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Abstract
Lead is an extensive contaminant. Pb-resistant bacterial strains were isolated from Saint Clair River sediments on two enrichment
media with increasing concentrations of Pb (NO3)2. Bacterial strains that grew at 1.25 or 1.5 g L−1 of Pb (NO3)2 L

−1) were
purified and selected for further study. Ninety-seven Pb-resistant strains were screened for the ability to produce bioflocculants.
The majority of the Pb-resistant strains demonstrated moderate to high flocculation activity. Metal removal assays demonstrated
that the higher is the flocculation activity, the higher is the efficiency of metal removal. In the multi-metal solutions, the bacterial
strain with the highest flocculation activity (R19) had the highest metal removing capability (six out of eight metals) and the
highest metal removal efficiency. The highly selective affinity towards Pb2+ observed for strain R19 suggests its use for the
recovery of Pb2+ frommultiple metal solutions. Because they are well adapted to unfavorable conditions due to their resistance to
metals (e.g., Pb) and antibiotics, these characteristics may help in developing an effective process for wastewater treatment using
these strains.
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Introduction

Lead (Pb) is associated with many health hazards (Demayoa
et al. 1982). Lead poisoning is common and leads to mental
retardation in children (Moncrieff et al. 1964). It affects repro-
ductive systems, reduces volume of sperm, increases miscar-
riage, increases prematurity, and decreases low birth weight
(Cleveland et al. 2008). In cells, Pb decreases the efficiency of
the ATPase pump and protein kinase activity and negatively
affects the concentrations of Na+, K+, and Ca+. Another ad-
verse effect of Pb in eukaryotic cells is the increase in the
formation of inclusion bodies that in turn translocate metals
into the nuclei and then alter gene expression (Hu et al. 1998).
Lead occurs naturally in the environment although Pb found
in the environments are mostly the result of human activities.

The main application for lead is in the battery production
industry and vehicle batteries accounting for 80% of the total
within the industry. Other types of battery are produced for
motorcycles, planes, tanks, trains, tractors, factories, energy,
wharves, and export. It is often found in effluents discharged
from industries. In freshwater environments, Pb tends to settle
at the bottom of the water where it concentrates and is capable
of accumulating in the tissues of aquatic biota. Even at low
concentrations, the composition, distribution, and diversity
benthic organisms are affected. Thus, removal of toxic heavy
metals such as Pb from industrial wastewaters is essential
from the standpoint of environmental pollution control
(Guangyu and Thiruvenkatachari 2003).

Several methods have been used to remediate heavy metals
from the environment. These methods include ion exchange,
reverse osmosis, adsorption, solvent extraction, and chemical
precipitation (Babel and Kurniawan 2003). However, conven-
tional methods employ non-regenerable materials, which in
turn increase the cost of these processes. Moreover, these
methods are not environmental friendly as these processes
generate substantial secondary waste. Hence, biosorption or
adsorption by microorganisms has become a preferred alter-
native for heavy metal treatment, and it is cost-effective and
environmental friendly. Biosorption is a mechanism that
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involves adsorption of metals by microorganisms (Murthy
et al. 2012). In general, the cell surface of bacteria carries a
net negative charge due to the presence of amine, carboxyl,
hydroxyl, phosphate, and sulfhydryl groups (Naik and Dubey
2013). Thus, the cell wall can absorb appreciable quantities of
positively charged cationic metals, such as Pb. Some bacteria
secrete exopolysaccharides (EPS), which aid in extracellular
sequestration of cations. EPS high molecular weight
polyanionic polymers that have been shown to have potential
to bind heavy metals with differential degree of specificity and
affinity (Bhaskar and Bhosle 2006; Pal and Paul 2008) bind
metals by electrostatic interaction between metal cations and
negatively charged EPS (Bruins et al. 2000; Nies and Silver
1995; Silver 1996).

