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A study was undertaken to examine the effects of the heavy metals copper, lead, and zinc on biofilm and
planktonic Pseudomonas aeruginosa. A rotating-disk biofilm reactor was used to generate biofilm and free-
swimming cultures to test their relative levels of resistance to heavy metals. It was determined that biofilms
were anywhere from 2 to 600 times more resistant to heavy metal stress than free-swimming cells. When
planktonic cells at different stages of growth were examined, it was found that logarithmically growing cells
were more resistant to copper and lead stress than stationary-phase cells. However, biofilms were observed to
be more resistant to heavy metals than either stationary-phase or logarithmically growing planktonic cells.
Microscopy was used to evaluate the effect of copper stress on a mature P. aeruginosa biofilm. The exterior of
the biofilm was preferentially killed after exposure to elevated concentrations of copper, and the majority of
living cells were near the substratum. A potential explanation for this is that the extracellular polymeric
substances that encase a biofilm may be responsible for protecting cells from heavy metal stress by binding the
heavy metals and retarding their diffusion within the biofilm.

Heavy metals are ubiquitous and persistent environmental
pollutants that are introduced into the environment through
anthropogenic activities, such as mining and smelting, as well
as through other sources of industrial waste. In fact, over
one-half the superfund sites in the United States are contam-
inated with at least one heavy metal (www.atsdr.cdc.gov).
Heavy metals contaminate drinking water reservoirs and fresh-
water habitats and can alter macro- and microbiological com-
munities (18, 24). The known mechanisms of heavy metal tox-
icity include inducing oxidative stress and interfering with
protein folding and function (30).

Bacteria have developed a variety of resistance mechanisms
to counteract heavy metal stress. These mechanisms include
the formation and sequestration of heavy metals in complexes,
reduction of a metal to a less toxic species, and direct efflux of
a metal out of the cell (30–33). Pseudomonas aeruginosa is a
ubiquitous, environmentally important microbe that may em-
ploy many resistance mechanisms, such as the mer operon that
reduces toxic Hg2� to volatile Hg0, which then diffuses out of
the cell (33). However, in bacteria, efflux systems are a more
common resistance mechanism for dealing with heavy metals.
One such system is the cop system of Pseudomonas syringae,
which contains the structural genes copABCD and is homolo-
gous to the pco system in Escherichia coli. The copB and copD
genes are involved in the transport of copper across the mem-
brane, while the products of the copA and copC genes are
outer membrane proteins that bind Cu2� in the periplasm,
protecting the cell from copper (6, 36). Other types of efflux
systems simply pump toxic metal ions out of the cell; these
systems include the P-type ATPase cadA, which was first iden-
tified in Staphylococcus aureus and is found in other gram-

positive bacteria, that pumps out Cd2� and Zn2� by using a
phospho-aspartate intermediate (30, 32, 36).

The genetics and biochemistry of heavy metal resistance
mechanisms have been carefully studied in free-swimming or-
ganisms; however, many bacteria in the environment exist in
surface-attached communities called biofilms. Biofilm bacteria
are usually embedded in an extracellular polymeric substance
(EPS) matrix composed of polysaccharides, proteins, and nu-
cleic acids (11, 34, 38, 44, 47). A hallmark trait of biofilms is
increased resistance to antimicrobial agents compared to the
resistance of free-swimming organisms (7, 13). A proposed
mechanism that contributes to this increased resistance is bind-
ing and sequestration of antimicrobial agents by EPS compo-
nents, such as negatively charged phosphate, sulfate, and car-
boxylic acid groups (17). Another factor that may contribute to
the resistance of biofilms is that many antimicrobial agents
target metabolically active cells. Biofilms are subject to a wide
range of chemical gradients that result in decreased metabolic
activity within the depths of a biofilm. In a recent study, Spo-
ering and Lewis examined the relative effects of antimicrobial
agents on stationary- and logarithmic-phase cells of P. aerugi-
nosa and found that stationary-phase cells were more resistant
to a variety of different antimicrobial agents (37). In the same
study the researchers suggested that the resistance of biofilms
to antimicrobial agents can be primarily attributed to the sta-
tionary phase or slow growth and the presence of a small
resistant subpopulation of cells termed “persistors.”

