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Abstract

High concentrations of metals in the environment alter bacterial diversity, selecting resistant

and tolerant species. The study evaluated the selection of a potential bacterial strain from

Sepetiba Bay-Rio de Janeiro, Brazil marine sediments to remove Cu and Pb. The bacterial

strain isolated from the sediments was used in three different bioassays: (1) Cu at concen-

trations of 0 (control), 6 and 50 μg.mL-1; (2) Pb at concentrations of 0 (control), 6 and 50 μg.

mL-1; (3) Cu + Pb in concentrations of 3 μg.mL-1 Cu + 3 μg.mL-1 Pb (6 μg.mL-1) and 25 μg.

mL-1 Cu + 25 μg.mL-1 Pb (50 μg.mL-1). The number of cells and the enzymatic activities of

dehydrogenases and esterases were quantified. Results of taxonomic identification indi-

cated the selection of the Pseudomonas stutzeri W228 strain, showing a greater degree of

similarity (±73%) with the database used. There was no significant variation in the number

of cells, 108 cells.mL-1, which represents a high biomass production in the presence of

stressors. However, we observed a reduction in dehydrogenase activity at all tested concen-

trations of Cu, Pb and Cu + Pb. The activity of esterase increased, indicating a higher energy

demand to complete the bacterial life cycle. The study showed significant results for the

absorption of Pb by the extracellular polymeric substances (EPS) and the efflux of Cu. The

capacity of Pb absorption by EPS can be considered a resistance mechanism, as well as

the efflux of Cu, so that the available EPS sites could be occupied by the most toxic ions

demonstrating that Pseudomonas stutzeri is resistant to Pb and Cu.

1. Introduction

Metals are a serious threat to ecosystems, due to toxicity, non-degradability, persistence, with

the possibility of bioaccumulating in the food web [1]. Soils/sediments transport and store

potentially dangerous metals through natural emissions from volcanoes, transport of conti-

nental dust, and weathering of rocks [2].
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Microorganisms are the active agents in all biogeochemical cycles, including metals,

because they interact with the latter, changing speciation and mobility. They mobilize metals

through autotrophic and heterotrophic metabolisms, enabling bioleaching [3, 4]. Microorgan-

isms also promote the immobilization of metals through intracellular accumulation or binding

to EPS (extracellular polymeric substance) [5, 6].

In high concentrations, Cu is toxic to microorganisms because it can promote protein

denaturation and membrane damage by thiol-binding, replaces calcium and zinc, favors the

formation of free radicals leading to reduced defense against lipid peroxidation [7, 8]. Pb is dis-

posed of in the environment as Pb oxides and carbonates, Pb-metal-oxyanion complexes, and

it is considered a priority pollutant because some forms of lead-salt, such as lead acetate or

nitrate induce mutagenicity and DNA breaks [9]. Pseudomonas stutzeri has particular meta-

bolic properties such as: denitrification; which makes them relevant to the study of gene trans-

fer in the environment; several strains are capable of fixing dinitrogen; and others participate

in the degradation of pollutants or interact with toxic metals [10].

To tackle this persistent environmental concern, novel technologies involving multidisci-

plinary approaches and utilizing microorganisms with enhanced bioremediation capabilities

have been proposed [11, 12]. Microbial bioremediation is an environmentally friendly

approach to treat noxious conditions in the current scenario of ongoing and increasing pollu-

tion. It is an attractive approach compared to conventional methods because it does not alter

the natural microenvironment and maintains ecosystem balance [13].

This work aimed to isolate copper-resistant bacteria in liquid culture medium containing

sediment sampled in an environment with a history of contamination and then to verify the

resistance to Pb in bioassays, providing information on the concentrations of Cu, Pb and Cu +

Pb that can be used by P. stutzeri strain W 228 Lehman and Neumann, 1896–1927 in biore-

mediation technology.