The biosorption capacity of bacteria is governed by factors
such as physico-chemical properties of the heavy metals in
question. The pH as well as the presence of other ions and
charged compounds also has effects on the biosorption capac-
ity of the microbes (El-Hendawy et al. 2009; Zouboulis et al.
2003). This paper reports on the enrichment, isolation, and
characterization of Pb-tolerant bacteria from Lake Saint
Clair sediments.

Materials and methods

Site description and sediment sampling

Sediment samples were collected from Saint Clair River be-
tweenMichigan. Saint Clair River is an outlet for Lake Huron,
forming part of the boundary between Michigan, USA, and
Ontario, Canada. Much of the shoreline on both sides of the
St. Clair River is urbanized and heavily industrialized; there-
fore, the pollutants from day-to-day human activities and the
industry have contributed to the impairment of the water qual-
ity in the lake and river. Pollutants in the Saint Clair River and
Lake Saint Clair sediments include toxic organic compounds
such as organochlorine insecticides, polychlorinated biphe-
nyls (PCBs), chlorobenzenes, chlorotoluenes, and
chlorostyrenes (Fogarty 2007). Heavy metals such as copper,
nickel, zinc, lead, cadmium, chromium, and mercury have
also been detected in the sediments (Table S1). Sediment sam-
ples were retrieved from three locations of Saint Clair River
(SC1, SC2, and SC3). These locations are in the vicinity of
known point pollution input sources (e.g., city of Saint Clair
permitted wastewater discharges, marina, major river follow,
and public parks) (Oest et al. 2018; Patel et al. 2018). Site SC1
(N 42° 58.393; W 82° 25.141) is located upstream where the
water from Lake Huron drains into Saint Clair River; site SC2
(N 42° 54.323; W 82° 28.036) is close to the city of
Marysville Wastewater Treatment Plant, City Public Park
and public boat launch, and site SC3 (N 42° 49.2′ 9″; W 82°

29.2′ 0″) is situated at the mouth of Pine River, which empties
into the Lake Saint Clair.

A ponar grab sampler was used to collect the sediment
samples. The sampling equipment was decontaminated after
each sample was processed. The decontamination procedure
included rinsing the sampling pans and spoons with site water
and using new sampling tube and gloves for each sample
location. Sediment samples for molecular analyses were
stored at − 80 °C until used. Sediment samples for enrichment
of metal-resistant bacteria were stored at 4 °C and were used in
the enrichment assay as soon as they were shipped in the
laboratory.

Sediment analysis

The samples were analyzed for the presence of As, Ba, Cd, Cr,
Cu, Fe, Pb, Mn, Ni, Se, Zn, Ag, and Hg) using inductively
coupled plasma-mass spectrometry (ICP-MS) (ELAN 6000,
PerkinElmer, CA, USA).

Enrichment and isolation of Pb-resistant bacteria

For the isolation of lead-resistant bacteria, the sediment sam-
ple was enriched into lead-supplemented nutrient media. Pb
(NO3)2 was used at a final concentration of 10 g L−1. Luria
Bertani (LB) broth (Difco and BBL 2009) was used to isolate
fast-growing bacteria, while Reasoner’s 2A (R2A) (Difco and
BBL 2009) broth was used to isolate slow-growing bacteria.
Twenty grams of sediment sample was added to 1 L of each
medium and was incubated at room temperature with shaking
at 150 rpm until substantial growth was observed. During
incubation, the growth of the bacteria in the enrichment media
was monitored following turbidity method at 660 nm. The
enrichment processes were repeated for three cycles, by trans-
ferring 20 mL of the late-exponential phase enriched culture
into fresh LB and R2A broths.

Screening of Pb-resistant bacteria was carried out by inoc-
ulating 20 mL of the enriched culture in 1 L of LB or R2A
media supplemented with 0 to 1.5 L−1 g Pb (NO3)2. The en-
richment media were then incubated at room temperature for
48 h with shaking (150 rpm). This process was repeated for
three times.

