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PYOVERDINE PRODUCTION BY PSEUDOMONAS AERUGINOSA
EXPOSED TO METALS OR AN OXIDATIVE STRESS AGENT

Kim-HIEN THi DAo, KATHERINE E. HAMER, CHRISTINE L. CLARK, AND LAWRENCE G. HARSHMAN'

School of Biological Sciences, University of Nebraska—Lincoln, Lincoln, Nebraska 68588 USA

Abstract.  Siderophores are low molecular mass compounds used by many microor-
ganisms to scavenge dissolved iron, which is typically rare in environments. Pseudomonas
aeruginosa (PAO1) was exposed to metals and methyl viologen in low-iron medium in
order to monitor the abundance of a specific siderophore (pyoverdine) and monitor growth
over time. In this study it was discovered that cadmium can stimulate pyoverdine abundance.
Cadmium may interact with and sequester the Fur regulatory protein, which represses
siderophore synthesis under conditions of iron sufficiency. Mercury did not stimulate pyov-
erdine production at concentrations that strongly inhibited bacterial growth, suggesting that
pyoverdine production is not governed as part of a general stress response. Methyl viologen
is an oxygen radical generator, and it was discovered that exposure to it decreased pyov-
erdine production. Decreased pyoverdine production may be a mechanism for reducing the
iron potentiation of oxygen toxicity. It is hypothesized that factors stimulating production
of siderophores may increase the susceptibility of microorganisms to oxidative damage. In
general, our research suggests new opportunities for predicting ecotoxicological outcomes
based on understanding of molecular mechanisms and the effect of xenobiotics or stress
factors on fundamentally important microbial processes.

Key words:
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INTRODUCTION

It is generally accepted that our ability to make pre-
dictions about the ecological effect of pollutants is very
limited (Moriarty 1988). Studies of the effects of xe-
nobiotics or other stressors on critical physiological
processes in organisms may be especially useful for
the purpose of improving our ability to predict the eco-
logical impact of pollutants and stressors. The as-
sumption is that physiological function is the logical
point of integration for ecotoxicological studies. Spe-
cifically, the impact of pollutants, or environmental
stress, on physiology is relevant to population growth,
interaction between species, relative fitness, indicator
gene expression, and the interaction between organisms
and the environment. Physiological measures that are
fundamentally important and connected with specific
environmental states are attractive candidates for study.

Microbes are obvious candidates for such studies
because they play an essential role in ecological com-
munities. Moreover, they are capable of modifying the
environment by their metabolic processes. This power
is manifest in microenvironments, or on a larger scale,
as in geochemical change. In addition, certain bacteria
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cadmium; mercury, methyl viologen; oxidative stress; Pseudomonas aeruginosa; sid-

are model systems for the study of physiological pro-
cesses. One example of the use of microbes for this
approach is the study of phosphoenolpyruvate carbox-
ylase regulation, which is motivated by the important
role of this enzyme in the metabolism of (often lim-
iting) dissolved organic matter in aquatic ecosystems
by heterotrophic bacteria (Overbeck 1990). The effect
of pollutants and stressors on critical aspects of mi-
crobial physiology is understudied with respect to the
importance of microbes in the function of ecological
communities. Such studies are valuable for the devel-
opment of the field of ecotoxicology.

Iron acquisition is an essential physiological process
for organisms. Iron is almost universally required for
life, yet it is poorly soluble in the form of polyhy-
droxylated complexes at neutral pH (Neilands 1981).
In some regions of the open ocean iron availability is
the factor that limits phytoplankton population size
(Kerr 1994). In order to meet this demand for iron,
microbes, and other organisms use low molecular mass
compounds, collectively called siderophores, to scav-
enge for iron (Guerinot 1994, Neilands 1995). Sider-
ophores are important in relationship to the growth of
aerobic and facultative anaerobic bacteria, fungal
growth, plant growth, as well for their effects on the
virulence of plant and human microbial diseases (Nei-
lands 1981, Neilands and Leong 1986, Barton and
Hemming 1993, Payne 1993).
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Pseudomonas aeruginosa is associated with aquatic
and other habitats, and is also known as an opportu-
nistic pathogen of humans. This species belongs to a
group of microorganisms, the fluorescent pseudomo-
nads, that are widely distributed across a range of hab-
itats. Among the fluorescent pseudomonads, P. aeru-
ginosa is the taxon best known in terms of genetics
and physiology. P aeruginosa produces two siderop-
hores; pyoverdine is predominant, and has a much high-
er affinity for iron than the other siderophore, which
is called pyochelin. The structure of pyoverdine is pre-
sented in Briskot et al. (1989). Pyoverdine is a peptide
containing eight amino acids: 1 L-arginine, 1 L-lysine,
2 L-threonines, 2 L-38N-hydroxyornithines, and 2 D-
serines. The octahedral coordination of Fe(IIl) is ac-
complished by two 8N-hydroxyornithines and an (IS)-
5-amino-2,3-dihydro-8,9-dihydroxy-1H-pyrimido-
[1,2-a]quinoline-1-carboxylic acid providing hydrox-
ymate and catecholate donor oxygen atoms
(Wendenbaum et al. 1983).