Previous studies of biofilm and heavy metal interactions
have mainly focused on the sorption of heavy metals. Several
researchers have reported that biofilms are capable of remov-
ing heavy metal ions from bulk liquid (10, 16, 22, 25), and the
use of biofilms to remove heavy metals from wastewater has
been investigated (40, 45). Electron microscopy revealed that a
P. aeruginosa biofilm was capable of sequestering heavy metals
and that there was surface-associated precipitation of lantha-
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num by biofilm cells (23), while mercury-reducing Pseudomo-
nas putida biofilms were found to accumulate elemental mer-
cury on the exterior of the biofilms (41). Burkholderia cepacia
biofilms on hematite and alumina surfaces were found to pref-
erentially accumulate Pb2� at concentrations higher than 1
�M, implying that the chemical nature of the attachment sur-
face affects metal sequestration (39). Within a biofilm it has
been found that EPS, specifically the polysaccharide compo-
nents, binds heavy metals (5, 19–21, 27, 28).

In this study we sought to assess the effects of heavy metal
toxicity on biofilm and free-swimming P. aeruginosa. The rel-
ative toxicities of the heavy metals zinc, copper, and lead for
biofilm and free-swimming cells were examined. In addition,
we compared the relative susceptibilities of logarithmic- and
stationary-phase P. aeruginosa liquid cultures. Surprisingly,
logarithmically growing P. aeruginosa was found to be more
resistant than stationary-phase cells. However, biofilms were
found to be less susceptible than free-swimming cultures. Our
results also indicate that the exterior of a biofilm is preferen-
tially killed after heavy metal treatment, which suggests that a
biofilm is protected by sorption of heavy metals to the EPS
matrix.

MATERIALS AND METHODS

Bacterial strains and media. A wild-type laboratory strain of P. aeruginosa
(PAO1), derived from the laboratory of Barbara Iglewski, was used for this study.
A strain of PAO1 chromosomally tagged with the green fluorescent protein
(GFP) was used to facilitate microscopy (13). PAO1 was grown in a modified
version of minimal salts vitamin medium (MSV) at pH 6.5, which contained (per
liter) 1 g of (NH4)2SO4, 0.06 g of MgSO4 � 7H2O, 0.06 g of CaCl2, 0.02 g of
KH2PO4, 0.03 g of Na2HPO4 � 7H2O, 2.383 g of HEPES, 1 ml of 10 mM FeSO4,
and 1 ml of a trace vitamin solution. The trace vitamin solution contained (per
liter) 20 mg of biotin, 20 mg of folic acid, 50 mg of thiamine HCl, 50 mg of
D-(�)-calcium pantothenate, 1 mg of vitamin B12, 50 mg of riboflavin, 50 mg of
nicotinic acid, 100 mg of pyridoxine HCl, and 50 mg of p-aminobenzoic acid. For
the variant MSVP, pyruvate (5.45 � 10�2 M) was added as the carbon source,
and for the variant MSVG, glucose (5.55 � 10�3 M) was added as the carbon
source. MOPSO-buffered saline (MOPSO) contained (per liter) 3.5 g of MOPSO
(3-morpholino-2-hydroxypropanesulfonic acid) and 8.7 g of NaCl, and the pH
was adjusted to 7.1 with HCl. The metals used in this study were ZnSO4, CuSO4,
and Pb(NO3)2 (Sigma-Aldrich Co., St. Louis, Mo.). The antibiotic tobramycin
was obtained from Sigma-Aldrich.

MIC determination. For the MIC analysis we used a modified version of the
NCCLS protocol (29), which was designed to minimize metal precipitation. In a
96-well microtiter plate, P. aeruginosa was subjected to an array of heavy metal
concentrations in MSVP. The wells contained 100 �l of MSVP plus heavy metals
at concentrations ranging from 0.06 to 4 mM for Zn, from 0.03 to 2 mM for Cu,
and from 0.015 to 1 mM for Pb. Each well was inoculated with a 10-�l aliquot of
a PAO1 culture in the late exponential phase with an optical density at 600 nm
(OD600) of 0.3. Growth was monitored at OD600 every 2 h by using a microtiter
plate spectrophotometer (EL800 universal microplate reader; Bio-Tek Instru-
ments, Inc., Winooski, Vt.), and the MIC was determined after 56 h of growth at
37°C. Each experiment was performed in triplicate.