2. Material and methods

2.1. Sampling location

Sepetiba Bay (Fig 1) is located approximately at latitude 23˚S and longitude 44˚W, about 60

km south of Rio de Janeiro city, Brazil. It is a semi-enclosed bay with an area of 447 km2, an

average depth of 6.0 m, and a tidal variation of less than 2.0 m. The water replenishment time

is about 100 hours [14]. It suffers high pressure of anthropic factors due expansion of indus-

trial activities [15]. According to Pinto et al. [16], the sediments have 0.5 mg.kg-1 of Cd, 14.4

mg.kg-1 Cu, 23.4 mg.kg-1 Ni, 24.2 mg.kg-1 Pb and 82.6 mg.kg-1 Zn. The bacterial consortia

were isolated from superficial sediment samples from Saco do Engenho tidal channel, Sepetiba

Bay, Rio de Janeiro, Brazil (43˚48’25.01’’W; 22˚54’56.38’’E) and belongs to the collection of the

Microbial Ecology Laboratory at Universidade Federal Fluminense (Fig 1). None legal permis-

sion was required for sampling at this site because only sediment was sampled for research

purposes.

2.2. Isolation of bacterial consortia and bioassay

The process of bacterial consortia isolation was carried out according to Fonseca et al. [15] and

Baptista-Neto et al. [17]. In the initial step, a fresh sediment sample from Sepetiba Bay was

placed into a liquid sterile medium in a proportion of 1:10. The incubation occurred for ten

days at 37˚C, with a pH of around 6 (buffered solution) until we attained 108 cells.mL−1. The

medium used was made accordingly to Madigan et al. [18], with a diluted (1: 1 v / v) and fil-

tered seawater (Millipore, Cellulose, 0.45 μm), 5 g.L-1 of yeast extract (fount of vital nutrients

and trace elements) and 5 g.L-1 of urea as the primary source of nitrogen, in Erlenmeyer flasks
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[5]. Then, an aliquot of this culture (1:10) was inoculated into a new sterile liquid culture

medium and maintained up to 10 days of incubation at room temperature (25˚C). To accli-

mate the bacterial consortia at room temperature and ensure that they would grow in the

absence of the sediment. In the last step, It sought isolation of bacterial consortia resistant to

metal. 5 mL of the acclimatization step was placed into a new sterile culture medium with

50 μg Cu.mL−1, and incubated it for 10 days to attain a cell density of 108 cells.mL−1. This bac-

terial culture selected was maintained in the laboratory in the same type of liquid medium

without Cu.

The bioassays were conducted in Erlenmeyer flasks (125 mL) at 37˚C, each of which con-

tained 5 mL of the isolated bacterial consortia resistant to Cu and 50 mL of sterile culture

medium [18]. Cu and Pb solutions of 6 and 50 μg.mL-1, and the concentration of Cu + Pb was

3 and 25 μg.mL-1 of each metal, prepared from their respective stocks sterile solutions 1000 μg.

mL-1. The reagents were analytical purity (Sigma Germany). Cu in low concentrations is used

by the cell as a micronutrient. However, in high concentrations it can be toxic to the cells of

any living being, as it competes with other metals for protein binding sites [19]. The lowest

concentration of 6 μg.mL-1 is the maximum allowed content of Pb (the most toxic metal

tested) in human blood, according to Brazilian laws [20]. The maximum concentration of

50 μg.mL-1 is the Pb content found in the sediments of Sepetiba Bay, according to Abuchacra

et al. [21].

2.3. Classification of bacterial consortia by denaturing gradient gel

electrophoresis (DGGE) and analysis of the 16S rRNA gene sequence

library

PCR was performed using the primers U968F (5'-GAACGCGAAGAACCTTAC-3) and

L1401R (5'-CGGTGTGTACAAGACCC-3') [22]. Amplification conditions were as follows:

initial denaturation of double-stranded DNA for 3 min at 94˚C; followed by 35 cycles

Fig 1. Map of the sampling point (in detail), Saco do Engenho—Sepetiba Bay, RJ, Brazil.

https://doi.org/10.1371/journal.pone.0240486.g001
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consisting of 1 min at 94˚C, 1 min and 30 s at 48˚C and 1 min at 72˚C; and extension for 10

min at 72˚C [23]. DGGE was carried out using the INGENYphorU system (INGENY1, Lei-

den, NL). Aliquots of the PCR products (10 μL) were mixed with 10 μL of the running dye and

this mixture was applied to an 8% (w/v) polyacrylamide gel containing a denaturing concen-

tration gradient of 46.5–60% (urea and formamide), and electrophoresed as described by

