, and oxidases (6, 12, 13).

Copper toxicity has also been studied in conjunction with
other metals (16). The effects of copper combined with toxic met-
als such as zinc, cadmium, lead, silver, and nickel have been ex-
tensively documented for a range of organisms (16, 17). In most of
these studies, the effects were found to be additive or even antag-
onistic (combinations were less toxic than single metals), but in
some cases, synergistic toxicity was apparent. To our knowledge,
all of these studies were performed under oxic conditions.

The combined effect of copper and iron on microorganisms is
worth considering because these metals cooccur in a number of
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environments, particularly anthropogenic environments: studies
of groundwater and soil near landfills (18), soil in cemeteries (19),
and soil near metal-recycling plants (20) have all documented the
cooccurrence of significant levels of copper and iron. Wetlands
can also show increased concentrations of dissolved iron and cop-
per in their anoxic zones (21), and because wetlands are often
constructed to treat mine, industrial, and municipal wastes, which
can contain very high heavy-metal levels (22), metal behavior and
influence in wetlands are of particular interest.

To explore the possible synergistic effects of Fe(II) and Cu(II)
on anaerobic bacterial growth, we chose Rhodopseudomonas
palustris TIE-1, a purple nonsulfur phototroph, as our model or-
ganism. R. palustris strains have long been studied for their diverse
metabolisms, and their ability to break down aromatic com-
pounds (23, 24) has generated interest in the context of bioreme-
diation. Because sites polluted with aromatics may also contain
metal contamination, the response of R. palustris to trace metals is
relevant to bioremediation efforts.

MATERIALS AND METHODS
Growth media and culturing conditions. Table 1 lists all strains tested in
this work. R. palustris TIE-1 and Rhodobacter capsulatus SB1003 were
grown anaerobically in minimal freshwater medium as described previ-
ously (25) with a lowered phosphate concentration and an alternate trace
element mixture: the basal medium consisted of 100 �M KH2PO4, 5.61
mM NH4Cl, 0.68 mM CaCl2, and 2 mM MgSO4. After autoclaving, the
medium was cooled under 20% CO2– 80% N2 gas. After cooling, 30 mM
sterile NaHCO3, a vitamin mixture [0.29 �M 4-aminobenzoic acid, 41
nM D-(�)-biotin, 0.81 �M nicotinic acid, 0.21 �M Ca-(�)-pantothe-
nate, 0.41 �M pyridoxamine dihydrochloride, 0.29 �M thiamine dichlo-
ride, 1.32 �M riboflavin)], B12 (0.1 mg/ml), and a trace element mixture
(7.2 �M FeCl2·4H2O, 0.51 �M ZnCl2, 0.48 �M MnCl2·4H2O, 0.76 �M
CoCl2·6H2O, 11.1 nM CuCl2·2H2O, 95.8 nM NiCl2·6H2O, 0.146 �M
Na2MoO4·2H2O, 97 nM H3BO3) (26) were added. The cooled medium
was adjusted to pH 7 with 1 M Na2CO3 and was stored in an anoxic glove
box (Coy Laboratory Products) under a 5% H2–15% CO2– 80% N2 atmo-
sphere. Acetate was added before inoculation (final concentration, 10
mM). For routine aerobic growth, YPS-MOPS medium (3 g/liter yeast
extract, 3 g/liter peptone, 10 mM succinate, 20 mM morpholinepropane-
sulfonic acid [MOPS] [pH 7]) was used. Anaerobic cultures were grown in
sealed Balch tubes at 30°C in a light incubator, and aerobic cultures were
grown in a dark shaking incubator.

For growth curves of Escherichia coli MG1655 and Shewanella oneiden-
sis MR-1, minimal MOPS medium, containing 1 mM MgSO4, 3 mM
KH2PO4, 7.5 mM (NH4)2SO4, 30 mM NaCl, and 30 mM MOPS (pH 7)

(27), was used. After autoclaving and cooling under N2, 5 mg/liter thia-
mine and 0.5 mM histidine were added from filter-sterilized stock, along
with the vitamin and mineral mixtures described above. The medium was
stored in the anoxic chamber until use. Before inoculation, 0.3% glucose
was added to E. coli cultures, and fumarate and lactate (final concentra-
tions, 20 mM each) were added for S. oneidensis. Cultures were grown in
sealed Balch tubes at 37°C. LB broth was used for routine aerobic growth.