Rotating-disk biofilm reactor. The relative heavy metal toxicities for biofilms
and free-swimming P. aeruginosa were assayed by using a rotating-disk biofilm
reactor (13). The reactor contained 250 ml of MSVP, and it was inoculated with
an early-logarithmic-phase PAO1 culture and operated in batch mode for 24 h at
room temperature. The reactor was then switched to chemostat mode with a
dilution rate of 0.06 h�1 by using a peristaltic pump (Masterflex L/S; Cole-
Parmer Instrument Co., Vernon Hills, Ill.). A rotating disk containing 18 iden-
tical polycarbonate coupons was added to the reactor after 24 h, and a biofilm
was allowed to develop for another 24 h. Equal numbers of cells from biofilm and
free-swimming cultures, as measured by viable plate counting, were then re-
moved by taking an aliquot of the free-swimming culture from the reactor and
removing the biofilm coupons from the rotating disk. The biofilm coupons were
washed with MSVP or MOPSO-buffered saline to remove loosely attached cells.
The samples were exposed to heavy metals at concentrations ranging from 0.015

to 225 mM for Zn, Cu, or Pb in either MSVP or MOPSO-buffered saline for 5 h
at 37°C. After treatment, the samples were then placed in 900 �l of phosphate-
buffered saline (PBS) (if treatment occurred in MSVP) or in 900 �l of MOPSO-
buffered saline (if treatment occurred in MOPSO-buffered saline). The samples
were then sonicated for 10 min at 38.5 to 40.5 Hz (Aquasonic ultrasonic cleaner;
VWR Scientific Products, West Chester, Pa.) to remove the biofilm from the
coupons and were vortexed to resuspend the cells. Sonication had a negligible
effect on cell viability when viable plate counts were determined before and after
sonication of samples (data not shown). The samples were serially diluted, and
viable plate counting was performed. Biofilm and planktonic cell responses to
heavy metal stress were compared by determining minimum biocidal concentra-
tions (MBC). The MBC was the level of a heavy metal needed to completely kill
a population, as determined by viable plate counting.

Cupric electrode experiment. A cupric (Cu2�) electrode (Ion Plus; Thermo-
Orion, Beverly, Mass.) was used to assess the concentrations of free Cu in MSVP
and MOPSO-buffered saline. Cu(NO3)2 standards were prepared in distilled
water by serial dilution to obtain concentrations between 0.001 and 10 mM. A
standard curve was generated by determining the electrode potential with 20 ml
of each standard and 0.4 ml of 5 M NaNO3, which kept the ionic strength
constant for each standard. The concentration of free Cu in MSVP and MOPSO
was measured by adding 0.4 ml of 5 M NaNO3 to 20 ml of MOPSO or MSVP and
then incrementally adding aliquots of copper, measuring the electrode potential,
and relating this measurement to the free Cu concentration. Free Cu concen-
trations in P. aeruginosa cultures were measured by adding 0.5 ml of 5 M NaNO3

to 25 ml of a culture containing 0.03 mM added Cu and then measuring the
electrode potential.

Thermodynamic speciation prediction. The speciation software Mineql (43)
was used to model the speciation of Cu, Pb, and Zn in the different medium
variations and buffers. Additional stability constants for Cu, Pb, Zn, and pyruvic
acid were obtained from Martell and Smith (26). The theoretical speciation of
the heavy metals in MSVP and MOPSO was determined, as were the concen-
trations of free metals and the predicted metal-containing complexes and pre-
cipitates.

Assessing the relative susceptibilities of logarithmic- and stationary-phase
cells to metal stress. Batch cultures of PAO1 were grown in Erlenmeyer flasks
containing MSVG at 37°C. One-milliliter samples were taken during the loga-
rithmic and stationary phases at the proper culture OD600. Stationary-phase
samples were centrifuged at 12,000 � g for 5 min, washed, and resuspended in
MSV to an OD600 of 0.03. Logarithmic-phase samples were centrifuged at 12,000
� g for 5 min and washed, and the OD600 was adjusted to 0.03 in MSVG. Equal
numbers of stationary- and logarithmic-phase cells were then exposed to differ-
ent concentrations of Cu, Pb, Zn, and tobramycin for 5 h at 37°C. No measurable
growth occurred during incubation with the heavy metals and tobramycin, as the
incubation time was less than the doubling time (6 h) for PAO1 in MSVG at
37°C. Samples were sonicated for 10 min in 900 �l of PBS, vortexed, and serially
diluted in PBS, and viable plate counts were determined.

Flow cell biofilm culture system. PAO1 biofilms were grown in a once-through
continuous culture system (14) containing flow cells that were 40 by 4 by 1 mm
and had a glass coverslip substratum (Fisher Premium; Fisher Scientific,
Hanover Park, Ill.). The flow rate was maintained at 0.067 ml/min with a Watson
Marlow 205S peristaltic pump (Watson Marlow Ltd., Falmouth, England). Ini-
tially, biofilm development of PAO1 tagged with GFP was assayed in MSVP at
30°C over time. Biofilms were examined by scanning confocal laser microscopy
(SCLM) (Zeiss LSM 510; Carl Zeiss, Jena, Germany) by using a step size of
approximately 0.5 �m in the z direction.

