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1 | INTRODUCTION

| Mohamed A. Al Abboud® | Sayeed I. Khatib®

Microorganisms can modify the chemical and physical characters of metals leading to
an alteration in their speciation, mobility, and toxicity. Aqueous heavy metals
solutions (Hg, Cd, Pb, Ag, Cu, and Zn) were treated with the volatile metabolic
products (VMPs) of Escherichia coli Z3 for 24 h using aerobic bioreactor. The effect
of the metals treated with VMPs in comparison to the untreated metals on the growth
of E. coli S1 and Staphylococcus aureus S2 (local isolates) was examined. Moreover,
the toxic properties of the treated and untreated metals were monitored using
minimum inhibitory concentration assay. A marked reduction of the treated metals
toxicity was recorded in comparison to the untreated metals. Scanning electron
microscopy and energy dispersive X-ray analysis revealed the formation of metal
particles in the treated metal solutions. In addition to heavy metals at variable ratios,
these particles consisted of carbon, oxygen, sulfur, nitrogen elements. The inhibition
of metal toxicity was attributed to the existence of ammonia, hydrogen sulfide, and
carbon dioxide in the VMPs of E. coli Z3 culture that might responsible for
the transformation of soluble metal ions into metal complexes. This study clarified the
capability of E. coli Z3 for indirect detoxification of heavy metals via the

immobilization of metal ions into biologically unavailable species.
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mercury are non-essential and highly toxic pollutants.
Others such as manganese, copper, iron, magnesium,

Heavy metals refer to metals or metalloids with relatively
high densities, atomic weights, or atomic numbers. They are
known for their toxic impact on most of living organisms
even at low levels. Heavy metals are persistent environmen-
tal pollutants because they cannot be degraded or destroyed.
The environmental pollution with heavy metals induces
adverse impacts on terrestrial and aquatic ecosystems.
Heavy metals pollution originates from natural sources such
as rocks and metalliferous minerals or from anthropogenic
activities such as agriculture, metallurgy, energy production,
mining, sewage sludge, and waste disposal [1]. Some heavy
metals such as antimony, silver, aluminum, gold, lead, and

arsenic, cadmium, and zinc are essential for living cells at
low levels as they act as cofactors for some essential
enzymes but they exert toxicity when are found at elevated
concentrations. Heavy metals are highly toxic to most living
organisms. They have been reported to destroy cellular
organelles, alter enzyme specificity, and disrupt cell
membranes in addition to the damage of DNA that leads
to cell cycle modulation, carcinogenesis, or apoptosis [2—4].
Some metal cations such as Hg?*, Cd**, and Ag* tend to
bind—SH groups resulting in an inhibition of the essential
enzymes [5] while other heavy metal can induce oxidative
stress [6].
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Heavy metals interact with microorganisms in different
ways based on metal species, type of microorganisms and
environmental conditions [7]. At the same time, cell structure
and metabolic activity of microbial cells influence on the
solubility, bioavailability, and toxicity of metals [7]. A large
number of microbial species can survive in direct contact with
heavy metals because they possess various resistance
strategies against these metals. The resistance mechanisms
include membrane transport system involved in the cellular
accumulation of specific metals [8], metals sequestration via
specific binding components [9], active efflux systems
encoded by specific genes [10], and enzymatic conversion
of toxic metal ions into less toxic forms [11]. Generally, metal
resistance genes including those for Hg**, Ni**, Ag*, Cd**,
Cu**, CrO2~, and Zn*" are located on plasmids. Besides,
some resistance genes are found on bacterial chromosomes
such as Hg>* resistance genes, Cd*" efflux genes in Bacillus
subtilis and arsenic efflux genes in Escherichia coli [12,13].

The indirect metal-microbe interaction could represent a
promising approach of heavy metal homeostasis in the
microbial environment. It assists microorganisms to tolerate
high concentrations of heavy metals through producing wide
varieties of compounds that are involved in holding the metals
away from the cells. The liberation of extracellular non-
specific metabolites such as phosphates, sulfides, and
carbonates that are formed during microbial metabolic
reactions, participate in the diminution of heavy metals
toxicity. These compounds are engaged in the precipitation of
metals in the microbial habitat [14].