Heuer et al. [24]. Bands extracted from the DGGE gel were purified by PCR Clean-Up System

(Promega1) and reamplified by PCR using the same conditions described above. Purified

amplicons were then cloned using the InsTAclone1 PCR cloning kit (Fermentas, Maryland,

USA) following the manufacturer’s instructions. Transconjugant colonies were selected by the

α-complementation system of the β-galactosidase gene [25]. We established presence of the

insert in the plasmid of the transconjugants by PCR using the primer pair M13F and M13R,

[26]. The amplification reactions were performed with an initial denaturation cycle at 97˚C for

3 min, followed by 40 cycles of 94˚C for 30 s, 60˚C for 30 s, and 72˚C for 90 s, with a final

extension at 72˚C for 5 min. Plasmids from the obtained transconjugants were then sequenced

using the primer M13F on an ABI Prism 3100 automated sequencer (Applied Biosystems Inc.,

CA, USA) by Macrogen (South Korea).

Plasmid vector region were manually removed and sequences were analyzed using the

VecScreen1 tool (National Center for Biotechnology Information, NCBI http://www.ncbi.

nlm.nih.gov). The sequences were deposited on NCBI Genbank database with code

MT547374 to MT547397.

2.4. Cell number quantification

Aliquots of the culture medium (2 mL) were filtered through a sterile Millipore membrane

(pore diameter of 0.22 μm) [27] and stained with acridine orange fluorochrome. Cells were

enumerated under epifluorescent microscopy at 1000× magnification (Axioskop 1, Zeiss, triple

filter Texas Red–DAPI–fluorescein isothiocyanate), in accordance with Kepner and Pratt [28].

2.5. Dehydrogenase activity quantification

The use of iodonitrotetrazolium (INT) is the most accepted method for measuring redox reac-

tion in cells. [29, 30]. Dehydrogenase activity was evaluated according to Stubberfield and

Shaw [31]. For each bioassay, 1 mL aliquots in triplicate of each culture medium receive 0.2

mL of 8 mM INT. A control was prepared by replacing the INT solution with distilled water.

After vortexing, the tubes were incubated in the dark. After 35 minutes, 5mL of methanol was

added in each tube. The extractable solution was centrifuged (5 min at 2500 rpm), and its

absorbance was determined at 458 nm with a spectrophotometer. Dehydrogenase activity

expressed in μL INT-F / m was calculated by comparing absorbance values for a standard

curve of 0.15 mM INT-Formazan methanol.

2.6. Quantification of esterase activity

Fluorescence diacetate (FDA) is used to quantify the hydrolysis of ester bonds from biopoly-

mers greater than 600 Da [32]. Quantification of esterase enzyme (EST) activity was performed

according to Stubberfield & Shaw [31]. The method is based on the estimate of the fluorescein

produced in the sample treated with fluorescein diacetate solution and incubated 24˚C for 75

minutes. The relationship between fluorescein concentration and optical density is always lin-

ear, the results are expressed in μg fluorescein / mL. The reading was made using an optical

spectrophotometer (Spectronic 20D) at a wavelength of 490 nm.

PLOS ONE Cu and Pb bioremediation by Pseudomonas stutzeri

PLOS ONE | https://doi.org/10.1371/journal.pone.0240486 October 26, 2020 4 / 17

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
https://doi.org/10.1371/journal.pone.0240486


2.7. Metal quantification

Metal concentrations were determined using the supernatants of the culture media filtered in

the initial and final stages of the bioassay from the dilutions of the samples in 0.1 M HCl. The

metals were quantified by atomic absorption spectrometry (Atomic absorption spectrometer

Fast Sequential Varian AA 240FS detection sensitivity for Cu and Pb of 0.005 ppm and

0.09 ppm, respectively) at the Eduardo Penna Franca Radioisotope Laboratory in the Carlos

Chagas Filho Biophysics Institute, UFRJ. To test the efficiency of our analytical approach, we

use the same stock solutions used to prepare the bioassays, with a> 90% recovery for Cu and

Pb.