PAO1 biofilms grown in the flow cell system with MSVP were allowed to
mature for 4 days at 30°C, at which point the biofilms were confluent. On day 4
of growth, biofilms were exposed to either 1 mM added Cu for 12 h or 64 mM
added Zn for 24 h. The biofilms were stained by stopping the flow and injecting
0.3 ml of a stain composed of 0.01 �M SYTO9 and 0.03 �M propidium iodide
(LIVE/DEAD BacLight viability stain; Molecular Probes Inc., Eugene, Oreg.).
The biofilms were stained for 15 min in the dark. The biofilms were then
examined by using SCLM.

Modification of COMSTAT to analyze LIVE/DEAD images. The image anal-
ysis program COMSTAT (14) was modified to include a subroutine capable of
analyzing images stained with the LIVE/DEAD BacLight viability stain. This
subroutine recognizes the relative biomass that fluoresces green (live) and red
(dead) at levels above a user-defined threshold value and reports the percentage
of biomass that is alive and the percentage of biomass that is dead in each slice
in a stack of images. The areas of the biomass fluorescing green and red repre-
sented the relative amounts of living and dead biomass in a biofilm.
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RESULTS

Planktonic growth curves. MSVP was selected from a vari-
ety of minimal growth media based on the fact that it mini-
mized complexation and precipitation of heavy metals. In par-
ticular, special care was taken to minimize the concentration of
phosphates in MSVP. The growth of PAO1 in liquid culture in
the presence of increasing concentrations of heavy metals was
analyzed. As the added concentration of heavy metal in-
creased, the growth of cultures decreased. At added Cu con-
centrations below the MIC (2 mM), growth was observed (Fig.
1A). However, a significant lag phase was observed when cop-
per was present. The duration of the lag phase increased as the
copper concentration increased. No significant lag phase was
observed for lead; in fact, there appeared to be a critical
threshold concentration, 0.125 mM, below which there was
growth similar to that of the no-lead control and above which
there was no growth (Fig. 1B). PAO1 was found to be suscep-
tible to the heavy metals in the following order: Zn � Cu � Pb
(Table 1).

Relative levels of resistance of free-swimming bacteria and
biofilms to heavy metal stress. A rotating-disk reactor was
used to grow biofilm and free-swimming cultures of PAO1 in
order to compare their susceptibilities to heavy metal stress.
Biofilm P. aeruginosa cells were found to be more resistant
than free-swimming cells when they were assayed in the growth

medium MSVP (MBCs) (Table 1). However, at elevated Cu
and Zn concentrations, precipitation interfered with the ability
to determine the MBCs of biofilm cultures.

To further minimize precipitation, the heavy metal treat-
ment was conducted in MOPSO-buffered saline (pH 7.1). Ex-
periments with a Cu-specific electrode revealed that MOPSO-
buffered saline formed fewer complexes and precipitates with
heavy metals than MSVP, resulting in higher levels of Cu for
similar added total Cu concentrations (Fig. 2). At low concen-
trations of added Cu, the free Cu concentration in MSVP
changed very little until 1.5 mM, at which point the concen-
tration began to increase linearly. In MOPSO, increases in the
added Cu concentration from 0.125 to 4 mM resulted in linear
increases in the free Cu concentration; however, there was still
significant complexation of Cu (Fig. 2 and Table 2). A direct
comparison of the free Cu concentrations in MOPSO and
MSVP was conducted by using a cupric electrode and the
speciation program Mineql. The predicted and measured free
copper concentrations for MOPSO were about 1 � 10�6 to 6
� 10�6 M (Table 2). For MSVP the predicted concentration of
free Cu was 2.25 � 10�6 M, and the measured concentration
was 4.61 � 10�7 M. This discrepancy may have been due to
complexation occurring with other components in MSVP not
accounted for in the model. The Mineql software predicted the
following complexation states of Cu in MOPSO: CuCl�,
CuOH�, and Cu(OH)2(s). The complexes predicted to form in
MSVP were primarily copper-pyruvate complexes, CuSO4, and
CuHPO4 (Table 2). The concentrations of free Cu in cultures

FIG. 1. Planktonic PAO1 growth in MSVP at 37°C. (A) Growth in
the presence of Cu. Symbols: ‚, no added Cu; }, 0.06 mM added Cu;
E, 1 mM added Cu; F, 2 mM added Cu. (B) Growth in the presence
of Pb. Symbols: ‚, no added Pb; }, 0.03 mM added Pb; E, 0.125 mM
added Pb.