The present study addresses the question of whether
exposure to xenobiotic stress factors results in a change
in pyoverdine production by P. aeruginosa. Two of the
metals employed in this study, cadmium and mercury,
are significant environmental pollutants. In addition,
experiments were conducted to determine if a nonmetal
oxygen radical generator, methyl viologen (paraquat),
could influence the production of pyoverdine. Paraquat
is well established as a radical generator (Hassan and
Fridovich 1979), and is used routinely to produce ox-
idative stress. Since iron is known to participate in the
generation of oxygen radicals, exposure to this com-
pound was motivated by the issue of iron management
under conditions of oxidative stress.

MATERIALS AND METHODS
Pyoverdine measurement and bacterial growth

The fluorescent chromophore group of pyoverdine
produces a characteristic pattern of excitation and emis-
sion (Meyer and Abdallah 1978). In the present study,
a Perkin-Elmer (Oak Brook, Illinois) LS-5B lumines-
cent spectrometer was used to qualitatively measure
the abundance of pyoverdine by measuring fluores-
cence (excitation 405 nm and emission 450 nm), which
is functionally equivalent to an established method of
pyoverdine abundance determination (Meyer and Ab-
dallah 1978, Cox and Adams 1985, Visca et al. 1992).
Low concentration of iron stimulates pyoverdine pro-
duction, and higher concentrations, such as 10 pmol/L
of supplemental iron, allows growth of P. aeruginosa
with no siderophore production (Stintzi and Meyer
1994).

The P. aeruginosa strain used in this study was
PAO1. Colonies were obtained by streak plating from
—80°C 15% glycerol storage onto Pseudomonas Agar
F (PAF) medium. For aqueous culture, cells were
grown in standard succinate medium (SSM). SSM is a
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low-iron medium that promotes siderophore produc-
tion. Our experiments were designed to address the
questions of whether added metals or an oxidative
stress agent could stimulate or suppress the existing
level of pyoverdine production in low iron medium.
Growth in SSM was estimated by measurement of tur-
bidity at an optical density of OD600 nm (Perkin-Elmer
Spectrometer Lambda 3B). All solutions and media
were prepared using double-distilled deionized water.
Chemicals were from Sigma Chemical Company, St.
Louis, Missouri unless otherwise stated.

Metal assays

In order to test the hypothesis that pyoverdine pro-
duction by P. aeruginosa is influenced by the presence
of heavy metals, dose response assays were conducted
in which growth and pyoverdine production were mon-
itored over time in samples taken from SSM culture.
For these assays, PAO1 was inoculated from an over-
night culture into 13 X 100 mm borosilicate glass tubes
(Fisher Scientific, Pittsburgh, Pennsylvania) containing
SSM. All glassware used for cultures or assays was
soaked in 0.1 mol/L HCI1 (Mallinckrodt Chemical, Par-
is, Kentucky) overnight to remove contaminating met-
als, followed by rinses with double-distilled water be-
fore autoclave sterilization. Overnight cultures were
produced by inoculating a PAO1 colony from PAF me-
dium into a 50-mL long-neck culture flask with 25 mL
SSM. The growth period was ~16 h at 25°C with mod-
erate shaking at 150 cycles/min.