The Pb-resistant strains were obtained from the highest
concentration of Pb (NO3)2 in which growth was observed
(1.25 g L−1 Pb (NO3)2 for the R2A strains and 1.5 g L−1

Pb (NO3)2 for the LB strains). The enrichment cultures
were diluted and aliquots spread directly on the surface
of R2A and LB agar plates containing 1.25 g Pb
[NO3]2 L−1 and 1.5 g Pb [NO3]2 L−1, respectively. The
plates were incubated at room temperature for 1 week.
Colonies arising on the plates were selected for isolation
based on gross morphological features and then purified.
A total of 92 Pb-resistant bacterial strains were recovered,

2392 Appl Microbiol Biotechnol (2018) 102:2391–2398



47 strains from the R2A enrichment and 45 strains from
the LB enrichment. Morphological and biochemical char-
acteristics of the Pb-resistant strains were determined by
standard methods (Gerhardt et al. 1994).

Characterization of Pb-resistant isolates

Sensitivity to antibiotics

Antibiotic sensitivity of the 92 Pb-resistant isolates recovered
from the enrichment assay was determined using the disc dif-
fusion method (Carolina Biological Supply Company, NC,
USA). Overnight broth cultures of the test strains were used
and the turbidity of the inoculum as adjusted in phosphate-
buffered saline (pH 7.4) to a 0.5 McFarland opacity standard.
These cultures (0.1 mL) were then aseptically spread onto
Mueller–Hinton agar plates. Standard antibiotic-impregnated
discs (6-mm diameter, Carolina Biological Supply Company,
NC, USA) were placed on freshly prepared lawns of each
isolate on Mueller–Hinton plates. After 24 h of incubation at
30 °C (Difco and BBL 2009), the diameter of the inhibition
zones around the discs was measured after incubation and the
bacterial strains were classified as resistant, intermediate, and
susceptible, following the standard antibiotic disc sensitivity
testing method (Difco and BBL 2009) to the following anti-
biotics: chloramphenicol (30 μg), erythromycin (15 μg),
kanamycin (30 μg), neomycin (30 μg), novobiocin (30 μg),
penicillin G (10 units), streptomycin (10 μg), and tetracycline
(30 μg).

16S rRNA gene sequencing and phylogenetic analysis

The 16S rRNA gene sequences of the 92 Pb-resistant strains
obtained from the enrichment experiments above were deter-
mined by direct sequencing of the PCR products. A 24-h
culture was prepared for each strain for the DNA extraction.
DNA extracts from each strain were prepared using DNEasy
kit (Qiagen, Inc., Valencia, CA). The DNA was used as the
target of PCR amplification of complete 16S rRNA fragments
using bacterial primers FD1 and 1506 (Weisburg et al. 1991).
The PCR products were purified and then sequenced directly
using the ABI Big Dye Primer cycle sequencing kit.
Sequencing was performed on an ABI 3700 DNA sequencer
(Applied Biosystems, Foster, CA). All sequence fragments
generated from a given template were edited against electro-
pherograms and then assembled into contigs using SeqMan
(Lasergene DNASTAR, Inc., Madison, WI). For most se-
quences, two to four overlapping fragments were used to as-
semble the contigs. Chimeric sequences were checked by
Check_Chimera program available at the Ribosomal
Database Project (RDP II) (Hugenholtz and Huber 2003).
Complete 16S rRNA gene sequences were compared with
other reference sequences as available in the NCBI database

using the Basic Local Alignment Search Tool (BLAST)
algorithm.