FIG. 2. Concentrations of free Cu in MSVP and MOPSO-buffered
saline. Free Cu concentrations were measured with a Cu-specific elec-
trode. A standard curve was prepared with known Cu concentrations
ranging from 0.001 to 10 mM by relating the electrode potential to the
concentration of free cationic Cu. Symbols: F, Cu concentration in
MOPSO-buffered saline; E, Cu concentration in MSVP.

TABLE 1. MICs and MBCs of heavy metalsa

Cells Medium
MIC (mM) of: MBC (mM) of:

Cu Zn Pb Cu Zn Pb

Planktonic 2 8 0.125
Planktonic MSVP 0.125 �64 0.3

MOPSO 0.01 2 0.25
Biofilm MSVP �6 �64 0.8

MOPSO 6 �64 �0.4

a MICs were determined after 56 h, and MBCs were determined after 5 h by
using the rotating-disk reactor.
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of P. aeruginosa grown in MSVP did not change over time as
the pyruvate was consumed (data not shown).

Heavy metal treatment of biofilm and free-swimming cul-
tures in MOPSO also revealed the general trend that a P.
aeruginosa biofilm was more resistant to Cu, Pb, and Zn than
free-swimming cells (Table 1). With Cu treatment in MOPSO,
the MBC of Cu for a PAO1 biofilm was 6 mM, while for the
free-swimming cells it was only 0.01 mM (Fig. 3). These con-
centrations are lower than the MBCs in MSVP, in which the
MBC of Cu for a PAO1 biofilm was �6 mM, while for the
free-swimming cells it was 0.125 mM (Table 1).

Comparative levels of heavy metal resistance of stationary-
and logarithmic-phase populations. In order to compare the
relative levels of resistance of PAO1 at different points in the
growth curve, cells were grown in MSVG planktonically and
harvested at different times. Logarithmic-phase cells were ex-
posed to heavy metals for 5 h in MSVG to ensure that the cells
remained in the logarithmic phase, while treatment of station-
ary-phase cells was performed in MSV without a carbon source
to ensure that the cells remained in the stationary phase. To-
bramycin, an antibiotic that targets metabolically active cells,
was used as a control. MSVG and MSV were used because
Cu-specific electrode studies and Mineql modeling showed
that the free Cu concentrations in MSV and MSVG were
similar, in contrast to the wide disparity in free Cu concentra-

tions between MSVP and MSV due to the predicted complex-
ation of metals with pyruvate (data not shown). As previously
reported (37), stationary-phase cells exposed to tobramycin
were less susceptible to tobramycin than logarithmically grown
cells (Fig. 4A). However, the opposite trend was observed for
cells exposed to copper; logarithmically grown cells were re-
sistant to higher concentrations of added copper than station-
ary-phase PAO1 cells (Fig. 4B). Logarithmically grown cells
were also more resistant to lead than stationary-phase cells
(data not shown). Zinc-treated stationary-phase cells appeared
to be more resistant to zinc than logarithmically grown cells
(data not shown); however, this was difficult to evaluate due to
complexation and precipitation.

PAO1 biofilm development in MSVP. Biofilm development
in the minimal medium MSVP was investigated over time by

FIG. 3. MBCs for biofilm and free-swimming PAO1 cells in re-
sponse to copper treatment in MOPSO-buffered saline. Biofilm and
free-swimming cultures were grown in MSVP at room temperature by
using the rotating-disk biofilm reactor. Samples of biofilm and free-
swimming cells were harvested and then subjected to a range of Cu
concentrations in MOPSO-buffered saline at 37°C for 5 h. Symbols: F,
biofilm; E, free-swimming cells.

FIG. 4. Viability of stationary-phase and logarithmically grown
cells subjected to tobramycin stress (A) and copper stress (B). Plank-
tonic cultures were grown at 37°C, and then aliquots were harvested at
the logarithmic and stationary phases. Stationary-phase cultures were
treated in MSV without a carbon source for 5 h at 37°C, while loga-
rithmic-phase cells were treated in MSVG. In panel A the stationary-
phase and logarithmically grown cell points overlap at 2.5 and 3 �g of
tobramycin per ml. Symbols: F, logarithmic-phase cells; E, stationary-
phase cells.