After overnight growth, cells were centrifuged for 5
min at 59 X 10° m/s? at room temperature. The pellet
was resuspended in sterile 0.85% NaCl. The centrifu-
gation and resuspension steps were repeated. The pellet
from the second centrifugation was resuspended in
0.85% NaCl to a standard final OD600 nm of 0.200.
A 20-pL aliquot of this bacterial suspension was used
as the inoculum into each 13 X 100 mm assay tube
containing 3 mL of SSM. The control tubes contained
3 mL SSM with no added metals. The treatment tubes
contained SSM with added metal chlorides (CdCl,,
HgCl,, ZnCl,). For cadmium and zinc, the experiments
were conducted at final concentrations of 0.125, 0.25,
0.50, and 1.00 mmol/L. Solutions were prepared the
day before inoculation of the assay tubes. The exper-
iments with these metals were conducted four times.
Mercury is highly toxic, and thus the concentrations
employed (0.003-0.20 pmol/L) were much lower than
the other metals. Replicate experiments using mercury
were conducted with an extensive series of concentra-
tions for the purpose of bracketing the transition to
conditions that reduced growth of PAO1 in SSM.

Growth (OD600) and the qualitative estimate of
pyoverdine production derived from the measure of
fluorescence, excitation at 405 nm (ex405) and emis-
sion at 450 nm (em450), were recorded at 8-h intervals
during a 64-h incubation period. The experiment was
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tion 405 nm, emission 450 nm/log OD600) as a function of
added metal. Pseudomonas aeruginosa was continuously ex-
posed to metals and sampled over time in standard succinate
medium. The mean slope with no added metal was 6.85.

designed so that there were replicate tubes for each
assay time point, and only a single growth and pyov-
erdine reading was taken from any one tube. Assay
tubes were not reused for successive readings. Lumi-
nometer measurements (ex405em450) were typically
obtained from a 1:1000 dilution, but ranging from di-
lutions of 1:100 to 1:10 000 depending on the level of
fluorescence present in a sample.

Samples from SSM medium, and SSM medium with
the high concentration of cadmium, were tested to de-
termine how much of the characteristic pyoverdine flu-
orescence was quenched by addition of iron. The pur-
pose was to estimate the proportion of residual fluo-
rescent signal that could not be attributable to pyov-
erdine present in samples. The method was to dilute
64-h postinoculation samples to ~1000 luminometer
units at ex405em450 and then add iron. Iron was added
to a final concentration of 1.0 mmol/L, which has been
shown in this study to quench almost all of the char-
acteristic fluorescent signal from semipurified pyov-
erdine.

Semipurification of pyoverdine and
metal quench tests

Pyoverdine was semipurified to determine if the met-
als we employed in assays quenched the fluorescent
signal used to estimate pyoverdine abundance. This
was accomplished in a manner similar to that described
in Meyer and Abdallah (1978). Overnight growth of
PAO1 was obtained as described for the metals assay.
Bacterial cells were pelleted, washed, and diluted to a
final OD600 of 0.200 in 0.85% NaCl. A 1.0-mL aliquot
of the overnight culture was used as the inoculum into
a 2-L Erlenmeyer flask containing 1.0 L of SSM. The
culture in this flask was incubated at 25°C with mod-
erate shaking for 72 h. Thereafter, the cells were pel-
leted by centrifugation at 127.5 X 10* m/s? for 10 min
at 25°C. The supernatant was retained and concentrated
by lyophilization. For lyophilization, 450 mL of culture
supernatant was used to shell-coat the inside of bottles
by rotation and freezing on the inside surface of a 1200-
mL lyophilization bottle using a dry ice-ethanol bath
applied to the exterior of the bottle. Bottles were at-
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tached to a vacuum source and the contents freeze dried
to a dry powder. The supernatant powder was resus-
pended in distilled water and solvent extracted as de-
scribed by Meyer and Abdallah (1978).

Iron is known to quench pyoverdine fluorescence
(Abdallah 1991). For the fluorescence quench assay,
semipurified pyoverdine was measured before and after
addition of different metals into solution. Semipurified
pyoverdine was standardized with distilled water to
~1000 luminometer units (ex405em450) before addi-
tion of the test metals.

