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Abstract
It is often reported that biofilm-grown cells exhibit enhanced tolerance toward adverse environmental stress
conditions, and thus there has been a growing interest in recent years to use biofilms for biotechnological
applications such as the uptake of heavy metal. We present in this study the promising application of Pseudomonas
biofilms in heavy metal uptake. The main objective of this study is to investigate if these isolates can withstand
metal toxicity, and concomitantly to evaluate the interaction between heavy metals and biofilm formation. Compared
to control experiments, all Strains were found to produce a greasy-looking biofilm which varied in thickness from
an ‘almost invisible film’ to a paper-thick structure depending on the presence of zinc and lead, they exhibited an
important biofilm mass. These findings underline the robustness of biofilms under stress conditions and its potential
to maintain a favorable niche in stressful environments with increased heavy metal concentrations. Statistically,
the biofilms formation seems to be more correlated to the antibiotics resistance (r=0.73; P<0.05) than the heavy
metals resistance (r=0.31; P<0.05). Surprisingly, stationary-phase growing was found to be more resistant than
logarithmically growing. There is no direct evidence that links metal resistance in biofilms according to the statistical
analysis.
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Introduction
Bioremediation is an emerging in situ technology for the cleanup of environmental pollutants using microorganisms. The biological
processes for treating toxic effluents are better than chemical and
physical methods in terms of their efficiency and economy and the
potential of biofilm communities for bioremediation processes has
recently been realized [1].
Due to their extremely toxic nature even at trace concentrations
and their non-biodegradability unlike organic pollutants, heavy
metals are a persistent threat to our life and environment. Metal
contamination has been linked to birth defects, cancer, skin lesions,
mental and physical retardation, learning disabilities, liver and kidney
damage, and a host of other diseases [2]. Heavy metals are the primary
inorganic contaminants, which include cadmium, chromium, copper,
lead, mercury, nickel and zinc etc. Heavy metal bioremediation can
be achieved by immobilization, concentration and partitioning to an
environmental compartment, thereby minimizing the anticipated
hazards [3,4]. In White and Gadd [5] study by a simultaneous increase
in the EPS content of the biofilm was also observed, which suggested
the role of EPS and biofilms in the entrapment of metal precipitates.
Biofilms can also affect the fate of other compounds in their vicinity as
a consequence of their physiological response during the absorption of
water and inorganic or organic solutes [6].
Therefore, the application of heavy metal solubilizing
microorganisms is a promising approach for increasing heavy metal
bioavailability in heavy metal amended soils. In addition, bacteria
producing indole acetic acid, siderophores and 1-aminocyclopropane1-carbox-ylate deaminase and phosphate-solubilizing bacteria are
capable of stimulating plant growth [7]. Generally, PGPR function
in three different ways [8], synthesizing particular compounds for
the plants, lessening or preventing the plants from diseases [9] and
facilitating the uptake of certain nutrients from the environment [10].
In this context this study is undertaken, the feasibility of using a PGPR
Pseudomonas, for the removal of heavy metals from a contaminated
soil and sediments was evaluated by several scientific reports. This
study deals with the use of PGPR Pseudomonas for the metals and
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antibiotics resistance combined with the formation of biofilm. It also
discusses the importance of this microbial community in increasing
the efficiency of the process of metal resistance.

Materials and Methods
Organism and culture maintenance
The bacterial strains used in this study were: Pseudomonas
aeruginosa (P8) isolated from waste water and three PGPR strains
of P. fluorescens (P4, P9, P10) from different rhizospheres with
PGPR traits like synthesis of amino-cyclopropane carboxylic acid
(ACC) deaminase, siderophores, indole-3-acetic acid (IAA) and PO4
solubilzation. Stock cultures were stored at 80°C in Trypticase soy
broth and 15% glycerol. Tests conducted for their identification have
been based on physiological, nutritional tests [11] and by the use of the
analytical Profile Index (API 20NE; bio Merieux Vitek). Prior to each
experiment, a loopful of culture was grown in 10 ml of LB medium with
incubation at 28 ± 2°C for 24 h.