2.8. Data analysis

Analyses were performed in triplicate, and mean values were calculated for each sample. We

performed statistical analyses in the free software R-Project version 3.0.2. [33], using the

ggplot2 package [34]. Data were standardized using the procedure "varying for variables with

arbitrary zero" proposed by Milligan and Cooper [35]. Kruskal-Wallis was used to verify the

differences between concentrations and time of exposure to metals of each bioassay using the

R: language and environment statistical computing (p� 0.05). All analyses were performed in

triplicate. Prior to multivariate analysis, data were tested for normality (Shapiro-Wilk test) and

homogeneity (Levene test). Principal component analysis (PCA) was applied to test the

hypothesis that more than one independent variable had an effect on a set of dependent vari-

ables, eliminating most of the systemic variation of all the independent variables tested [36].

3. Results

The bacterial consortia were dominated by the Pseudomonas stutzeri W228 strain, due

sequences showing only this strain (degree of similarity 73–62%). The number of bacterial

cells in the presence of Cu was similar to control with 108 cells.mL-1 (Fig 2). There was a signif-

icant difference (p� 0.05) in the number of cells throughout the experiment: from Time 3

(T3) to Time 5 (T5), when the number of cells increased; and from T5 to T11 when there was a

decrease.

Dehydrogenase activity (DHA) is affected by Cu concentration (p� 0.05) and exposition

time to this metal (p = 0.004). A significant difference between the control (T0) and 50 μg.mL-

1 of Cu (T11), and DHA activity showed a 20% reduction compared to 6 and 50 μg.mL-1(T11).

Throughout the experiment, DHA activity showed a significant increase between T0 and T3

(Fig 2).

The esterase (EST) enzyme activity tended to increase from T0 in all Cu’s treatments, reach-

ing maximum values in T11, with the highest values recorded for the concentration of 6 μg.

mL-1 of Cu (Fig 2). It is worth mentioning that the lowest esterase activity was registered for

Cu at the concentration of 50 μg.mL-1. The esterase activity showed a significant difference

from T0 to T11 (p� 0.05) (Fig 2). The significance level presented p� 0.05 and the results are

shown in Table 1.

The number of cells in the presence of Pb also did not exceed 108 cells.mL-1, that is, it

remained equivalent to the control treatment (Fig 3). The largest biomass of 5.4 x 108 cells.mL-

1 was found in the concentration of 6 μg.mL-1 of Pb in T5. The statistical analysis showed that

only this parameter presented significant difference in the variable time (p = 0.011) x concen-

tration (p = 0.040). It is possible to observe a significant difference in the number of cells

between concentrations 6 and 50 μg.mL-1 and between T0, T5, and T11, indicating that time

and exposure influenced cell growth (Table 1). We observed a more extensive biofilm forma-

tion in the presence of Pb, which may have immobilized this metal to the extracellular

PLOS ONE Cu and Pb bioremediation by Pseudomonas stutzeri

PLOS ONE | https://doi.org/10.1371/journal.pone.0240486 October 26, 2020 5 / 17

https://doi.org/10.1371/journal.pone.0240486


polymeric substances (EPS) of biofilm, probably explaining the maintenance of cell biomass in

the presence of Pb.

The lowest DHA in the presence of Pb was recorded at a concentration of 50 μg.mL-1 in T0

(4.18 x 10−3 μg INT-F.mL-1) (Fig 3). The DHA increased from T0 to T9, showing significance

(p� 0.05) over the time of the experiment (Table 1). The highest value was reached at T5

Fig 2. Number of cells (cell.mL-1), and dehydrogenase (DHA) (mg INT-F.mL-1) and esterase (EST) (μg Fluorescein.

mL-1) activities in the presence of copper (Cu) at concentrations of 0 (control), 6 and 50 μg.mL-1. Significant differences

in exposure time (�time) and absence / presence of metal (#concentration).