For CFU counts, freshly inoculated cultures were serially diluted in
anoxic YPS-MOPS medium and were plated onto YPS-MOPS plates
(YPS-MOPS medium with 15% Bacto agar). Plates were grown at 30°C
under light in a Coy anoxic chamber for 5 days, and the resulting colonies
were counted. Additional experiments were performed with E. coli strains
provided by J. Imlay (see “Analysis of E. coli growth curves” below).

Microarray. R. palustris cultures were grown to mid-exponential
phase and were transferred to an anoxic chamber. Seven milliliters of each
culture was withdrawn and was added to an equal volume of RNALater
(Ambion). These samples were then spun for 6 min at 5,000 � g; the
supernatant was poured off; and the pellets were flash frozen and stored at
�80°C. The cultures were then shocked with 5 mM Fe(II) (contaminated
with 260 nM copper). Samples of shocked cultures were taken at 15 min to
determine the rapid transcriptional response. Many bacteria respond to
stress within 15 min, and preliminary tests indicated that this held true for
R. palustris.

RNA extraction was performed with the RNeasy minikit (Qiagen)
using the digestion, lysozyme, and mechanical disruption method de-
scribed in the manufacturer’s protocol. Isolated RNA was treated with
Turbo DNase (Ambion) by using the rigorous treatment protocol to re-
move contaminating DNA and was quantified by absorbance with a
NanoDrop spectrophotometer. RNA quality was confirmed on an Agilent
bioanalyzer and by checking A260/A280 and A260/A230 ratios on a Nano-
Drop spectrophotometer. Total RNA was amplified by using the Message-
Amp II bacterial RNA kit (Ambion) according to the manufacturer’s di-
rections, with aminoallyl UTPs incorporated at the final step. Cy3 dyes
(Amersham/GE) were incorporated using the standard protocol. Labeled
RNA was hybridized to a custom Agilent microarray, which contained
60-mer oligonucleotide probes covering all protein-coding genes and
noncoding RNA features based on the R. palustris TIE-1 genome annota-
tion available in GenBank (accession number NC_011004). The microar-
ray data were analyzed in R using the limma package (28). Differentially
expressed genes were defined as having a P value of �0.05 after Bonfer-
roni’s correction for multiple testing.

Metal shocks, RNA isolation, and quantitative reverse transcrip-
tion-PCR (qRT-PCR). R. palustris cultures were grown anaerobically as
described above and were placed in an anoxic chamber for shocks. In
order to obtain enough cell mass for RNA isolation, we performed shocks
on mid-log-phase cultures. Shocks were performed with 1 mM Fe(II)
and/or 1 �M Cu(II). These concentrations were chosen to avoid signifi-
cant copper contamination in the Fe(II) shocks while maintaining metal
concentrations high enough to ensure a transcriptional response. After 15
min, 6 ml of culture was added to an equal volume of RNALater (Am-
bion), and the mixture was centrifuged for 6 min at 6,000 � g at room
temperature. The supernatant was poured off, and the pellets were frozen
in liquid nitrogen and were stored at �80°C until RNA extraction.

RNA was extracted using the method described above. Forty nano-
grams of RNA was used to make cDNA using the iScript cDNA synthesis
kit (Bio-Rad) with random primers. Three microliters of the cDNA reac-
tion product was assayed in a 25-�l qRT-PCR mixture using the iTaq
SYBR green supermix with 6-carboxy-X-rhodamine (ROX) (Bio-Rad).
qRT-PCR was performed with the 7500 Fast real-time PCR system (Ap-
plied Biosystems), and threshold cycle (CT) values were calculated using
Sequence Detection software, version 1.4.0.25. Gene expression was nor-
malized to that of recA by using the ��CT method (29). clpX was used as
an internal control, and samples that showed a �2-fold change in the
corrected clpX value were rerun. The primers used for each gene are listed
in Table S2 in the supplemental material.