Extracellular enzyme activity assays
Activities of extracellular enzymes of the strains were evaluated by
the inoculation of 50 µl of cell-free, sterile-filtered supernatants from
the stationary phase LB cultures (24 h, 37°C, 200 rpm) in holes (0.8
cm in diameter) stamped into substrate agar plates. The plates were
incubated for 48 h at 37°C unless stated otherwise. Diameters of clear
or turbid halos around the inoculate indicated a positive reaction.
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Hemolytic activities were determined on LB agar supplemented
with 5% sterile-filtered sheep blood. Protease activities were tested on
5% (w/v) skim milk agar plates. Clear zones around the inoculation hole
indicated the production of hemolysins and proteases, respectively.
For the estimation of phospholipases A and C activities, a clear halo
after 24 h of incubation indicated phospholipase A activity, a white
precipitate around the inoculum indicated phospholipase C activity.
For biosurfactant production the drop collapsing and lipase test [12]
was used as a qualitative test.

Screening for heavy metal resistance activity
Screening for heavy metal resistance was carried out using standard
heavy metal solutions of Zinc (ZnSO47H2O) and lead (Pb (NO3) added
to SLP agar medium as described by Sheng et al. [13]. The concentration
of the standard heavy metal salts solutions was ranged 100 µL, 200 µL
and 300 µL. The salt solutions were prepared with phosphate buffer
saline PBS (pH 6.8).

Screening for antibiotic resistance
Antibiotic resistance was tested using LB agar containing
Chloramphenicol (C30) (20 mg/ml), streptomycin (S10) (20 mg/ml),
Ampicillin (AMP 10) (100 mg/ml) and Nalidixique acid (NA30) (20
mg/ml) which were added aseptically to the medium after autoclaving.
All the antibiotics used in resistance tests were supplied from oxoid.
Cultures were incubated at 30°C for 48 h.

Biofilm development analysis
Pseudomonas cells were harvested by centrifugation (9000 g,
10 min), washed twice with sterile water, and then resuspended in
phosphate-buffered saline (PBS) to a OD580nm of 0,4 (~2.108 bacteria/
ml) for biofilm assay. The amount of surface-attached biofilm was
determined by using a modified crystal violet method O’Toole and
Kolter [14]. The bacterial suspensions were added to individual wells
(0.2 ml) in tissue culture microtiter plates and incubated up to 72 h at
30°C. After incubation the biofilms were stained with 0.35% filtered
crystal violet. Acetic acid (30% [vol/vol]) was added to each well, and
absorbance was measured at 590 nm using a Magellan reader with a
Tecan absorbance. Isolates were classified as biofilm producers if OD590
was >0.200 and further classified as strong, moderate, weak, or zero
biofilm formers based on their final OD590 reading [15].

Statistics
The statistical processing of the data obtained from all studies was
implemented by means of dispersion analysis with the STATISTICA
7 software. Data are expressed as means ± standard deviation (SD).
Statistical analysis was performed with an analysis of variance
(ANOVA) and correlations, a difference was considered statistically
significant when p ≤ 0.05.

Results
Surfactant production
Extracellular enzyme activity assays for the isolates exhibited
similar characteristics, with a few noticeable exceptions for hemolytic
activity, P. fluorescens strains (S4 and S9) were β-hemolytic, however
P. aeruginosa (S8) and P. fluorescens (S10) were found α -hemolysin
positive. They were positive for lecithinase, esterase and phospholipase
C activity.
The selected strains were screened for production of surface active
molecules. In the drop collapsing test a flat drop was observed around
J Bioremediat Biodegrad, an open access journal
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colonies for each isolates, with an important aspect for P. aeruginosa
(S8) and P. fluorescens (S9) indicating a biosurfactant activity.
Furthermore, the presence of lipase confirmed that these isolates are
potential producers of surface active molecules.