Bioprecipitation by sulfides and phosphates has been
intensively investigated because of the low solubility of many
of their metal compounds. The release of phosphate via
hydrolysis of organic phosphate substrates has been shown as
a successful technique for the removal of metals out of
solutions as metal phosphates [15]. It is well known that
sulfate-reducing bacteria can produce and accumulate large
quantities of sulfide that transfer across the cell membrane
into the culture medium resulting in the transformation of
soluble metal ions into metal sulfides [16].

Some of the extracellular compounds are produced
during the microbial metabolism in the form of volatile
metabolites such as alcohols, aldehydes, amines, esters,
ketones, and mercaptans [17]. The types and quantities of
the microbial vapors are significantly influenced by
microbial species and growth conditions [18]. Even though
the physiological function of the microbial volatiles still not
clear, it was proven that they could be contributed to the
transformation of some heavy metals into insoluble metal
complexes [19,20]. The aim of the current study was to
evaluate the toxicity of heavy metals treated with bacterial
VMPs against bacterial strains in order to emphasize the
role of these vapors in diminishing the harmful influence of
heavy metals.

2 | MATERIALS AND METHODS

2.1 | Bacterial isolates and culture conditions

Three bacterial isolates were used in the current study including
Escherichia coli Z3 (isolated from sludge sample, Egypt [21])
and two bacterial isolates S1 and S2 that were kindly obtained
from Faculty of Pharmacy, Jazan University, Saudi Arabia.
Cultures were routinely grown aerobically on nutrient broth
medium using shaking incubator at 37 °C for 24 h. Proper
aseptic techniques and standard laboratory operation procedures
were followed during the study with these microorganisms.

2.2 | Identification of the bacterial isolates

The bacterial isolates (S1 and S2) were subjected to 16S
rDNA gene sequencing where the genomic DNA was
extracted using standard bacterial procedures [22]. Two
universal primers were used for the amplification of 16S
rDNA gene; (F1) AGA GTT TGA TCC TGG CTC AG and
(R1) AAG GAG GTG ATC CAG CCG CA [23]. PCR
mixture was prepared according to Essa et al. [24]. PCR has
carried out 35 cycles under the following program; denatur-
ation for 40s at 94 °C, annealing for 1 min at 55 °C, and
extension for 2 min at 72 °C. PCR product was analyzed by
! 60min) on 0.7% horizontal
agarose gel. After purification, the products of PCR were
subjected to sequencing at GATC Biotech, Constance,
Germany. Then the DNA sequences were aligned at NCBI
DataBase (www.ncbi.nlm.nlh.gov).

electrophoresis (15 Vem™

2.3 | Treatment of heavy metal solutions with
VMPs of E. coli 7.3

Analytical grade salts of CdCl,, CuSO,4, HgCl,, AgNO;,
Pb(NOs3),, ZnSO,4 (Merck) were used to prepare 0.1 M stock
solutions. Metal solutions were sterilized using 0.45 pm pore-
size polysulfone sterile filters (Whatman). A bioreactor was
constructed according to Essa et al. [20] where the growth
chamber contained one liter of E. coli Z3 culture at mid-log
phase (O.D = 0.6) that was reserved under aerobic conditions
via pushing sterilized air. At the same time, the bacterial VMPs
were passed through one hundred milliliters of the different
metal solutions for 24 h exposure time. With the intention of
avoiding the contamination of metal solution with bacteria,
VMPs were pushed through a 0.2 um filter (Millipore).