Methyl viologen exposure

In order to test the hypothesis that pyoverdine pro-
duction is influenced by the presence of methyl viol-
ogen (paraquat), assays were conducted in which
growth and pyoverdine production were monitored
over time in SSM culture. Overnight cultures were
grown, washed, and standardized as described for the
metal assays. From a 100-mmol/L stock solution of
methyl viologen, dilutions were made into SSM to final
methyl viologen concentrations of 100 pmol/L and 500
pmol/L. Control tubes employed SSM without addition
of methyl viologen. The tubes with SSM were inocu-
lated with 20 pL of standardized overnight culture of
PAOI1, as described for the metals assay. It is known
that P. aeruginosa does not metabolize paraquat
(Brown et al. 1995), and presumably metabolism of the
compound does not play a role in these experiments.
These assays were repeated a total of four times. The
sampling intervals and total duration of incubation was
longer than employed in the metal assays, because pre-
liminary experiments indicated that it required longer
to reach a reasonably consistent level of pyoverdine
abundance.

REsuLTS
Metal assays

The effects of cadmium and zinc on pyoverdine pro-
duction are shown in Fig. 1. For each compound con-
centration, the average slope of the log of fluorescence
(ex405em450) divided by log OD600 (pyoverdine pro-
duction adjusted by growth) is presented for each con-
centration of a tested metal. The average slope for the
controls, SSM without added metal, is 6.85. To show
the effect of metals on the growth response, the average

TABLE 1. Mean slope of growth responses (log OD600) of
Pseudomonas aeruginosa continuously exposed to different
metals in standard succinate medium.

Concentration (mmol/L)

Metal 0.125 0.25 0.50 1.0
Cadmium 0.018 0.017 0.013 0.005
Iron 0.027 0.027 0.023 0.014
Zinc 0.019 0.019 0.020 0.015
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TABLE 2. Mean slope of the growth response and pyoverdine production by Pseudomonas aeruginosa exposed to mercury

concentrations in standard succinate medium for 64 h.

HgCl, concentration (pmol/L)

Measure 0 0.0031 0.0062  0.0125 0.025 0.050 0.100 0.200
Mean slope of growth (log OD600)  0.286 0.325 0.340 0.332 0.362 0.305 0.252 0.212
Mean slope of pyoverdine produc-
tion (log excitation 405 nm, emis-
sion 450 nm/log OD600) 0.108 0.143 0.127 0.126 0.148 0.124 0.087 0.068

slope of the log of OD600 measurements is presented
in Table 1.

In the present study, zinc did not have a substantial
effect on growth or pyoverdine production, but cad-
mium was observed to affect both. The linear fit of the
slope across a range of zinc concentrations is not sig-
nificantly different from a slope of zero (P = 0.3950,
df = 1). In contrast, cadmium acts to stimulate cell-
density-adjusted pyoverdine production. In the case of
cadmium, the linear fit of the slope of pyoverdine pro-
duction is significant (P < 0.0001, df = 1), as is the
fit to a quadratic slope (P = 0.0075, df = 1). The slope
produced by 0.5 mmol/L Cd is 140% greater than the
control and 1 mmol/L Cd is 300% greater than the
control. The two higher concentrations of Cd stimulate
pyoverdine production. This interpretation is supported
by the statistical analysis, and inspection of the data
suggests that the response is somewhat greater than
loglinear (Fig. 1). There is evidence that the higher
concentrations of cadmium are reducing the growth
response (Table 1). Cadmium stimulates production of
pyoverdine, but a question arises as to whether this is
a nonspecific effect common to growth-inhibited
(stressed) cells.

Table 2 presents the effect of mercury concentrations
on growth and pyoverdine abundance. The mean slope
values of log OD600 growth and log fluorescence at
ex405em450 divided by log OD600 (pyoverdine pro-
duction adjusted by growth) are shown for the 64-h
growth period for each mercury concentration. In the
concentration range from 0.003 to 0.05 pmol/L, the
effect of mercury relative to the control appears to be
a slight increase in growth and slight decrease of the
measure of cell-density-adjusted pyoverdine abun-
dance. The higher concentrations of mercury decrease
growth, as indicated by Table 2 and supported by the
fact that the 64-h OD600 was at least 10-fold lower in
the presence of the highest concentration of mercury
compared to control growth (data not shown). The mea-
sure of pyoverdine adjusted by cell density decreases
at higher mercury concentrations (Table 2). Conse-
quently, it is apparent that there is no universal asso-
ciation between stress (reduction of growth) and an
increase in pyoverdine production.