TABLE 1 Strains used in this work

Straina Genotype Sourceb

Rhodopseudomonas palustris
TIE-1

Wild type This lab (45)

Rhodobacter capsulatus
SB1003

Wild type Robert Haselkorn (46)

Shewanella oneidensis MR1 Wild type Charles R. Myers (47)
Escherichia coli MG1655 Wild type Carol A. Gross, UCSF
Escherichia coli MG1655* Wild type James A. Imlay, UIUC
Escherichia coli LEM59 copA::kan �cueO

�cusCFBA::cm
James A. Imlay, UIUC

a Experimental results can be found in Fig. 1, 2, 4, and 5 for Rhodopseudomonas
palustris TIE-1, in Fig. 3 for Rhodobacter capsulatus SB1003, Shewanella oneidensis MR1,
and Escherichia coli MG1655, and in Fig. 6 for Escherichia coli MG1655* and LEM59.
b UCSF, University of California, San Francisco; UIUC, University of Illinois at
Urbana-Champaign.
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Growth curves and preparation of metal stocks. To better character-
ize the effects of metals on R. palustris, cultures were inoculated into
media containing metals, and growth was monitored. Measuring growth
in the presence of metals provided a simple and reproducible way to
measure the inhibitory effects of metals and has been used in other toxicity
studies (15, 27). Growth curve experiments were performed in 10 ml of
the media listed above, using sealed 25-ml Balch tubes. For growth assays,
metals were added to individual tubes before inoculation. R. palustris and
R. capsulatus from stationary anaerobic cultures were inoculated into an
anoxic chamber with a 1:200 inoculum for growth curve measurement. E.
coli cultures were started by diluting an overnight anaerobic minimal-
medium culture 1:100, and S. oneidensis was diluted 1:50 from an anaer-
obic LB culture. Fe(II), Cu(II), Ni(II), and Co(II) stocks were prepared by
adding FeCl2 (98% pure [Sigma] or 99.9% pure [Alfa Aesar]), CuCl2,
NiCl2, or CoCl2 (Fisher) to nanopurified water under anoxic conditions.
Cu(I) was prepared under anoxic conditions from CuCl (Alfa Aesar) as a
100 �M stock in 1 M NaCl, with heating to 37°C to aid dissolution.
Bacterial culture growth was monitored by measuring the optical densities
of Balch tubes on a Spectronic 20D� spectrophotometer at 660 nm for R.
palustris and R. capsulatus and at 600 nm for E. coli and S. oneidensis.

ICP-MS. Levels of copper in the stocks of iron prepared from Sigma
FeCl2 (98% pure) and Alfa Aesar FeCl2 (99.9% pure) were measured at the
Caltech Environmental Analysis Center on a Hewlett-Packard 4500 in-
ductively coupled plasma mass spectrometry (ICP-MS) system. Samples
of 1 M stock solution were first diluted 1:450 in nitric acid and then
sampled. The results were quantified using the standard addition method,
by adding pure CuCl2 to each sample to a final concentration of 10, 20, or
30 �g/liter. The lines obtained were extrapolated to the x intercept, which
was taken as the amount of copper in the original sample.

Abiotic Cu(II) reduction. Abiotic Cu(II) reduction was tested by mix-
ing 40 �M Cu(II) with 100 �M Fe(II) or ascorbate in freshwater medium
in an anoxic chamber. Cu(I) concentrations were determined using the
bathocuproine assay (30): 200 �l of sample was added to a 96-well plate
containing 50 �l bathocuproine (50% ammonium acetate, 0.03% batho-
cuproine sulfonate, 2 mM EDTA). Samples were read at 484 nm on an
anaerobic Synergy 4 plate reader (BioTek). A standard curve was made
with CuCl.

Analysis of E. coli growth curves. Growth curve experiments were
performed as described above for E. coli MG1655* and the copA::kan
�cueO �cusCFBA::cm mutant (Table 1). Lag phases were calculated in R
using the Gompertz model (31). Averages from triplicate cultures were
used for the comparison of lag times with different Cu(II) and Fe(II)
concentrations. The delay in growth caused by the addition of copper or
iron was calculated by subtracting the lag phase of the control culture
from the lag phase of the metal-treated culture. The synergistic effect of
Fe(II) and Cu(II) was calculated by dividing the delay in growth under the
Fe(II)-plus-Cu(II) condition by the delay in growth under the Cu(II)-
only condition.