Bioflocculation assay

The Pb-resistant isolates were grown in R2Awith 1.2 g L−1 Pb
(NO3)2 or LB with 1.5 g L−1 Pb (NO3)2 broth for 48 h with
shaking at 150 rpm. The bioflocculation activity of the Pb-
resistant isolates was assessed using a kaolin clay suspension
following the protocol described by Lin and Harichund
(2011). The cell-free culture supernatant (1.5 mL of culture
was centrifuged at 6000 rpm for 30 min) was used as crude
bioflocculant. The bacterial supernatant (1 mL) was added to
9 mL of kaolin suspension (5 g L−1) in the presence of 3 mL
10 g L−1 CaCl2. The mixture was vortexed for 30 s and then
left undisturbed for 5 min. The OD (optical density) of the
clarifying solution was measured using a UV-visible spectro-
photometer (Shimadzu UV-1250, OR, USA) at 550 nm. A
control experiment was set up using the same protocol de-
scribed above, except that the crude bioflocculant was re-
placed with uninoculated culture media. The flocculating ac-
tivity was calculated based on the optical density of the control
experiment at 550 nm and is the optical density of the sample
experiment (Zhang et al. 2007).

Metal removal assay

Cells of each culture (100 mL) selected for this assay was
confined in dialysis tubing and pretreated with 0.1 M HCl in
order to remove the metal ions possibly bound to the nega-
tively charged groups of the cell envelopes. After 30 min, the
confined cultures were dialysed against deionized water for
24 h, in order to remove residual HCl from the treated cultures
with continuous stirring at 100 rpm. The 100 mL confined
cultures were subsequently transferred in 1 L solutions con-
taining 10 mg L−1 of Pb for 5 h at room temperature. The pH
of the system (biosorbent + metal solution) was adjusted to
4.5–5.5 by addition of either 1 M HCl or 1 M NaOH to avoid
hydroxide precipitation.

Samples (10 mL of the aqueous solutions) were withdrawn
at different times over 5 h and filtered through a 0.2-μm
Acrodisc syringe filters. Themetal uptake was calculated from
the difference between the concentration of the metals in so-
lution, determined with an atomic absorption spectrometer
(PinAAcle 900T, PerkinElmer, MA, USA). Pb concentrations
were measured at 283.31 nm. The amount of Pb2+ removed in
blanks carried out in parallel without the addition of bacterial
cells, which ranged from 0.1 to 0.2 mg L−1, was subtracted
from the experimental values obtained in the tests with the
bacterial cultures. All the experiments were performed in trip-
licates per time point, and the data were reported as mean
values ± standard deviation. Specific metal uptake expressed
as milligrams metal removed per gram of dry biomass. The
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dry weight (g L−1) was determined by centrifugation 10mL of
the dialysed cultures, followed by drying 50 °C until a con-
stant weight was reached.

For the multi-metal removal assays, 10 mg L−1 of each
metal (As, Pb, Cu, Mn, Zn, Cd, Cr, and Ni) was used. The
assay was carried the same way as the mono-metal system
(Pb only), except that the dialysed cultures were trans-
ferred to aqueous solutions containing a combination of
all eight metals. As, Pb, Cu, Mn, Zn, Cd, Cr, and Ni were
determined at 193.70, 283.31, 324.75, 279.48, 213.86,
228.00, 357.87, and 232.0 nm, respectively, using the
atomic absorption spectrometer (PinAAcle 900T,
PerkinElmer, MA, USA).

Nucleotide sequence accession numbers

The 16S rRNA gene sequence of selected lead-tolerant bacte-
rial isolate was deposited in the NCBI/EMBL nucleotide se-
quence database under the accession numbers MG022641,
MG022642, MG022643, MG022644, MG022645,
MG022646, MG022647, MG022648, MG022649,
MG022650, MG022651, MG022652, MG022653,
MG022654, MG022655, MG022656, MG022657,
MG022658, MG022659, and MG022660.

Strain deposition number

Strains R19 (Klebsiella michiganensis 19), R3 (Raoultella
planticola R3), L2 (Providencia rettgeri L2), and L30
(Serratia sp. L30) were deposited to the Northern Regional
Research Laboratory (NRRL, Peoria, IL, USA; https://nrrl.
ncaur.usda.gov) Culture Collection under the deposit
numbers B-65501, B-65504, B-65502, and B-65503,
respectively.