Heavy metal resistance
The isolates exhibited different multiple heavy metal resistance
characteristics as described in Figures 1 and 2. The P. fluorescens strains
(S4) seems to tolerate more PbNO3 than ZnSO4 with a R2 of 0.911 and
0.882 respectively. Eventually, P. aeruginosa strains (S8) was found to
be completely resistant towards the tested metals with a R2 of 0.686 and
0.881.
It is interesting to point out that P. fluorescens (S10) showed the
best resistance towards Zn (R²=0.991) more than Pb (R²=0.760),
despite the fact that P. fluorescens strains (S9) had recorded a R²=0.899
and R²=0.851 for PbNO3 and ZnSO4 respectively.
Statistically, it appears that there is a relationship between the
metal resistances in function of time for each isolate. Even though
the correlations obtained in the present study are not statistically
significant, this disparity can be attributed to different intrinsic and
extrinsic factors as signaled by Harrison et al. [16]. There is now some
recognition that antibiotic-resistant bacteria can be maintained in the
environment owing to co- or cross-resistance to toxic metals or the coregulation of resistance pathways.
Harrison et al. [16] suggested that both antibiotics and toxic metal
species kill biofilm populations in a time- and concentration-dependent
manner. This is observed as biphasic population killing, in which most
of the growing population is rapidly killed by a low concentration of
the antimicrobial. However, a larger portion of the biofilm population
is able to withstand these lethal factors for exposure durations and at
concentrations that exceed that which is lethal to the corresponding
planktonic form, Harrison et al. [17] signaled that the concentrationdependent killing of microbial populations is exemplified by a plateau
in the activity of the antimicrobial.
In accordance of the model described by Harrison et al. [16] about
understanding biofilms strategy during exposure to toxic stressors, the
kinetic of PbNO3 and ZnSO4 solubilization seems to be related to the
bacterial growth, especially for the latent period where a significant
solubilization was recorded for S4 (p=0.029) from T1 to T2, for S9
(p=0.03T1-T2) and for S10 (p=0.018T1-T2; p=0.52T3-T4 p=0.031). According
to Gilbert et al. [18] the stationary-phase bacteria are more resistant
to antibiotics that target actively growing cells than logarithmically
growing cells has been known for some time. However, and in contrast
to our results with comparing the data generated by Spoering and
Lewis [19], it seems to be difficult to explain this variation. Teitzel and
Parsek [20] determined 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.
Spoering and Lewis [19] examined the relative effects of
antimicrobial agents on stationary and logarithmic phase cells of P.
aeruginosa and found that stationary-phase cells were more resistant
to a variety of different antimicrobial agents. In the same study the
researchers suggested that the resistance of biofilms to antimicrobial
agents can be primarily attributed to the stationary phase or slow
growth and the presence of a small resistant subpopulation of cells
termed persistors. Our findings are consistent with these reports
and attributed this resistance to the stationary phase and not to the
logarithmic phase.
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Figure 1: Viability of stationary-phase and logarithmically grown cells subjected to Pb and Zn stress in S4 and S8 cultures, were grown at 37°C and were
harvested at the logarithmic and stationary phases. T1 and T2 represented the stationary-phase however T3 and T4 represented the logarithmic-phase c.
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Figure 2: Viability of stationary-phase and logarithmically grown cells subjected to Pb and Zn stress in S9 and S10 cultures, were grown at 37°C and were
harvested at the logarithmic and stationary phases. T1 and T2 represented the stationary-phase however T3 and T4 represented the logarithmic-phase cells.
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Studies have also shown that the S8 resistance was statistically
no significant p ≥ 0.05. The R2 of the regression is relatively high for
all the strains with the exception of S10. The results described above
revealed that S4 and S8 were able to biosorbe or to bioprecipitate more
Pb NO3 than S9 and S10 which had affinity for Zn SO4. It is important
to note S4 had exhibited a significant resistance via a Cross-resistance.
It has been reported that the heavy metal driven co-selection of
antibiotic resistance. As it is pointed out in these lines, there is now
some recognition that antibiotic-resistant bacteria can be maintained
in the environment owing to co- or cross-resistance to toxic metals or
the co-regulation of resistance pathways. Cross-resistance describes
mechanisms that provide tolerance to more than one antimicrobial
agent such as antibiotics and heavy metals [21]. As an example, several
multi drug efflux pumps are known to mediate decreased susceptibility
toward antibiotics and heavy metals by rapid extrusion of the toxins
out of the cell [22]. Further well-characterized cross-resistance
mechanisms were reviewed by Baker-Austin et al. [23]. Co-resistance
is defined as two or more genetically linked resistance genes, meaning
that genes responsible for two or more resistances are located next to
each other on one mobile genetic element [21].
Moreover, environmental pollution by heavy metals not only
triggers co-selection processes, but also increases the level of tolerance
to antibiotics due to co-regulation of resistance genes. Heavy metal
ions are known to co-regulate genes responsible for antibiotic
resistance and decrease antibiotic susceptibility [23]. Furthermore,
Studies investigating co-selection in the environment frequently show
the correlation of increased heavy metal concentrations with increased
phenotypic or genotypic antibiotic resistance as described in some
articles. However, some studies indicate that increasing heavy metal
concentrations lead to a decrease of antibiotic resistance [24]. These
contradicting results were investigated by Hölzel et al. [24].
Our values were closer to those of Teitzel and Parsek [20] who found