https://doi.org/10.1371/journal.pone.0240486.g002
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(4.40 x 10−2 μg INT-F.mL-1) at the Pb concentration of 6 μg.mL-1. Esterase activity increased

throughout the bioassay for all concentrations tested (Fig 3). The lowest activity of esterase was

observed in T0, while the maximum activity occurred in T9 (1.94 x 10−3 μg of fluorescein.mL-

1), both linked to the treatment with 6 μg.mL-1 of Pb, showing significant difference over the

time of the experiment (p� 0.05). It is worth mentioning that the parameters DHA and EST

showed a significant difference only for the time variable of exposure to Pb (Table 1).

For the bioassay in which the culture medium was enriched with Cu and Pb, in equal pro-

portions (Fig 4), it was observed a little variation in the number of cells again, remaining at

108, with the highest number recording 5,03 x 108 cells.mL-1 in 50 μg.mL-1 in T0. This microbi-

ological parameter showed a significant difference during the experiment (p = 0.001), in the

concentration of 50 μg.mL-1, there was a decline in the number of cells between T0 and T9,

with an increase in T11 (Table 1).

DHA was lower at T0 for all treatments (Fig 4), but increased to T5 when maximum activity

was observed for all tested concentrations (mean: 4.08 x 10−2 μg of INT-F.mL-1). Subsequently,

DHA activity decreased until the end of our bioassay period. DHA activity showed significant

difference over time (p� 0.05), presenting a significant increase between T0 and T5 and a

decline between T7 and T11 (Table 1). The esterase activity increased during the 11-day bioas-

say for all tested Cu + Pb concentrations. The lowest values were observed in T0 (1.62 x 10−4

μg of fluorescein.mL-1) and the highest values were recorded in T11 (1.30 x 10−3 μg of fluores-

cein.mL-1), both in control (Fig 4). The activity of esterase showed a significant increase

between the times T0 and T11 (p� 0.05) (Table 1).

Figs 5, 6 and 7 present individual and combined Cu and Pb quantifications in filtered cul-

ture media at T0 and T11 from the bioassay to assess their behavior. Cu showed lower concen-

trations at T0 compared to T11, indicating desorption of this element (Fig 5). No Pb was

detected in the filtered medium at any of the concentrations, a fact corroborated by the results

found in the control sample (Fig 6). Quantitation of Cu + Pb in the filtered medium showed

that Cu again exhibited desorption and Pb concentrations were below detection levels (Fig 7).

In order to evaluate the control samples and the treatments at 50 μg.mL-1 concentration

together, a PCA analysis was performed, using all parameters (number of cells—Cells; dehy-

drogenases—DHA; esterase—EST, and presence/absence of metal).

The PCA showed that the sum of the two main factors represented 54.63% of the variation

in the results. Factor 1 represented 32.66% of the variation and showed a positive correlation

with the activity of dehydrogenase (DHA) and esterase (EST) and the number of bacterial cells

(Cells). Factor 2 represented 21.97% of the data variability but did not correlate positively with

factor 1. The strains Pseudomonas 63.1% and 68% were negatively correlated with factor 2

(Fig 8).

Table 1. Kruskal-Wallis summary (P-values) of the parameters analyzed during bioassays with P. stutzeri exposed

to metals.

Metals Factors Cells DHA EST

Cu Concentration 0.961 � 0.05 0.314

Time � 0.05 0.004 � 0.05

Pb Concentration 0.040 0.316 0.751

Time 0.011 � 0.05 � 0.05

Cu + Pb Concentration 0.607 0.256 0.923

Time 0.001 � 0.05 � 0.05

Significant effects are indicated in bold. Cells: Number of Cells; DHA: Dehydrogenase activity; EST: Esterase activity.

https://doi.org/10.1371/journal.pone.0240486.t001
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The spacing of 3 sets of data is observed, which are related to the final concentration of

50 μg.mL-1 of Cu + Pb (quadrant I), Pb (quadrant II) and of Cu (quadrant IV) that are also cor-

related with the control Cu and Cu + Pb.