Results

Enrichment and isolation of Pb-resistant strains

Metal analysis (As, Ba, Cd, Cr, Cu, Fe, Pb, Mn, Ni, Se, Zn,
Ag, and Hg) of the sediments from the three sites demonstrat-
ed that the sediment samples retrieved from site SC1
contained slightly higher concentrations of metals
(Table S1). Therefore, sediment SC1 was selected for enrich-
ment and isolation of Pb-tolerant bacteria in R2A and LB
enrichment culture media containing 0.25 to 1.5 g L−1 Pb
(NO3)2 (Fig. 1). As expected, bacterial growth decreased as
the concentration of Pb2+ increased, although the specific
growth rates for the LB enrichments were higher than the
R2A enrichments. The selected bacteria were able to grow
in 1.25 or 1.5 g L−1 Pb (NO3), although these concentrations
were not the optimal environments for their growth.

All 97 Pb-resistant bacterial strains were capable of both
aerobic and anaerobic growth (Table S2). Overall, the LB
strains were resistant to chloramphenicol, erythromycin, no-
vobiocin, penicillin, and tetracycline (Table S2). The R2A
strains on the other hand were dominated by gram-negative
bacteria and were resistant to erythromycin, neomycin, novo-
biocin, and penicillin (Table S2).

The taxonomic identity of all the isolated Pb-resistant bac-
terial strains was ascertained through 16S rRNA gene se-
quence analysis. Sequence similarity search in NCBI
Genbank and RDP database revealed that the Pb-resistant
strains were from different genera falling under the phylum
Proteobacteria. The strains composed mainly of 16S rRNA
genes related to the β and γ subdivisions of Proteobacteria.
The R2A strains grouped together near the top of the tree,
while the LB isolates clustered together near the bottom of
the tree indicating a distant relationship between two groups
of enrichment cultures (Table S3). The LB strains were dom-
inated by Providencia spp. and Enterococcus spp. (Fig. 2a),
whereas the R2A strains were dominated by Raoultella spp.
and Klebsiella (Fig. 2b).

Flocculation activities of the Pb-resistant strains

The flocculation activity of the Pb-resistant strains was
assayed by monitoring their ability to flocculate kaolin clay.
The flocculation activity was expressed in terms of percentage
activity. Only three LB strains showed high flocculation ac-
tivity, and five strains showed no evidence of activity
(Fig. 3a). Most of the R2A strains showed either moderate
to high flocculation activity. The maximum flocculation activ-
ity (79%) was recorded for strain R19 strain (Fig. 3b). In
general, the flocculation activity was higher in R2A strains
than the LB strains. Among the 97 Pb-resistant strains, 20
demonstrated high (> 50%) flocculation activity (Fig. 3b).
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The majority of the R2A strains were similar to the 16S
rRNA gene sequence of Rauotella spp.; a few have similari-
ties with 16S rRNA gene sequence of other genera (Table S3).

Pb removal assay in mono-metal (Pb) andmulti-metal
solutions

The specific metal removal [expressed as (mg metal removed)
(g dry biomass)−1] of the selected Pb-resistant strains was
determined in mono- and multi-metal cation solutions. The
strains with the highest flocculation activity from the R2A
(R2 and R19 strains) and LB (L2 and L30) enrichments
(Fig. 3b) were used in the Pb2+ removal assay. The four strains
were capable of removing Pb2+ from aqueous solution
(Fig. 4). In general, Pb removal was higher for the R2A iso-
lates than the LB isolates. In mono-metal (Pb only) solutions,
the Pb2+ removal was highest for strain R19 and lowest for
L30 (Fig. 4a). In the mixed metal solutions, the highest Pb
removal was found in strain R19, followed by strain R3 and
L2. No Pb2+ removal was found for strain R19 (Fig. 4b) with
multiple metal solutions. Sorption of Pb2+ by the bacterial
cultures was gradual. The saturation of the metal removal
capacity of each strain was achieved within the first 4 h in

the single metal solution and after 5-h measurements in the
multi-metal solution (Fig. 4). Metal cation removal was gen-
erally higher for the bacterial strains in the mono-metal solu-
tion than in the multi-metal solutions. With the exception of
strain R19, the simultaneous presence of eight metals reduced
the removal of Pb2+ in the aqueous solution (Fig. 5).
Surprisingly, the presence of multiple metals had a stimulatory
effect for R19. The Pb2+ removal for R19 increased signifi-
cantly by 31% (Figs. 4 and 5).