RESULTS
Microarray for measurement of transcriptional responses to
Fe(II) shock. Our initial goal was to investigate the effect of high
Fe(II) levels on R. palustris under anoxic conditions. R. palustris is
able to grow using 5 mM Fe(II) as the sole electron donor and
would therefore be expected to be resistant to high Fe(II) levels. To
our surprise, we found that 5 mM Fe(II), when added to log-phase
cultures growing on acetate, arrested growth for many hours un-
der anaerobic conditions (Fig. 1A). To probe the effect mechanis-
tically, we measured genomewide transcriptional responses to
Fe(II) shock by using a custom microarray. A number of genes
were upregulated after a 15-min shock with 5 mM Fe(II) (Fig. 1B;
see also Table S1 in the supplemental material). Among the genes
upregulated after 15 min were those predicted to encode three
P-type ATPase pumps, six RND-type efflux pumps, an FoF1 ATP

synthase, a multicopper oxidase, and a number of regulatory pro-
teins. Many of the highly upregulated genes in the microarray
were annotated as being involved in copper homeostasis, in addi-
tion to many genes of unknown function.

Synergistic effect of Cu(II) and Fe(II). Our initial experiments
and microarray were performed with a 98% pure Fe(II) stock
(Sigma). As a control against contamination, we tested the growth
of R. palustris with a purer stock of iron (99.99% pure; Alfa Aesar).
When this new Fe(II) source was used, the effect of Fe(II) at the
concentrations previously tested disappeared. ICP-MS analysis of
both Fe(II) stocks indicated that copper levels were higher in the
98% pure stock of iron from Sigma: 5 mM 98% pure Fe(II) con-
tained 260 nM copper as measured by ICP-MS, while 5 mM
99.99% pure Fe(II) contained only 10 nM copper. Our analysis
did not allow us to determine the oxidation state of the contami-
nating copper, although it seems likely that it would be present as
Cu(I), due to the high concentration of Fe(II), as described below.
We hypothesized that the results described above were due not
simply to Fe(II) but to the combination of Fe(II) and copper. To
test this possibility, we set up experiments with pure Fe(II) and
Cu(II) at varying concentrations, which allowed us to explore the
possible effects of iron and copper combined.

We found that iron and copper alone have very little effect even
at 1 mM and 1 �M, respectively, but that they act synergistically to

FIG 1 Effects of Fe(II) and copper on growing R. palustris cells. (A) A shock of
5 mM Fe(II) (contaminated with 260 nM copper) temporarily arrested the
growth of log-phase R. palustris cultures. Symbols represent individual data
points; growth curves show the medians for three cultures. (B) Categorization
of genes upregulated more than 5-fold by the 15-min shock with the Fe(II)/
copper microarray.
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delay bacterial growth at 100 �M Fe(II) and 100 nM Cu(II) (Fig.
2A). The effect decreased with the concentration of each metal; a
slight effect was seen at 50 nM Cu and 10 �M Fe. We tested other
metals as well (Fig. 2B and C): 100 nM Cu(II) increased the tox-
icity of 50 �M Ni(II) or 500 �M Co(II), while 100 �M Fe(II) had
no effect on Co(II) and decreased the toxic effect of Ni(II). We also
tested Mn(II) with Cu(II) and found that 500 �M Mn(II) had no
effect on growth, either with or without 100 nM Cu(II) (data not
shown).

To further determine the nature of the iron-copper synergistic
growth inhibition, we performed CFU counts after inoculating
cultures to determine whether cells were dying or were simply
arrested in their growth. We found that cells were not killed by the
metals: 30 min after inoculation into a medium containing 100
nM Cu(II) plus 100 �M Fe(II), CFU counts were not changed
from those of control cultures. Triplicate CFU counts for metal-
treated cultures ranged from �2 � 106 to 3 � 106/ml, while con-
trol cultures had counts ranging from �2 � 106 to 4 � 106/ml.