Metal quench tests

The quench effect of iron and other metals was tested
on semipure pyoverdine. At a final concentration of 1.0

mmol/L FeCl; the ex405em450 measure of semipure
pyoverdine was quenched 99.8%. At the same concen-
tration of iron using ex405em455, the fluorescence of
semipure pyoverdine was quenched 99.7%. At a final
concentration of 0.1 mmol/L FeCl, and e¢x405em450,
the fluorescence of semipure pyoverdine was quenched
96.9%. At the same concentration of iron using
ex405em455, the fluorescence of semipure pyoverdine
was quenched 97.3%. At 0.1 mmol/L final concentra-
tion of iron, mercury quenched fluorescence 7.5%, cad-
mium 2%, and zinc <0.5%. Given the concentrations
of mercury, cadmium, and zinc in solution after dilu-
tion of SSM cultures for fluorescence readings, it is
unlikely that the metals significantly quenched fluo-
rescence and thus impacted the measure of pyoverdine
abundance in the experimental treatments. Moreover,
there is no evidence that cadmium increases the fluo-
rescent signal as an explanation for the increase in
pyoverdine abundance when P. aeruginosa is exposed
to cadmium in SSM.

Samples (64 h postinoculation) from the medium
with the highest concentration of cadmium and control
SSM were tested to determine how much of the char-
acteristic pyoverdine fluorescence was quenched by ad-
dition of iron. At a final concentration of 1.0 mmol/L
FeCl; and fluorescence readings at ex405em450, con-
trol sample fluorescence was quenched 94.4% and the
fluorescence from the SSM with the highest concen-
tration of cadmium was quenched 95.6%. At the same
concentration of iron using ex405em455, control sam-
ple was quenched 88.4% and the fluorescence from the
SSM with the highest concentration of cadmium was
quenched 93.5%. Overall, the residual characteristic
fluorescence that cannot be quenched by the addition
of iron is small, suggesting that in this regard the mea-
sure of pyoverdine abundance is not subject to a bias
sufficient to change the interpretation of the results.
There is no indication that exposure to cadmium in-
creases the proportion of this residual fluorescence.

Methyl viologen assay

Fig. 2 presents the pyoverdine production response
of PAO1 cells to concentrations of methyl viologen.
The mean variates are standardized to the control val-
ues to emphasize the pattern of response as a summary
of four independent experiments. In each experiment,
there was a significant reduction in the OD600-adjusted
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fluorescence. The level of support for significant treat-
ment effects is P = 0.0004 (experiment 1), P = 0.0495
(experiment 2), P = 0.0001 (experiment 3), and P =
0.0039 (experiment 4). The data indicate that exposure
to methyl viologen reduces pyoverdine production by
PAOL1 in SSM. Two earlier experiments (Hamer 1997)
indicated that 100 pmol/L. methyl viologen reduced
fluorescence ~50% relative to controls, compared to
60% in the experiments shown in Fig. 2, and 500
pmol/L methy!l viologen reduced fluorescence by 65%,
compared to ~80% in the experiments shown in Fig.
2. From the earlier experiments it was observed that
plated cells taken from the last time point of 500
pmol/L methyl viologen cultures showed lower levels
of pyoverdine production than control PAO1 when re-
introduced into SSM aqueous medium (Hamer 1997).
This observation suggests that exposure of cells to
paraquat selects for genetic variants that produce less
pyoverdine. Strong selection is consistent with the re-
duction in cell density observed at early time points
after inoculation. The apparent temporal oscillatory
pattern of the treatment pyoverdine measurements pre-
sented in Fig. 2 are not a significant feature of the data,
given the standard errors of the 48- and 96-h time
points. Overall, the reduction of pyoverdine production
in response to oxidative stress is interpretable in terms
of an adaptive response that reduces the iron-mediated
potentiation of oxygen toxicity.

DIsCcUSSION

We are the first to document a stimulatory effect of
cadmium on pyoverdine production, and also the first
to document that exposure to methyl viologen can de-
crease siderophore production. In this discussion, we
argue that these effects may be general, and we predict
a negative synergistic effect of cadmium and paraquat
based on the effect of cadmium on the molecular mech-
anisms that control siderophore synthesis and iron po-
tentiation of oxidative stress.