2.4 | Toxicity assay using standard agar well
diffusion method

Since the bacterial strain E. coli Z3 demonstrated a clear
resistance against some of the tested metals such as mercury,
lead, and silver (data not shown), the toxicity of the treated
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and untreated heavy metals was measured against A Gram-
negative model (E. coli S1) and A Gram-positive model
(Staphylococcus aureus S2) using the modified agar well
diffusion method [25]. Nutrient agar plates were inoculated
with 100 pl of the tested bacterial strains (10® cell ml™"). Once
the agar was solidified, it was punched with 8 mm diameter
wells and filled with 25 pl of low and high concentrations of
metal solutions as follows: 0.1 and 0.2 mM for mercury and
silver; 1.0 and 2.0 mM for cadmium; 2.0 and 4.0 mM for lead,
copper, and zinc. Experiments were carried out in triplicate
and the diameters of the zones of inhibition were measured by
millimeter after 24 h incubation at 30 °C. Streptomycin
(100 ug ml™") was used as a positive control.

2.5 | Toxicity assay using minimum inhibitory
concentration (MIC)

Mueller—Hinton (MH, Merck) agar plates were supplemented
with different heavy metals. Analysis of metal resistance was
performed by mid-log phase cultures of E. coli S1 and S. aureus
S2. Cells were streaked on MH agar plates containing serial
concentrations of metals as follow: 0.1-2.0 mM for mercury and
silver; 1.0-20.0mM for cadmium, lead, zinc, and copper.
Growth was recorded after 2 days of incubation at 37 °C. The
lowest concentration of metal that completely prevented bacterial
growth was termed the minimal inhibitory concentration.

2.6 | Effect of treated and untreated heavy
metals on bacterial growth

The toxic effect of treated and untreated metal solutions
against the bacterial strains E. coli S1 and S. aureus S2 was
monitored. Nine milliliters of nutrient broth containing
various doses of treated and untreated metals were inoculated
with 1 ml of mid-log phased cultures of the fresh culture of
each bacterial strain (O.D ~ 0.6). The metal concentrations
were 0.1, 0.2, 0.3, 0.4, 0.6, 0.8 mM for mercury and silver,
0.5,1.0, 1.5, 2.0, 3.0, 4.0 mM for cadmium and 1.0, 2.0, 3.0,
4.0, 6.0, 8.0 mM for lead, copper, and zinc. After incubation at
37°C for 24h, the bacterial growth was monitored by
measuring the optical density at 600 nm using a UV-VIS
spectrophotometer (UNICAM, 8625). A culture grown in the
absence of metal served as the control. At the same time, the
protein content of bacteria exposed to treated and untreated
metals was estimated using the bicinchoninic acid (BCA)
assay kit (Sigma—Aldrich BCA-1, B9643), with bovine serum
albumin as a standard. The developed purple color was
measured spectrophotometrically at 562 nm [26].

2.7 | SEM and EDX analysis of metals
precipitates

Each treated metal solution collected from the bioreactor was
centrifuged at 100,000 rpm for 30 min. The supernatant was
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filtered (0.2 pm filters) and stored for analysis. The metal
precipitates were washed with 20ml de-ionized water
followed by centrifugation as before (three times). Each
metal precipitate was collected and dried at 30 °C. Then metal
precipitates were examined with a JEOL JSM 5900 scanning
electron microscope with the composition determined by
EDX using an Oxford Link ISIS System according to Essa
and Khallaf [27]. The elements of the samples assigned
concentration values based on the known compositions of
standards that were analyzed under the same conditions as
described by Tylko et al. [28]. The analysis was carried out by
determining the intensity of a characteristic X-ray peak of a
chosen element on a standard that has no interfering peaks.

2.8 | Heavy metals analysis

The purified supernatants were subjected to heavy metal
analysis (Cd**, Cu®*, Hg**, Ag™, Pb>*, and Zn") using a
Flameless Atomic Absorption Spectrophotometer (AAS,
Perkin Elmer 2380). The removal percentage was calculated
for each metal in comparison to the VMPs unexposed metals.