Effect of Cu(II) and Fe(II) on other bacterial taxa. To deter-
mine whether the synergistic effect of Cu(II) and Fe(II) was
unique to R. palustris, we tested the effects of Cu(II) and Fe(II) on
E. coli MG1655, Shewanella oneidensis MR-1, and Rhodobacter
capsulatus SB1003. The physiology of these organisms has been
studied extensively, and their copper resistance systems have been
at least partially characterized (12, 32–34). In testing the sensitiv-
ities of these organisms to copper and iron, we chose various cop-
per and iron concentrations to reflect the various sensitivities to
copper of the different bacterial taxa. We found that Cu(II) and
Fe(II) combined cause a longer growth lag than either metal alone
for all three organisms (Fig. 3). Given that this synergistic effect
holds true in four different bacterial species, what could lead to
this synergistic effect?

Influence of the copper oxidation state on the synergistic ef-
fect. Fe(II) is known to reduce Cu(II) to Cu(I) [Fe(II) � Cu(II) ¡
Fe(III) � Cu(I)] (35), and we confirmed that this reaction takes
place in our anaerobic freshwater medium (see Fig. S1 in the sup-
plemental material). Because Cu(I) is generally considered more
toxic than Cu(II) (15), it seemed likely that Cu(II) reduction
might be responsible for the synergistic inhibition observed. To
test this hypothesis, we investigated the effect of Cu(II) with ascor-
bate, which also rapidly reduced Cu(II) (see Fig. S1). We found
that ascorbate plus Cu(II) did not inhibit growth as severely as
Fe(II) plus Cu(II) (Fig. 4A). To test the effect of the copper oxida-
tion state on toxicity more directly, we compared the effects of
Cu(I) and Cu(II). We found that Cu(I) and Cu(II), either alone or
in the presence of ascorbate, did not strongly affect growth,
whereas either Cu(I) or Cu(II) in the presence of Fe(II) caused a
growth lag (Fig. 4B). Hence, it appears that the synergistic effect
cannot be attributed exclusively to the reduction of Cu(II) by
Fe(II).

Specificity of gene expression to Cu(II) or Fe(II). Several
genes of interest were upregulated in the microarray, including a
number of genes predicted to be involved in copper homeostasis
and a secondary FoF1 ATP synthase with an unknown function
(see Table S1 in the supplemental material). To test the metal
specificity of these transcriptional responses, we subjected R.
palustris cells to a 15-min shock using either 1 mM Fe(II), 1 �M
Cu(II), or 1 mM Fe(II) plus 1 �M Cu(II). We used higher metal
concentrations for the shock than for the growth assay because
smaller amounts had no effect on mid-log-phase cultures (data

FIG 2 Anaerobic growth curves of R. palustris with Cu(II) in the presence of
Fe(II), Co(II), or Ni(II). All cultures were grown in freshwater-acetate me-
dium under light. Symbols represent individual data points; growth curves
show the medians for triplicate cultures. (A) Comparison of the effect of Fe(II)
and Cu(II) combined with that of each metal alone. (B) Comparison of the
effect of Ni(II) alone with that of Ni(II) plus Fe(II) or Cu(II). A 50 �M con-
centration of Ni(II) alone had an inhibitory effect that was increased by Cu(II)
and decreased by Fe(II). (C) Effects of Co(II) alone and with Fe(II) or Cu(II).
Cu(II) increased the toxic effect of 500 �M Co(II), while Fe(II) had no effect.
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not shown), and we wanted to be certain that we were triggering a
response. We then measured the transcriptional responses of eight
genes likely to be involved in copper homeostasis (Fig. 5): atpD
from the upregulated ATP synthase operon (Rpal_1057), the pu-

tative multicopper oxidase (Rpal_1091) gene, the three P-type
ATPase (Rpal_1072, Rpal_1856, and Rpal_3679) genes, a ho-
molog of the copper-responsive cusR gene of E. coli (Rpal_2141),
and a homolog of csoR, a recently discovered copper regulator in
Mycobacterium tuberculosis and Bacillus subtilis (Rpal_1857) (36,
37). We also tested the response of Rpal_3680 because, although it
was not highly upregulated in the microarray (2.7-fold; P, 0.07), it
belongs to the MerR family of metal-responsive transcriptional
regulators, as does the E. coli copper resistance regulator CueR. All
the genes tested responded to Cu(II) and not to Fe(II), except for
the P-type ATPase Rpal_3679, which did not respond to either
metal. Intriguingly, the multicopper oxidase and the cusR ho-
molog were upregulated to a lesser degree in the presence of
Cu(II) plus Fe(II) than in the presence of Cu(II) alone, while the
other genes tested were more strongly upregulated in the presence
of both metals.