3

S10

S8

that free-swimming P. aeruginosa cells were susceptible to the heavy
metals tested in the following order of susceptibility: Zn2+<Cu2+<Pb2+.
The measured MICs of lead and zinc were lower than those previously
reported for P. aeruginosa (24 to 48 mM for Zn and 15 mM for Pb)
[25]. The discrepancy between previously reported values and the
values obtained in our study is most likely due to different growth
medium (Mueller-Hinton broth) used by de Vicente et al. [25], which
probably resulted in a high level of complexation between the metal
cations and components of the growth medium. Our values were closer
to those of Bender and Cooksey [26] who reported a MIC of CuSO4 of
100 M for P. syringae.

Antibiotic resistance
Results in Figure 3 revealed that the four isolates displayed different
response of resistance to the tested antibiotics, however S9 seems to
be more susceptible to Chloramphenicol (C30), Streptomycin (S10),
Ampicillin (AMP 10) and Nalidixique acid (NA30) with a R2 of 0.90.
Taken together, our data also indicate that S4 had exhibited a significant
resistance.
Unsurprisingly, biofilm antibiotic susceptibility has been the
subject of intense research and has been the focus of several excellent
reviews [16]. By contrast, there have been many recent advances
in the study of biofilm metal susceptibility, but until now the topic
has not been reviewed. Other components of biofilm matrices are
membrane vesicles, which bind to and sequester the positively charged
aminoglycoside antibiotics [27].
The resistance described above may also explain, in part the role of
the other components of biofilm matrices, which bind to and sequester
the positively charged aminoglycoside antibiotics as described by the
same author. Similar arguments have previously been made for the
fluoroquinolone antibiotic ciprofloxacin, which otherwise quickly
penetrates these highly tolerant biofilms [28].
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Figure 3: Antibiotic susceptibility and resistance pattern of Pseudomonas isolates (C30: Chloramphenicol; S10: streptomycin; NA30: Nalidixique acid; AMP 10:
Ampicillin and AMC: Amoxicillin-clavulanic acid).
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Biofilms formation
The results developed in this study, showed that our isolates
exhibited an important biofilm mass, the P. fluorescens (S9) and
P. aeruginosa (S8) exhibited increased biofilm formation. The
Pseudomonas isolates had OD590 readings ranging from 0.29 to 0.35
(Figure 4a), according to Stepanović et al. [15] and Perez et al. [29]
classification, these isolates were categorized as having moderate
biofilm adherence properties, despite they were categorized as slimeproducers and exhibited a coordinated multicellular behavior called
swarming with a crystal structure of the EPS matrix [30].
As described in the literature microbial EPS contribute to protect
cells from hostile environments and can bind significant amounts of
heavy metals. Forming biofilms by these strains is considered a natural
strategy to maintain a favorable niche in stressful environments with
increased metals concentrations. As reported by Workentine et al.
[31] biofilms may reduce metal toxicity by altering their physiology
to protect the sensitive chemical targets of the reactive metal species.
Upon metal binding, the concentration of the free toxic ions in the
cytoplasm is minimized. Biosorption of toxic metals is known from
cell membranes, cell walls and extracellular polymeric substance
(EPS) of biofilms [16]. For example, the EPS matrix and the contained
polysaccharides were reported to bind heavy metals [20]. Thus, the
metal tolerance of the bacteria belonging to that biofilm was enhanced.