Fig 3. Number of cells (cell.mL-1), and dehydrogenase (DHA) (mg INT-F.mL-1) and esterase (EST) (μg Fluorescein.mL-1)

activities in the presence of lead (Pb) at concentrations of 0 (control), 6 and 50 μg.mL-1. Significant differences in exposure

time (�time) and absence / presence of metal (#concentration).

https://doi.org/10.1371/journal.pone.0240486.g003
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They distanced themselves due not only to the gene expression of P. stutzeri, but also due to

the results of DHA and EST, which were responsible for cell maintenance. It is possible to

infer that Cu was desorbed and Pb, due to its toxicity, was removed by EPS, which is a process

Fig 4. Number of cells (cell.mL-1), and dehydrogenase (DHA) (mg INT-F.mL-1) and esterase (EST) (μg

Fluorescein.mL-1) activities in the presence of copper+lead (Cu+Pb) at concentrations of 0 (control), 6 and 50 μg.

mL-1. Significant differences in exposure time (�time) and absence / presence of metal (#concentration).

https://doi.org/10.1371/journal.pone.0240486.g004
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governed by Pb, in the case of the combined bioassay (Cu + Pb), where P. stutzeri can be con-

sidered resistant to Pb (Fig 8).

4. Discussion

The only observed bacterial strain in the bacterial consortia was Pseudomonas stutzeri W228

Lehman and Neumann, 1896–1927. It is considered cosmopolitan, with great physiological

and biochemical diversity such as denitrification, nitrogen fixation and degradation of poly-

aromatics [10, 37], and metallic biosorption [38–41]. The species has a wide range of growth

temperatures, ranging from 4˚C to 45˚C, with ideal temperature of growth is approximately

35˚C. These strains do not grow at pH less than 5, a factor that probably helped in the selection

of this species in bioassays, since the media were buffered [42]. Another important feature is

that they are facultative anaerobic in the presence of nitrate [43].

The number of cells, the activities of dehydrogenase and esterases, as well as the quantifica-

tion of metals in the filtrate of the culture medium after growth, allowed us a better under-

standing of the metabolic behavior of P. stutzeri W228 in the presence of Cu and Pb alone or

in combination.

Fig 5. Quantification of Copper (Cu) at T0 and T11 in filtered culture media at concentrations of 6 and

50 μg.mL-1.

https://doi.org/10.1371/journal.pone.0240486.g005

Fig 6. Quantification of Lead (Pb) at T0 and T11 in filtered culture media at concentrations of 6 and 50 μg.mL-1.

https://doi.org/10.1371/journal.pone.0240486.g006
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Several studies have used dehydrogenase activity as a marker of toxicity of petroleum

hydrocarbons, pesticides, and metals to soil and sediment bacteria [5, 44–51]. In our study, the

parameters of esterases and dehydrogenases activities demonstrated, respectively, a pattern for

the hydrolysis of biopolymers and intracellular supply with compounds <600 Da [32] for

energy production, sufficient to maintain the number of cells.

Chequer et al. [44] observed the same pattern in the esterases and dehydrogenases enzyme

activities on impacted soil by diesel oil, maintaining the number of cells in sediments. The

same activity pattern was also observed in sediments from Guanabara Bay, Brazil, due to con-

tamination by Cu, Zn and Pb [45, 52]. In environments contaminated by stressors such as

metals, the increased activity of esterases, extracellular enzymes linked to the hydrolysis of

organic matter [31], indicates that microorganisms are capable of completing their life cycle

[53].

The non-biodegradable and recalcitrant nature of heavy metals guarantees its prolonged

presence in the environment and its high aquatic solubility promotes bioaccumulation and

biomagnifications in the trophic web [54]. Superficial sediments of Sepetiba Bay have concen-

trations of Pb and Cu ranging from undetectable levels to 54.0 mg.kg-1 and from 1.64 to 16

mg.kg-1, respectively [16, 55].

Our results with P. stutzeri W228 showed biosorption of Pb by the EPS. Mattuschka et al.