Synergistic effect in a copper homeostasis-deficient E. coli
strain. Based on our expression results, we speculated that Fe(II)

FIG 3 Effects of Cu(II) and Fe(II) on E. coli MG1655 (A), S. oneidensis MR-1
(B), and R. capsulatus SB1003 (C). Symbols represent individual data points;
growth curves show the medians for triplicate cultures.

FIG 4 Effect of Cu(I) versus Cu(II) on the growth of R. palustris. (A) Ascor-
bate plus Cu(II) causes a slight delay in growth; however, Fe(II) plus Cu(II)
causes a longer delay. (B) Cu(I) and Cu(II) have identical effects: at 100 nM,
there is no effect for either alone [shown for Cu(II) in Fig. 3A], a very slight
effect in the presence of ascorbate, and a significant growth lag in the presence
of Fe(II). Symbols represent individual data points; growth curves show the
medians for triplicate cultures.
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might interfere with one or more proteins in the copper homeostasis
systems. To test this prediction, we used E. coli as a model organism,
because the copper detoxification system is well understood. We
therefore examined the synergistic effect in E. coli strain LEM59 (J.
Imlay, unpublished strain), which has the genotype copA::kan �cueO
�cusCFBA::cm. Without CopA (a P-type ATPase copper efflux
pump), CueO (a multicopper oxidase), and Cus (an RND efflux
pump), this strain is much more sensitive to copper than its wild-type
parent (strain MG1655* from J. Imlay; note that this version of the
strain has a history different from that of MG1655, for which results
are shown in Fig. 3, so they are not directly comparable). We grew the
parent strain with 1 �M Cu(II) with or without 200 �M Fe(II) and
the mutant strain with 300 nM Cu(II) with or without 200 �M Fe(II).

The different concentrations of Cu(II) reflected the different copper
sensitivities of the parent and mutant strains: we chose Cu(II) con-
centrations for which each strain showed a reproducible response.
We found that when the parent and mutant strains were assayed side
by side, the mutant was less affected by Cu(II) with Fe(II) than the
wild type (Fig. 6; Table 2): while Cu(II) caused a longer growth lag for
the mutant than for the wild type, the addition of Fe(II) increased the
growth delay only 2.8-fold for the mutant strain but 23-fold for the
parent strain.

DISCUSSION

It is well known that different toxic metals can exhibit additive or
synergistic toxic effects on various organisms under oxic condi-

FIG 5 qRT-PCR results showing fold changes in the transcript levels of 8 genes after a 15-min shock (expression at 15 min/expression at time zero) with Cu(II)
alone or Cu(II) plus Fe(II). (A) Rpal_1057, an AtpD homolog; (B) Rpal_1091, a putative multicopper oxidase; (C) Rpal_2141, a CusR homolog; (D) Rpal_1072,
the P-type ATPase with the greatest similarity to the copper efflux pumps; (E) Rpal_1857, the CsoR homolog; (F) Rpal_3680, the CueR homolog; (G and H) the
P-type ATPases Rpal_1856 and Rpal_3679. Symbols represent individual data points; bars represent the averages for triplicate cultures.
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tions (16). Our results show that under anoxic conditions, Cu(II)
and Fe(II) interact synergistically to delay the growth of diverse
bacteria, including R. palustris. To our knowledge, this is the first
report of an anoxic, synergistic toxicity effect for Fe(II) and Cu(II)
at environmentally relevant concentrations.

Our comparative experiments with other metals reveal that
while Cu(II) increases the inhibitory effect of Co(II) or Ni(II) on
R. palustris, Fe(II) does not alter the effect of Co(II) and actually
decreases the inhibitory effect of Ni(II) (Fig. 2). The enhancement
of the negative impacts of cobalt and nickel by copper is not sur-
prising; such interactions between toxic metals have been ob-
served before (16, 17). The mitigation of nickel toxicity by iron is
also predictable: it supports previous research showing that nickel
disrupts iron-containing enzymes and increases the expression of
the iron uptake machinery in E. coli (38, 39). Cu(II), like Ni(II), is
known to interfere with iron-containing enzymes (15, 40), which
makes our finding that Fe(II) and Cu(II) interact synergistically to
inhibit growth particularly interesting.