Discussion
In the current study, three PGPR strains of P. fluorescens and P.
aeruginosa were tested for biofilms, biosurfactans production and were
evaluated for their resistance toward Zinc and lead.
In the drop collapsing test a flat drop was observed around the
colonies, which indicates a biosurfactant activity. According to
Ron and Rosenberg [32] several Pseudomonas are able to synthesize
biosurfactants of diverse chemical nature. The most studied of
these compounds are the rhamnolipids produced by P. aeruginosa.
Microbial compounds that exhibit particularly high surface activity
and emulsifying activity are classified as biosurfactants. These are
structurally diverse surface active compounds capable of reducing
surface and interfacial tension at the interfaces between liquids,
solids, and gases, thereby allowing them to mix or disperse readily as
emulsions in water or other liquids [2].
Recently biofilms have become a focus of interests for the researchers
in the field of bioremediation of xenobiotic compounds. Microbial
biofilms, natural or engineered, could be used to remediate heavy
metal pollution by biochemical modification and/or the accumulation
of toxic metal ions [33,34]. Biofilms are clusters of microbial cells that
are attached to a number of different surfaces such as natural aquatic
and soil environments, living tissues, medical devices or industrial or
portable water piping systems [6]. Biofilms give support to the high
density of microbial biomass which facilitates the mineralization
processes by maintaining optimal pH conditions, localized solute
concentration and redox potential in the vicinity of the cells [27,35].
Heavy metal remediation can be achieved by immobilization,
concentration and partitioning to an environmental compartment,
thereby minimizing the anticipated hazards [27]. There are reports on
the application of biofilms for the removal of heavy metals [34] reported
that biofilm process with simultaneous nitrogen and phosphorus
removal. Zinc, cadmium and nickel were rapidly adsorbed in 20 min by
the harvested sludge from a continuous flow pilot plant. Nilanjana et al.
[36] reported the zinc sorption by bacterial biofilm and the implication
of extracellular polymeric substances (EPS).
J Bioremediat Biodegrad, an open access journal
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Costley and Wallis [37] investigated the efficiency of biofilm of a
rotating biological contactor (RBC) for the treatment of wastewaters
contaminated with cadmium, copper and zinc in multiple sorption
desorption cycles. The removal pattern observed in the initial cycle was
Cu>Zn>Cd which was repeated in the subsequent cycles. The system
successfully removed the metals in the order Cu>Zn>Cd with removal
capacities of approximately 73, 42 and 33% respectively.
It is interesting to point out that statistically, biofilms production
was correlated with the antibiotics resistance (r=0.73; P<0.05), unlike,
this relationship the heavy metals had not recorded any relationship
(r=0.31; P<0.05) (Figures 4b and 4c). On the basis of these observations
the correlations obtained in the present study are not statistically
significant, this disparity can be attributed to the regulatory processes
that indirectly activate the genetic and biochemical pathways that are
shared in the response of microorganisms to antibiotic and metal
exposure [38].
Taken together, our data are consistent with Harrison et al. [16]
reports, they had signaled that toxic metals present problems to biofilm
communities that are distinct from those of antibiotics because the
different metal species have distinct chemistries, and function through
diverse biochemical routes of toxicity.
Similar to studies of biofilm antibiotic susceptibility [19], simple
time and dose dependent killing assays have shown that there are
subpopulations of cells in biofilms, and that these cells die at different
rates after the exposure of the entire population to metal ions.
The concentration-dependent killing of microbial populations is
exemplified by a plateau in the activity of the antimicrobial. Examples
include Pseudomonas aeruginosa ATCC 27853 killing by most
antibiotics, Ni or Zn cations for exposure times of up to 24 hours. These
results are also typical of the exposure of biofilms to most toxic metal
compounds for short exposure times (only a few hours). Under certain
in vitro conditions, and with sufficient exposure times, other highly
toxic metal species can eradicate 100% of bacterial biofilms populations