The R2A strains (R3 and R19) were able to remove more
metal cations than the LB strains in multi-metal cation solu-
tions (Fig. 6). Metal uptake was the highest for strain R19, in
particular Pb2+ and Cu2+, which generally removed larger
amounts thanMn2+, Zn2+, Cd2+, and Ni2+ (Fig. 6b). The metal
accumulation of strain R19 decreased in the order Pb2+ > Cu2+

> Cd2+ > Ni2+ >Mn2+ > Zn2+. Strain L2 only removed three of
the eight metals, which decreased in the order Cu2+ > Ni2+ >
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Pb2+ (Fig. 6c). None of the strains removed Cr6+ nor As3+

from the multi-metal solution (Fig. 6).

Discussion

The use of bacteria specifically adapted to high concentrations
of heavy metals has potential in the remediation of heavy
metal-contaminated wastewaters. Since Pb is one of the most
extensive environmental contaminants, the isolation of robust
bacterial strains having potential for Pb resistance is necessary.
In the present study, enrichment of sediment samples from the
Saint Clair River led to the isolation of bacteria having signif-
icant tolerance for Pb2+. While the high concentration of Pb
(NO3)2 in the enrichment culture media made the isolation
procedure highly selective, many of the isolates were inhibited
by and unable to grow on high Pb (NO3)2 concentrations. The

Pb tolerance of the bacterial strains isolated in this study is
significantly higher than the Pb tolerance potential of
Pseudomonas spp. reported by Lin and Harichand (2011).

In this study, the ability of the Pb-resistant bacterial strains
to absorb Pb2+ was examined by their flocculation activity.
Twenty of the 97 Pb-resistant strains showed high flocculation
activity. It is interesting to note that while the bacterial strains
from the LB enrichment culture had higher specific growth
rate than bacterial strains from the R2A enrichment cultures
(Fig. 1), higher specific growth rate did not reflect higher
flocculation activity (Fig. 5). Four strains exhibiting the
highest flocculating activity (R3, R19, L2, and L30) were
selected. Based on 16S rRNA gene sequence analysis, R3
was identified as Raoultella planticola, R19 as Klebsiella
michiganensis, L2 as Providencia rettgeri, and L30 as
Serratia sp. (Table S3).

Metal cation removal assays demonstrated that the higher
is the flocculation activity of the strain, the higher is the effi-
ciency of metal cation removal. The Pb2+ removal of strain
R19 was higher than the other three strains (R3, L2, and L30).
The higher efficiency of Pb removal maybe due to the fact that
the EPS produced by R19 possess higher number and/or more
accessible carboxyl and amide functional groups, which are
the most important metal binding sites (as demonstrated by
Micheletti et al. (2008) in cyanobacteria).

In solutions that simultaneously contain eight different
metal cations, strain R19, the bacterial strain with the highest
flocculation activity, had the highest efficiency of Pb removal.
While the two R2A strains (R3 and R19) were able to remove
six (Pb2+, Cu2+, Mn2+, Zn2+, Cd2+, and Ni2+) of the eight
metal cations from the multiple metal solution, the efficiency
of metal removal was higher for strain R19 than for strain R3.