We hypothesized that one mechanism underlying this inhibi-
tory synergistic effect might be reduction of Cu(II) by Fe(II).
Fe(II) has been shown to reduce Cu(II) under environmentally
relevant conditions (35). Our own experiments showed that in
our growth medium, Fe(II) could quickly reduce a significant
amount of Cu(II) to Cu(I) abiotically (see Fig. S1 in the supple-
mental material). We tested copper reduction as a possible cause
of the inhibitory effect by using ascorbate as an alternate reductant
to Fe(II): when added at the same concentrations as Fe(II), ascor-
bate also rapidly reduced Cu(II) but resulted in only a slight delay
in growth compared to that with Fe(II). Moreover, Cu(I) had the
same effect on R. palustris as Cu(II) either alone, with ascorbate, or
with Fe(II). If the reduction of Cu(II) by Fe(II) were the sole cause
of toxicity, then we would expect Cu(I) to have a greater effect
than Cu(II). Together, these results suggest that the reduction of
Cu(II) to Cu(I) is not sufficient to explain the observed growth
inhibition.

What then might underpin the synergistic effect? Our microar-

ray provides a snapshot of the genes that are upregulated after a
shock of Fe(II) and Cu, which hints at alternative mechanisms.
One putative operon upregulated in the microarray was com-
prised of five genes (Rpal_1089 to Rpal_1093) and included a gene
predicted to encode a multicopper oxidase. Multicopper oxidases
are a common component of copper resistance systems in bacte-
ria, although they are generally considered to be useful only in the
presence of oxygen (41). Based on our qRT-PCR results, the mul-
ticopper oxidase responds to Cu(II) and not to Fe(II); however,
the level of upregulation by Fe(II) plus Cu(II) was less than the
level of upregulation by Cu(II) alone (Fig. 5B). This trend also
held true for the CusR homolog, though not for the other genes
tested. While it is not clear whether this difference in RNA levels
would translate into phenotypic differences, it suggests that Fe(II)
may interfere with the regulation of some of the copper resistance
genes, which could explain the inhibitory effect we observed. It is
also possible that iron may inhibit other portions of the copper
homeostasis system—for example, inhibition of a copper efflux
pump or chaperone would also explain the effect we observed.

To test whether the synergistic effect of iron might come from
interference with bacterial copper resistance mechanisms, we used
LEM59, an E. coli strain deficient in CopA, the copper efflux P-
type ATPase; Cus, the RND-efflux pump; and CueO, the multi-
copper oxidase. These experiments were complicated by the fact
that LEM59 is more sensitive to copper than its parent strain and
therefore needed to be tested at lower Cu(II) concentrations. Fur-
thermore, the absolute length of the lag phase differed somewhat
between experiments. Despite these issues, a robust trend
emerged when the parent and mutant strain were compared side
by side in the same experiment: although the synergistic effect of
Fe(II) and Cu(II) was still evident for LEM59, it was much smaller
than that for the parent strain (Table 2). These data support our
hypothesis that Fe(II) might interfere with one or more compo-
nents of the copper homeostasis machinery of E. coli, although this
is clearly not the only cause of the synergistic effect. More work is
needed to determine which proteins are affected, how, and
whether other bacterial species demonstrate the same effects.

Regardless of the mechanisms responsible for the synergistic
inhibitory effect, our microarray suggests that the regulation of
genes involved in copper homeostasis may be more complicated
in R. palustris than in other Proteobacteria studied. This conten-
tion springs from our measurements of the transcriptional re-
sponses of three genes likely to be involved in copper homeostasis

TABLE 2 Comparison of the growth delays for metal-treated cultures of
strains MG1655* and LEM59

Strain

Delay in growth (h)a

caused by:

Synergistic effect
(fold)bCu(II)

Cu(II) plus
Fe(II)

MG1655* (parent strain) 1.4 33.2 23.4
LEM59 9.7 27.6 2.8
a Calculated as the lag with Cu(II) � the lag for the control or as the lag with Cu(II)
and Fe(II) combined � the lag for the control. Due to the difference in copper
sensitivity, the parent strain was assayed with 1 �M Cu(II) and LEM59 was assayed
with 0.3 �M Cu(II). The delay times presented are averages of 3 biological replicates
and are representative of 3 independent trials.
b Calculated as the ratio of the delay with both Cu(II) and Fe(II) to the delay with
Cu(II) alone.