TABLE 2. Complexation of Cu in solutions containing
0.125 mM added Cua

Culture
medium

Measured Cu
(M)

Predicted Cu
(M)

Predicted
complexation states

MSVP 4.61 � 10�7 2.25 � 10�6 CuSO4, CuHPO4, Cu-pyru-
vate�, Cu-(pyruvate)2

MOPSO 6 � 10�6 1.3 � 10�6 CuCl�, CuOH, CuOH2
�,(s)

a Free Cu concentrations were measured with a cupric electrode. Predicted
concentrations of Cu were determined by using the speciation program Mineql.

2316 TEITZEL AND PARSEK APPL. ENVIRON. MICROBIOL.



using a once-through continuous flow cell system (14). PAO1
tagged with GFP was used in order to visualize biofilm cells
with SCLM. During the first day a monolayer of sparsely at-
tached bacteria was seen, and by the second day there was
more complete surface coverage (Fig. 5A). By the second day,
the average biofilm thickness was 3.57 �m (Fig. 5B). By day 5,
the biofilm had become densely packed and had an average
depth of 5.26 �m (Fig. 5C and D). Although the biofilm on day
5 did contain a few clusters, it was primarily flat and had no
structure.

Copper treatment of a PAO1 biofilm. Nonfluorescent PAO1
was grown to obtain mature biofilms (4 days) by using the flow
cell system. As expected, the appearance of these biofilms was
similar to the appearance of the GFP-tagged PAO1 biofilm.
The biofilms were then subjected to treatment with 1 mM
copper added to the growth medium. After 12 h, the biofilms
were exposed to the LIVE/DEAD BacLight viability stain.
After staining, the biofilms were viewed with SCLM. The ma-
jority of cells in the untreated control biofilms were alive (Fig.
6A and B). For Cu-treated biofilms, there was an outer layer of
cells that were primarily dead, with some living cells towards

the substratum (Fig. 6D and E). This trend was also observed
in cell clusters; cells at the exterior were dead, and cells buried
in the depths of the biofilms were primarily alive. A similar
trend for the distribution of live and dead cells was observed in
a zinc-treated biofilm (data not shown).

COMSTAT evaluation of the biofilms verified the qualita-
tive examination of the treated and untreated biofilms. Each
biofilm image stack was divided into fifths, and the relative live
and dead biomass was estimated for each fraction of the bio-
film to normalize for varying thickness of separate image
stacks. The outer layers of the copper-treated biofilms had
increased percentages of dead biomass (99.2% for the outer-
most layer), and there were fewer dead cells in the interior
(19.6%), while in untreated biofilms there were small percent-
ages of dead cells throughout the biofilm (between 1.0 and
5.1%) (Fig. 6C and F). The difference between the top layers
of the treated and untreated biofilms was found to be signifi-
cant (P � 0.01), as was the difference between the top layer
and the interior of the copper-treated biofilms (P � 0.01).

DISCUSSION

There has been significant effort directed towards under-
standing the biochemistry of heavy metal resistance mecha-
nisms of free-swimming bacteria. However, little is known
about biofilm communities and their ability to withstand heavy
metals. In this study we focused on P. aeruginosa, a paradigm
organism for studying biofilms, and examined its ability to
withstand heavy metal stress in both liquid and biofilm cul-
tures.

In this study we assayed heavy metal susceptibility in two
ways: inhibition of growth (MIC) and toxicity (MBC). We
found that free-swimming P. aeruginosa cells were susceptible
to the heavy metals tested in the following order of suscepti-
bility: Zn2� � Cu2� � Pb2�. The measured MICs of lead and
zinc were lower than those previously reported for P. aeru-
ginosa (24 to 48 mM for Zn and 15 mM for Pb) (8). The
discrepancy between previously reported values and the values
obtained in this study is most likely due to the complex rich
growth medium (Mueller-Hinton broth) used by de Vicente et
al. (8), which probably resulted in a high level of complexation
between the metal cations and components of the growth me-
dium. Our values were closer to those of Bender and Cooksey,
who reported a MIC of CuSO4 of 100 �M for P. syringae (2).
With both zinc and copper, P. aeruginosa exhibited increasing
lags in growth after exposure to increasing concentrations of
the heavy metals (Fig. 1A). This observation appeared to be
due to selection for copper-resistant phenotypes. Cells trans-
ferred from cultures growing in the presence of 0.06 mM cop-
per (Fig. 1A) to a new growth medium with the same concen-
tration of copper exhibited no lag in growth. However, when
this experiment was repeated by first transferring Cu-exposed
cells to solid growth medium without Cu before samples were
subcultured in liquid growth medium containing 0.06 mM Cu,
the samples exhibited a lag in growth, as previously described
(data not shown). This observation suggests that P. aeruginosa
adopts a Cu-resistant phenotype. This trend was not observed
in the case of lead, with which growth was not observed at
concentrations greater than a specific threshold concentration
(Fig. 1B).