In the presence of eight metal cations, the process of cation
binding to the strains was in general inhibitory rather than
stimulatory, which was expected, as these metal cations need

Time (hours)

R3 (mix)

R19 (mix)

L2 (mix)

L30 (mix)

B)

Time (hours)

0 0.3 0.5 1 2 3 4 50 0.3 0.5 1 2 3 4 5

S
p

e
c

i
f
i
c

 
P

b
 
u

p
t
a

k
e

 
(
m

g
 
P

b
 
g

-
1

 
d

r
y
 
m

a
s

s
)

0

50

100

150

200

250

300

350

R3 (Pb alone)

R19 (Pb alone)

L2 (Pb alone)

L30 (Pb alone)

A)

Fig. 4 Metal removal in a single and bmultiple metal solutions by strains R3, R19, L2, and L30 at different time intervals. Metal removal is expressed as
milligrams of metal removed per grams of biomass dry weight. All the values are means of at least three replicates ± standard deviations

Strains

R3 R19 L2 L30

S
p

e
c

i
f
i
c

 
P

b
 
u

p
t
a

k
e

 
a

t
 
5

 
h

 
(
m

g
 
P

b
 
g

-
1

 
d

r
y

 
m

a
s

s
)

0

50

100

150

200

250

300

350

Mono-metal 

Multi-metals 

Fig. 5 Metal removal in single andmultiple metal solutions by strains R3,
R19, L2, and L30 at 5 h. Metal removal is expressed as milligrams of
metal removed per gram of biomass dry weight. Error bars indicate means
of at least three replicates ± standard deviations

2396 Appl Microbiol Biotechnol (2018) 102:2391–2398



to compete for the binding sites on the cell. Surprisingly, the
presence of multiple metal cations had stimulatory effect on
the Pb2+ removal efficiency of strain R19. The Pb2+ removed
by R19 in the multiple metal solution was 31% higher than in
solution containing only Pb2+. The greatest inhibition in Pb2+

removal was observed for strain L2. In general, the bacterial
strains had higher selectivity and affinity for Pb2+ both in
single- and in multi-metal cation solutions.

The values of the electronegativity of the two metals are 2.18
(for As3+) and 1.66 (for Cr6+) based on Pauling scale. Conferring
to these values, the affinities should have followed the order Pb2+

>As3+ >Ni2+ >Cu2+ >Cd2+ >Cr6+ >Zn2+ >Mn2+. It is possible
that As3+ and Cr6+ may have generated very stable aqueous
complexes or precipitates in the multiple metal solutions, and
thus, they became poorly exchangeable with the protons bound
to the active sites of the cells and the EPS.

It is clear in this study that the long-term effects of pollut-
ants have led to the emergence of metal and antibiotic-
resistant bacteria in the sediments of the Saint Clair River.
Although bacterial exposure tometals predates human history,
anthropogenic-derived sources of metals represent a major
source of contamination in the environment. Notably, a sub-
stantial number of reports suggest that metal contamination in
natural environments could have an important role in the

maintenance and proliferation of antibiotic resistance
(Alonso et al. 2001; Summers 2002; Summers et al. 1993).
The Pb-resistant strains isolated in this study were found to be
resistant to penicillin, tetracycline, novobiocin, neomycin,
erythromycin, and chloramphenicol. It is known that many
bacterial isolates are resistant to antibiotics (Novick and
Roth, 1968). For example, the penicillase plasmid of
Staphylococcus aureus carries genes determining resistance
to several metal ions including Pb2+, As3+, Cd2+, Zn2+, and
Hg2+ (Novick and Roth 1963), indicating that the resistance of
bacteria to metals may be mediated by the same plasmid me-
diating drug resistance. It is assumed that the Pb-resistant
strains isolated in this study are thus well adapted to unfavor-
able conditions by their resistance metals (e.g., Pb) and anti-
biotics, and these may help in developing an effective process
for wastewater treatment by using these strains.

The results of this study show the potential applicability of
the recently isolated Pb-tolerant strain R19 in the treatment of
Pb-metal-containing solutions or solutions containing single
and multiple metals. Because efficient metal removal and
growth over a range of metal concentrations under aerobic
conditions are advantageous, this organism may be employed
for metal remediation in simple reactors or even in situ. The
highly selective affinity towards Pb2+ observed for strain R19
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suggests its use for the recovery of Pb2+ from multiple metal
solutions.
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