Aspects of the mechanism of microbial control of
siderophore production may be highly conserved. First
described in Escherichia coli, siderophore synthesis is
negatively regulated by iron interaction with Fur a re-
pressor protein (Bagg and Neilands 1987). Specifically,
Fe(ID) is the ligand that interacts with Fur, which then
binds to an operator suppressing expression of sider-
ophore synthesis genes. Fur and fur gene homologs
have been characterized from P. aeruginosa (Prince et
al. 1991, 1993) and other taxa (Guerinot 1994). The
DNA sequences required for iron regulation may also
be conserved (Neilands 1995, Rombel et al. 1995).
Moreover, in E. coli, an enterobactin (siderophore) iron
complex is taken into the cell by a specific receptor
protein (Raymond 1994). Similarly, after pyoverdine
forms a complex with iron, membrane-bound receptors
participate in ferripyoverdine uptake (Meyer et al.
1990, Poole et al. 1993). In general, when iron is lim-
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ited, gram-negative bacteria produce multiple outer
membrane proteins as receptors which take up the fer-
risiderophore complex, perhaps in a conserved manner
by interaction with the TonB outer membrane protein
(Guerinot 1994). As a result of mechanism conserva-
tion, data on the effects of xenobiotics and other en-
vironmental stressors on siderophore production in P.
aeruginosa may extend to a range of microorganisms.

Various factors are known to influence siderophore
production in fluorescent pseudomonads. As summa-
rized by Meyer and Abdallah (1978), studies have
shown that the nature of the carbon source in culture
medium can influence production of pyoverdine-like
pigment production. For P. aeruginosa, succinate was
established as an optimal medium for production of
this class of compounds (King et al. 1948) and this is
likely to be a result of an iron requirement for the
enzyme succino-dehydrogenase (Stinzi and Meyer
1994). Iron plays a pivotal role in controlling pyov-
erdine production by P. aeruginosa (Totter and Mose-
ley 1953) and other microbes.

An additional layer of control of siderophore pro-
duction has been documented in fluorescent pseudo-
monad taxa including P. aeruginosa (Leong et al. 1991,
Cunliffe et al. 1995, Miyazaki et al. 1995). Totter and
Moseley (1953) presented evidence that penicillin, but
not streptomycin or chloromycetin, increased the pro-
duction of pyoverdine-like pigment production in P.
aeruginosa. Partially based on the work of Mergeay et
al. (1978), Hofte et al. (1989) suggested that modu-
lation of siderophore production was associated with a
general stress response in various pseudomonads in-
cluding P. aeruginosa. Antibiotics (ampicillin, tetra-
cycline, and gentamycin) and metals (zinc and nickel)
were implicated as stimulatory stressors. In contrast,
the effect of mercury in our study does not support the
hypothesis of increased pyoverdine production as a
general stress response.

In our study, cadmium was found to stimulate pyov-
erdine abundance but zinc had no effect. The earlier
assertion that cadmium inhibited pyoverdine produc-
tion was based on a description of an interaction with
cobalt resistance, but no data were presented to doc-
ument this assertion (Mergeay et al. 1978). Our work,
documenting a dose-dependent stimulation of pyov-
erdine abundance, supports the hypothesis that cad-
mium has a stimulating effect on pyoverdine produc-
tion. Work on E. coli suggests that our results are cor-
rect. Specifically, in E. coli it has been shown that
cadmium interacts with Fur protein thiols with high
avidity, but the liganded repressor has reduced affinity
for regulatory DNA sequences as determine by in vitro
footprinting assays (Coy and Neilands 1991).

We did not observe an effect of zinc on pyoverdine
production as might be expected by the results of Hofte
et al. (1993, 1994). The activation by zinc (Hofte et al.
1993) is associated with a site-specific recombinase
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gene (Hofte et al. 1994). Their studies investigated ac-
tivation of siderophore expression in the presence of
relatively high iron concentration, whereas our study
was an investigation of the possible stimulatory effect
of zinc when iron concentration is sufficiently low to
allow pyoverdine production. Noteworthy in this re-
gard is the data showing that 100 wmol/L (or less) of
zinc in low iron medium did not stimulate pyoverdine
production by P. aeruginosa PAO1 (Visca et al. 1992).
Alternatively, there may be differences between the
7NSK2 strain used by Hofte et al. (1993, 1994) and
PAOL1 used in our study and the work by Visca et al.
(1992). Finally, differential outcomes may be derived
from the use of plate assays (Hofte et al. 1993, 1994)
vs. the aqueous culture assays used in the present study.
In support of this possibility, a recombinase mutation
continued to synthesize pyoverdine in LB broth sup-
plemented with zinc, but not on an LB plate supple-
mented with zinc (Hofte et al. 1994).