FIG. 5. Development of a PAO1 biofilm in MSVP at 30°C. (A and
B) Micrographs taken after 2 days of growth. (A) Top down view;
(B) saggital view with the substratum to the left. (C and D) Micro-
graphs taken after 5 days of growth. (C) Top down view; (D) saggital
view with the substratum to the left. The micrographs were taken with
the SCLM by using a magnification of �630.
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An analysis of the MBC data revealed a slightly different
trend than was observed with the MIC data, with toxicity in-
creasing in the order Zn � Pb � Cu. The added heavy metal
concentrations required for toxicity were all higher when they
were measured in MSVP than when they were measured in
MOPSO-buffered saline (Table 1). Presumably, this was due to
complexation between the heavy metals and pyruvate in
MSVP. While using MOPSO-buffered saline ameliorated
some of the complexation problems that we had in assessing
MBCs, we still had problems working with zinc since P. aerugi-
nosa was resistant to high concentrations, including those at
which visible precipitates were formed. In general, the amount
of added metal required to kill the cells was greater than the
amount required to inhibit growth. This was not observed in
the case of copper. The amount of CuSO4 required to kill P.
aeruginosa was significantly less than the amount required to
inhibit growth. This might be explained by the nature of the
MIC and MBC assays, which used different exposure times as
well as different initial loads of cells.

The Cu-specific electrode data (Fig. 2) highlight the impor-

tance of the aqueous chemical environment in dictating the
amount of free cation observed in solution. The low measured
values for the free copper concentration relative to the added
copper concentration were most likely due to complexation of
the metal cation with components of the aqueous environment.
A question that remains is the toxicity of free copper relative to
the toxicity of copper in its major complexed states. A com-
parison of the MSVP and MOPSO data (Table 1 and Fig. 2)
suggests that free metal cations may be the most toxic form.
The MOPSO data showed that there was a direct relationship
between the added copper concentration and the measured
free copper concentration (Fig. 2). However, in MSVP, an
initial plateau in the free copper level was observed until the
added Cu concentration was approximately 1 mM, after which
there appeared to be a linear relationship between the added
and measured free copper concentrations. The initial plateau
for the measured free copper concentration was probably due
to complexation of copper ions with the pyruvate present in the
growth medium. Indeed, the thermodynamics of the system as
predicted by the Mineql software estimated that pyruvate-

FIG. 6. Cu-treated and untreated PAO1 biofilms grown in MSVP at 30°C. (A and B) Micrographs of an untreated biofilm. (A) Top down view;
(B) saggital view with the substratum to the left. (D and E) Micrographs of a biofilm treated with 1 mM added Cu for 12 h. (D) Top down view;
(E) saggital view with the substratum to the left. Dead cells were stained red with propidium iodide, while live cells were stained green with SYTO9
by using the BacLight LIVE/DEAD viability stain. The micrographs were taken with the SCLM by using a magnification of �630. (C and F)
Quantification of live and dead biomasses as determined by using COMSTAT to estimate the percentage of dead cells as a function of the total
biomass within an untreated biofilm (C) and a biofilm treated with 1 mM added copper for 12 h (F). The substratum layer is indicated by s.
Averages were calculated for 9 to 12 confocal image stacks for each condition and divided into fifths to normalize for variation in the image stack
size. The average depth of the biofilms was 10 �m.
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metal cation interactions should be a predominate complex-
ation state for heavy metals in MSVP (Table 2). However, the
free Cu concentrations in planktonic cultures grown in MSVP
did not change significantly during growth as P. aeruginosa
consumed pyruvate (data not shown).

The concentrations of added heavy metals used in this study
do exceed many reported values for the total metal concentra-
tions at contaminated sites (3, 9, 42). However, the amounts of
a free ion and the different complexes that it forms are poorly
understood in environmental systems. Understanding the tox-
icity of free metal ion in relation to the complexes that it forms
and the relative concentrations of these species in natural and
experimental systems is crucial.