FIG 6 Growth curves of the E. coli parent strain MG1655* (wild type [wt]) and
the mutant strain LEM59 in the presence of metals. As expected, LEM59 is
more sensitive to Cu(II); however, the synergistic effect of Fe(II) and Cu(II) is
less for LEM59 than for MG1655*. Although the absolute length of the lag
phase in the presence of Fe(II) and Cu(II) differed widely between experi-
ments, this trend remained the same over 3 independent experiments.
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in the presence of different combinations of Fe(II) and Cu(II):
homologs of cueR, cusR, and csoR. In E. coli, CueR regulates a
P-type ATPase metal efflux pump and a multicopper oxidase.
CusR regulates the transcription of a proton-driven RND efflux
pump. Although not previously reported to regulate the copper
response in Proteobacteria, CsoR is a copper resistance regulator in
M. tuberculosis and B. subtilis (36, 37). Interestingly, in R. palustris,
all three putative regulators are upregulated by Cu(II) but not by
Fe(II). This suggests that CueR, CusR, and CsoR homologs may
help regulate copper homeostasis in R. palustris. The response of
the R. palustris CueR homolog to copper is surprising, because it
lacks several of the conserved motifs thought to be important for
determining copper specificity: proteins binding to the monoca-
tions Cu�, Ag�, and Au� share an SXXV(K/R) signature and a
CXGXXXXDCP metal-binding loop (42). In the R. palustris CueR
homolog, neither of these motifs is fully conserved. More work is
needed to test whether CueR, CusR, and CsoR regulate copper
homeostasis genes in R. palustris.

Among the genes likely controlled by the regulators described
above are the P-type ATPases. Of the P-type ATPases upregulated
in our microarray, Rpal_1072 and Rpal_1856 both belong to the
copper-specific protein family TIGR01511 and share conserved
residues in transmembrane helices 5, 6, 7, and 8 with CopA pro-
teins (43). It is thus not surprising that they respond to copper and
not to iron. Rpal_3679, on the other hand, contains a WIY(R/K)
motif thought to indicate Zn/Cd specificity in P-type ATPases.
Our qRT-PCR results indicate that Rpal_3679 does not respond to
copper or iron and that its upregulation in the microarray was
spurious. The fact that it is located next to Rpal_3680 (the upregu-
lated CueR homolog) suggested that it might have some connec-
tion to copper; however, both bioinformatic analysis and qRT-
PCR data indicate that this is not the case and that the R. palustris
copper response system makes use of only two P-type ATPases.

It is also of interest that a putative ATP synthase operon was
upregulated in our microarray. Quantitative RT-PCR indicates
that this operon responds to copper and not to iron. Bioinfor-
matic investigation of the putative operon suggests that it encodes
not the primary ATP synthase of R. palustris but a secondary com-
plex present only in R. palustris TIE-1, not in related strains. The
operon structure, as well as the presence of certain subunits, indi-
cates that this complex belongs to the family of Na-dependent
ATP synthases (44). In Archaea, these Na-ATP synthases function
as the primary manufacturers of ATP. Their function in Bacteria is
not known, although the operon is present in a variety of bacteria.
The large positive transcriptional response of the R. palustris
operon to copper raises the possibility that bacterial Na-ATP syn-
thase may be involved in metal resistance, but this remains to be
experimentally verified.

In conclusion, we have demonstrated that environmentally
relevant concentrations of Fe(II) and Cu(II) can significantly in-
hibit the growth of microorganisms. The concentrations of Fe(II)
and Cu(II) used in our experiments are similar to those found in a
number of natural and polluted environments. This underscores
the importance of paying attention to trace metals in the design of
laboratory studies. Moreover, the synergistic inhibitory phenom-
enon described here highlights the need to consider all metals in
an environment, not simply the conventionally toxic metals, when
predicting microbial behaviors or planning a bioremediation
system.
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