Physiological measures can be used to detect and
integrate the biological impact of stress factors. In spite
of the intuitive appeal of physiological indicators, Bayne
et al. (1979) has noted that general measures such as
growth tend to obscure the identity of specific stress
factors. Pyoverdine production is a specific physiolog-
ical response that may provide some evidence about
the nature of the stressor. However, it is increasingly
apparent that the P. aeruginosa Fur regulatory system
is complex, involving an array of coordinately regu-
lated genes as well as various sigma factors and other
global regulators (Tardat and Touati 1993, Cunliffe et
al. 1995, Ochsner and Vasil 1996). Consequently, it is
not clear to what degree a pyoverdine response could
provide evidence about the specific identity of a stres-
SOr.

Iron potentiates oxygen toxicity, and virtually all or-
ganisms are expected to have evolved mechanisms for
the purpose of iron management (Kaplan and
O’Halloran 1996). Our study suggests that methyl viol-
ogen (paraquat) may act to suppress pyoverdine pro-
duction. During P. aeruginosa culture, the reduction
of oxygen in culture during stationary phase is asso-
ciated with a burst of pyoverdine production under low
iron conditions (Cox 1986) and an increase in potential
in the cell (Hassan and Moody 1987). Methyl viologen
is known to induce catalase and superoxide dismutase
activities, presumably as oxygen stress protection
mechanisms (Hassett et al. 1993, Brown et al. 1995).
Fur mutations can have altered catalase and superoxide
dismutase activities, and are defective in pyoverdine
synthesis (Hassett et al. 1996). The sensitivity of these
mutants to hydrogen peroxide and paraquat was greater
than wild-type, and the suggestion was made that re-
duction in pyoverdine synthesis could be a contributing
factor (Hassett et al. 1996). Perhaps in contrast, our
results indicate that reduced pyoverdine production
may be a consequence of exposure to paraquat, pre-
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sumably to reduce the amount of iron assimilation and
thereby reduce the potentiation of its toxic effects. Giv-
en the complexity of iron and oxygen regulation of
gene expression in pseudomonads (Tardat and Touati
1993), it is plausible that under some circumstances
pyoverdine expression could be decoupled from co-
ordinate upregulation with catalase and superoxide dis-
mutase activities.

The ecological consequences of maladaptive regu-
lation of siderophore production is significant because
iron management is a universal problem for organisms.
For example, constitutive siderophore expression in E.
coli results in increased sensitivity to near UV irradi-
ation (Hoerter et al. 1996). In general, DNA-damaging
oxygen radicals challenge the viability of microorgan-
isms (Linn and Imlay 1987, Arrage et al. 1993).

Our research suggests new opportunities for pre-
dicting ecotoxicological outcomes based on the inter-
action of xenobiotics with molecular mechanisms that
regulate key microbial processes. Specifically, based
on the results of this study we are able to propose a
hypothesis that relates pyoverdine production, cellular
iron accumulation, and oxygen toxicity. The hypothesis
could have general implications given the conserved
mechanisms underlying control of siderophore synthe-
sis. Importantly, we can make the detailed prediction
that the effect of cadmium in stimulating pyoverdine
production will predominate over the effect of paraquat
in reducing pyoverdine production when P. aeruginosa
is exposed simultaneously to both xenobiotics. In this
scenario, the stimulatory effect of cadmium would be
predominant because a diffusable factor, cadmium, is
expected to reduce the functional availability of the
Fur protein, which serves to repress gene expression
for pyoverdine synthesis. Consequently when both cad-
mium and methyl viologen are present, the cell is hy-
pothesized to take up an excess of iron by the vehicle
of pyoverdine overproduction under conditions of ox-
idative stress due to the presence of methyl viologen.
In this manner, the cell would amplify oxidative stress
because iron potentiates oxygen toxicity. In general,
we are arguing that a future avenue of ecotoxicological
research should be to conduct mechanism-driven stud-
ies of synergistic effects of xenobiotics, or other stres-
sors, based on fundamentally important features of mi-
crobial physiological processes.
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