The MBCs of free-swimming and biofilm cultures were com-
pared by exposing equal numbers of cells to various heavy
metal concentrations, using a rotating-disk reactor (13, 46).
Biofilm cells were found to be more resistant than an equal
number of free-swimming cells. The degree of increased resis-
tance varied depending on the heavy metal. There was an
approximately twofold increase in the resistance of lead-
treated biofilms compared to the resistance of free-swimming
cells in MOPSO, and there was an estimated 600-fold increase
in resistance for copper-treated biofilms compared to the re-
sistance of free-swimming cells (Table 1 and Fig. 3). These
data are not surprising since P. aeruginosa biofilms have been
reported to be more resistant to a variety of antimicrobial
stresses than free-swimming cells (7, 13). Persistor cells, as
described by Lewis et al. (4, 37), were observed in biofilms in
which less than 1% of the original population was extremely
difficult to kill with elevated concentrations of heavy metals.

The fact that stationary-phase bacteria are more resistant to
antibiotics that target actively growing cells than logarithmi-
cally growing cells has been known for some time (12, 37). We
compared the relative levels of resistance of equal numbers of
logarithmically growing cells and stationary-phase cells to
heavy metals at a variety of concentrations. The comparison
was done by exposing the organisms for 5 h in MSV containing
glucose (logarithmic culture) and in MSV lacking glucose (sta-
tionary-phase culture). Glucose was used instead of pyruvate
to minimize complexation between the heavy metal cations
and the carbon source in order to ensure that the cells in each
medium (MSV and MSVG) were exposed to the same level of
free metal cation. The doubling time of P. aeruginosa in the
growth medium is 6 h, so viability was assayed after 5 h of
exposure. In the case of copper or lead, logarithmically grow-
ing cells were found to be significantly more resistant than
stationary-phase cells (Fig. 4B).

Our data suggest that slow growth is not a heavy metal
resistance mechanism for P. aeruginosa. However, comparing
the data generated by Spoering and Lewis (37) to our results is
difficult since different biofilm culture systems were used and
the initial numbers of bacteria subjected to treatment were not
normalized. One possible explanation for why logarithmic-
phase cells were observed to be more resistant than stationary-
phase cells is that active heavy metal efflux mechanisms often
require ATP, which is more abundant in actively growing cells.
Interestingly, biofilms were more resistant than logarithmically
growing cells, suggesting that distinct resistance mechanisms
are employed by planktonic and biofilm populations for heavy
metal resistance.

Development of P. aeruginosa biofilms was monitored by
using flow cell technology in the MSVP growth medium (Fig.
5). This analysis showed that biofilms developed slowly and
exhibited little structural heterogeneity. Viability staining was
employed to visualize the spatial distribution of living and dead
cells in heavy metal-treated biofilms (Fig. 6). In untreated
biofilms, small numbers of dead cells were spread throughout
the biofilms (Fig. 6A to C). However, in copper-treated bio-
films there was a layer of dead cells at the exterior of each
biofilm, and towards the substratum there were increasing
numbers of live cells (Fig. 6D to F). A possible explanation of
this finding is that cells at the biofilm-bulk liquid interface are
exposed to the highest levels of heavy metal. This observation
is also consistent with other studies indicating that penetration
of certain antibiotics and Zn is retarded in biofilms (1, 15, 35).
Presumably, most of the actively growing cells in a biofilm are
located at the biofilm-bulk liquid interface, which should be
the most resistant region of the biofilm, as predicted by the
results shown in Fig. 4B. The data reinforce the idea that
biofilms have a heavy metal resistance mechanism distinct
from that of planktonically growing cells. One potential mech-
anism is complexation or sequestration of divalent metal cat-
ions by the EPS and cells at the biofilm-bulk liquid interface.
EPS and polysaccharides isolated from EPS have been re-
ported previously to bind heavy metals (19, 21, 27), in partic-
ular Cu (5, 20, 28). Complexation of heavy metals may result in
a gradient in the biofilm, with the highest concentration at the
periphery and the lowest concentration near the substratum.
The distribution of dead cells in the copper-treated biofilm
supports this explanation (Fig. 6D to F). However, it is not
clear that the metal concentration within the biofilm had
reached equilibrium in this system at the time that viability was
assayed (12 h). A similar distribution of live and dead cells was
seen at 24 h (data not shown); however, a more systematic
analysis would have been necessary to determine when equi-
librium was reached in the system.

Our findings suggest that biofilm and planktonic populations
have distinct heavy metal resistance mechanisms. Understand-
ing these mechanisms is important for understanding the mi-
crobial ecology of heavy metal-affected environments, as well
as the basis of biofilm resistance to antimicrobial agents in
general. In future work we will examine and compare the
molecular components that contribute to heavy metal resis-
tance in biofilm and planktonic populations.
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