[16]. Examples include P. aeruginosa biofilms that are exposed to
Cu or Ag cations for 24 hours. As was pointed out by Harrison et
al. [17] many metal ions can exert toxicity on biological systems by
multiple biochemical pathways simultaneously. The susceptibility
of microorganisms to toxic metal species has been linked to several
metal ion specific physicochemical parameters. As the correlations are
different for biofilms and planktonic cells, these trends indicate that the
chemical mechanisms of toxicity are different between each modes of
growth as signaled by many researchers.
Variant formation by Pseudomonas spp. might be an important
contributor to biofilm metal susceptibility, as the switch to the SCV
(small colony variant) and other variant phenotypes is correlated
with the emergence of multidrug and multi metal resistance [39]. The
response of P. fluorescens and P. chlororaphis biofilms to metal ion
exposure is reasonably anticipated to be highly complex, as it is linked
to the formation of multiple colony morphotypes, such as the wrinkly
spreader (WS) phenotype in the case of P. fluorescens [16].
It is also interesting to note that the structure dependent metabolic
heterogeneity may also explain, in part, the tolerance of bacterial
biofilms to metal ions. In P. aeruginosa biofilms that are less than 100
µm thick, the cells that are nearest to the substratum are in anoxic
zones and are slow growing, which leads to an intrinsic tolerance to
killing by antibiotics relative to the aerobic fast growers in the outer
biofilm layers 50.
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Figure 4: (a) biofilm production by Pseudomonas isolates, quantitative measurements of biofilm growth is presented by enumeration of the colony-forming
units (CFU) for OD590 readings; (b) Biofilm correlations: with the antibiotics resistance and (c) Pb and Zn resistance.
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Consistent with these observations, it is obvious that extracellular
signaling events affecting biofilm physiology. One prominent signal
system that probably has a role in biofilm susceptibility to metal
toxicity is extracellular signaling by quorum sensing (QS) systems.
Depending on the growth environment of the biofilm, QS systems have
a conditional role in biofilm formation and/or development [16]. One
of the other ways that signaling events contribute to this resistance is by
regulating the synthesis of the extracellular matrix (ECM) components
that facilitate biosorption. Through experiment and mathematical
analysis, researchers have shown that the extracellular matrix (ECM),
a mesh of proteins and sugars that can form outside bacterial cells,
creates osmotic pressure that forces biofilms to swell and spread.
Consistent with these observations, Hu et al. [40] found that Zn
was evenly equilibrated across thin (approximately 12 µm) biofilms,
but penetrated less than 20 µm into thick (approximately 350 µm)
biofilms. 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 removing heavy metal ions
from bulk liquid [41], and the use of biofilms to remove heavy metals
from wastewater has been investigated [42]. Electron microscopy
revealed that a P. aeruginosa biofilm was capable of sequestering heavy
metals [43], while mercury-reducing Pseudomonas putida biofilms
were found to accumulate elemental mercury on the exterior of the
biofilms [44]. Burkholderia cepacia biofilms on hematite and alumina
surfaces were found to preferentially accumulate Pb2+ at concentrations
higher than 1 μM, implying that the chemical nature of the attachment
surface affects metal sequestration. Within a biofilm it has been found
that EPS, specifically the polysaccharide components, binds heavy
metals [20].

Conclusion
During the last few decades, extensive attention has been paid on
the management of environmental pollution caused by hazardous
heavy metals. However, understanding the mechanisms by which
metals are toxic to Pseudomonas biofilms has remained elusive. Here,
we emphasize that biofilms formation seems to be more correlated to
the antibiotics resistance than the heavy metals resistance, in which
the stationary phase may be responsible more for this resistance. It
is important to note that future endeavors are needed to elucidate
mechanisms that reduce the susceptibility of biofilms to antibiotics
since many of biological mechanisms that function in metal resistance
might also explain the recalcitrance of biofilms towards multiple,
structurally unrelated antibiotics.
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