[41] found similar results of biosorption with P. stutzeri AG 259 for Pb instead of Cu, following

Fig 7. Quantification of Copper (Cu) and Lead (Pb) at T0 and T11 in filtered culture medium at concentrations of

6 and 50 μg.mL-1.

https://doi.org/10.1371/journal.pone.0240486.g007
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the order of: Ag> Pb> Cu> Zn. Joo et al. [40] concluded that the species is a promising bio-

sorbent since lyophilized P. stutzeri cells have a higher biosorption affinity for Pb than Cd.

The abilities of EPS production and biosorption of metals and multimetals by P. stutzeri
were evaluated by Maalej et al. [38], showing hierarchy in the biosorption capacity of Pb >>

Co> Fe>>> Cd. Badar et al. [39] showed an efficiency of 90% of Cu removal by P. stutzeri,
when isolated from contaminated soil and maintained in bioreactors in the presence of Cu.

Sunilkumar et al. [56] isolated 25 species of bacteria tolerant to Pb, Cr, Cd and Hg and among

them was P. stutzeri. Our results corroborated with Waite et al. [5] when it was observed the

Pb biosorption and the Cu efflux by bacterial pools in aqueous solutions. Also, several strains

of P. stutzeri have been described as having a high biosorption capacity by EPS for Cr, Co, Mn,

Ti, U, V, Zn [57], Pb [41] and Ni [58].

Bacterial cells invest in the production of EPS due to the biosorption of Pb and also in the

production of proteins capable of effacing Cu [5, 39, 59, 60]. Cu is a micronutrient that is a

constituent of several enzymes [61]. However, in high concentrations, it becomes toxic, inter-

acting with thiol groups and destabilizing iron-sulfur cofactors, thus competing with other

metals for binding sites of proteins [19]. P. stutzeri strains, when exposed to concentrations

that exceed the cellular consumption of Cu as a micronutrient, induced the desorption, proba-

bly linked to the CusC (F) BA Cu / Ag efflux pump [61–63].

Fig 8. Multivariate principal component analysis (PCA) of Pseudomonas stutzeri in presence/absence (0 and 50 μg.mL-1) and exposed to different

metals (Cu, Pb, Cu + Pb).

https://doi.org/10.1371/journal.pone.0240486.g008
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Facilitation of the Pb biosorption process by P. stutzeri W228 is linked to the production of

EPS [59, 60, 64], which has functional groups such as carboxyl (COOH), phosphate (R-

HPO4), sulfhydryl (R-SH), amine (R-NH2), phenolic (R-C6H5OH) and hydroxyl (R-OH)

[65–67]. Besides, Pseudomonas species have various adhesins that act on the initial binding to

a substrate, facilitating the formation of the biofilm [42].

Based on the positioning of our samples in the PCA, it is possible to infer that P. stutzeri
W228 was able to metabolically provide, through the activity of dehydrogenases and esterases,

subsidies to maintain the number of cells and consequently cause the efflux of Cu and remove

Pb due to EPS formation. This behavior pattern of bacterial metabolic activity in contaminated

environments was reported by other authors [5, 39, 45, 52, 60]. Together, these findings indi-

cate that, in the presence of multimetals, P. stutzeri presents preferential biosorption of Pb,

with the inertization of more toxic metals (Pb) over less toxic metals (Cu).

High concentrations of metals alter bacterial diversity, but, in the long-term, promote the

development of resistant or tolerant species in the environment [68], also indicating that met-

als are bioavailable in the environment [5, 29, 52, 60, 69]. Thus, it was possible to select P. stut-
zeri W228 resistant to Cu and Pb, with Pb’s biosorbent capacity, from surface sediments

samples contaminated by multimetals.

5. Conclusions

Strains of P. stutzeri W228 are candidates to be used in bioremediation technology in environ-

ments impacted by metals, since they preferentially remove Pb. The enzymes dehydrogenases

and esterases are biomarkers that can be used to indicate the maintenance of the number of

cells, when bacteria are exposed to metals and multimetals.
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Investigation: Carolina Coelho da Costa Waite, Simone Pennafirme, Mirian Araújo Carlos
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manipulation of the stalked budding bacterium Hyphomonas neptunium. Appl Environ Microbiol

81:736–744. https://doi.org/10.1128/AEM.03104-14 PMID: 25398860

60. Krepsky N.; Silva F. S.; Fontana L. F.; Crapez M. A. C. 2007. Alternative methodology for isolation of

biosurfactant-producing bacteria. Brazilian Journal of Biology, 67: 117–124. PMID: 136013

PLOS ONE Cu and Pb bioremediation by Pseudomonas stutzeri

PLOS ONE | https://doi.org/10.1371/journal.pone.0240486 October 26, 2020 16 / 17

https://doi.org/10.1111/j.1574-6976.tb00571.x
http://dx.doi.org/10.1016/j.btre.2016.12.006
https://doi.org/10.7324/JABB.2017.50406
https://doi.org/10.1128/AEM.03104-14
http://www.ncbi.nlm.nih.gov/pubmed/25398860
http://www.ncbi.nlm.nih.gov/pubmed/136013
https://doi.org/10.1371/journal.pone.0240486


61. Braymer J.J. and Giedroc D. P. 2014. Recent developments in copper and zinc homeostasis in bacterial

pathogens. Curr Opin Chem Biol. Apr; 19:59–66. https://doi.org/10.1016/j.cbpa.2013.12.021 Epub

2014 Jan 22. PMID: 24463765; PMCID: PMC4008645.

62. Pontel L.B, Scampoli N. L, Porwollik S, Checa S. K, McClelland M, Soncini F. C. 2014. Identification of a

Salmonella ancillary copper detoxification mechanism by a comparative analysis of the genome-wide

transcriptional response to copper and zinc excess. Microbiology. 160:1659–1669. https://doi.org/10.

1099/mic.0.080473–0

63. Samanovic M. I, Ding C, Thiele D. J, Darwin K. H. 2012. Copper in microbial pathogenesis: meddling

with the metal. Cell Host Microbe. Feb 16; 11(2):106–15. https://doi.org/10.1016/j.chom.2012.01.009

PMID: 22341460

64. Kasai Y., Kishira H., Sasaki T., Syutsubo K., Watanabe K., Harayama S., 2002. Predominant growth of

Alcanivorax strains in oil-contaminated and nutrient supplemented sea water. Environ. Microbiol. 4,

141–147.

65. D’Acunto B.; Esposito G.; Frunzo L.; Mattei M. R., Pirozzi F. 2015. Mathematical Modeling of Heavy

Metal Biosorption in Multispecies Biofilms. American Society of Civil Engineers. https://doi.org/10.1061/

(ASCE)EE.1943-7870.0001052

66. Branda S. S., Vik S., Friedman L., Kolter R. 2005. Biofilms: the matrix revisited. Trends Microbiol. 13,

20–26.

67. Whitchurch C. B., Tolker-Neilsen T., Ragas P. C., Mattick J. S. 2002. Extracellular DNA required for

bacterial biofilm formation. Science 295, 1487.

68. Harrison J. J., Ceri H., and Turner R. J. 2007. Multimetal resistance and tolerance in microbial biofilms.

Nature Reviews Microbiology 5: 928–938.

69. Semple K. T., Doick K. J., Jones K. C., Burauel P., Craven A., Harms H., 2004. Defining bioavailability

and bioaccessibility of contaminated soil and sediments is complicated. Environ. Sci. Technol. 38,

228Ae231A.

PLOS ONE Cu and Pb bioremediation by Pseudomonas stutzeri

PLOS ONE | https://doi.org/10.1371/journal.pone.0240486 October 26, 2020 17 / 17

https://doi.org/10.1016/j.cbpa.2013.12.021
http://www.ncbi.nlm.nih.gov/pubmed/24463765
https://doi.org/10.1099/mic.0.080473%26%23x2013%3B0
https://doi.org/10.1099/mic.0.080473%26%23x2013%3B0
https://doi.org/10.1016/j.chom.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22341460
https://doi.org/10.1061/%28ASCE%29EE.1943-7870.0001052
https://doi.org/10.1061/%28ASCE%29EE.1943-7870.0001052
https://doi.org/10.1371/journal.pone.0240486