2.9 | Levels of biogenic sulfides, ammonia, and
CO, in the bioreactor

The sulfide content of a water sample exposed to the VMPs
of E. coli Z3 for 24h was assayed using the protocol
developed by Siegel [29]. One hundred microliters of
sample were transferred into 1.5 ml microcentrifuge tubes.
Then 100ul N,N-dimethyl-p-phenylenediamine sulfate
(0.02M) in 72N HCI and 100l of FeCl; (0.3M) in
1.2N HCI were added. After incubation in the dark for
20 min, tubes were subjected to centrifugation at 10,000 rpm
for 10 min and the optical density of the supernatant was
measured spectrophotometrically at 670 nm. Sulfide con-
centration was determined by comparing results to standard
curve developed with Na,S standards. At the same time, the
concentration of ammonia in a water sample exposed to the
bacterial VMPs for 24 h was measured using modifying
Nessler method according to Jeong et al. [30]. The
absorbance of the samples was measured at 400 nm and
compared to standard curve developed with NH,4CI.
Regarding biogenic CO,, trapping experiment was carried
out by exposing 10ml 0.1 M Ba(OH), to the bacterial
VMPs. After 24 h, the dry weight of BaCO3; was determined
by filtering the solution through Whatman No. 1 filter paper
and drying at 50 °C for 4 days.

2.10 | Statistical analysis

The data presented in the current study are the mean value of
atleast three replicates. Standard errors were calculated for all
the values using MS Excel 2007.



4 ;
*|_journal of Basic

icrobiology

ESSA ET AL.

TABLE 1 Effect of treated and untreated heavy metals against E. coli S1 and S. aureus S2 using standard agar well diffusion method
Escherichia coli S1

Staphylococcus aureus S2

Low conc. High conc. Low conc. High conc.
Heavy metals Untreated Treated Untreated Treated Untreated Treated Untreated Treated
Streptomycin 29+1 24 +2
HgCl, 22 +1 14+2 30+1 15+1 20+ 1 12+2 28 + 1 16 +2
AgNO;3 15+2 101 27+2 13+1 13+2 ND* 19+2 ND*
CdCl, 15+1 12+1 25+1 12+2 21 +2 12+1 24 + 1 15+2
Pb(NO3), 18+2 12+2 26+ 1 15+2 24 +1 15+2 32+2 18+1
ZnSO, 102 ND* 11+2 ND* 11+2 101 18+1 101
CuSO, 17+1 ND* 18+1 ND* 12+1 ND* 15+2 ND*

Experiments were carried out in triplicate and diameters of the zones of inhibition were measured by millimeter. Each heavy metal was used at two concentrations; 0.1 and
0.2 mM for mercury and silver, 1.0 and 2.0 mM for cadmium; 2.0 and 4.0 mM for lead, copper, and zinc. Data are the means of three replications + standard errors.

*ND, not detected.

3 | RESULTS

3.1 | Identification of bacterial strains

Based on the morphological characteristics and Gram stain,
the bacterial isolates were classified as Gram-negative bacilli
(S1) and Gram-positive cocci (S2). The molecular identifica-
tion of the bacterial isolates was performed using 16S rDNA
gene sequencing. The obtained DNA sequences (1500 bp)
were aligned at NCBI DataBase. The isolate S1 was identified
as E. coli S1 with 99% identity to the accession number
BAO000007 while S2 was identified as S. aureus S2 with 99%
identity to the accession number LOSC01000004.

3.2 | Toxicity of the treated and untreated
heavy metals

The toxicity of the treated metals was determined using
standard agar well diffusion method. The obtained results
(Table 1) showed a clear toxicity reduction of the treated
metals in comparison with the untreated metals. In the case of
E. coli S1, the inhibition zones of the treated at high
concentrations were diminished by 50.1% for Hg, 51.8 % for
Ag, 52.0% for Cd, and 42.3% for Pb. Simultaneously, the
treated copper and zinc demonstrated a complete disappear-
ance of their toxicity at the tested concentrations. Similar
results were obtained with S. aureus S2 (Table 1). The
diameter of the inhibition zone of the treated metals in relation
to the untreated ones was reduced by 42.8% for mercury,
37.5% for cadmium, 43.7% for lead, and 44.3% for zinc at the
higher concentrations. At the same time, a complete
detoxification of treated copper and silver was recorded at
the tested metal levels against S. aureus S2.

In order to clarify the toxicity of the treated heavy metals
in comparison to the untreated metals against the bacterial
strains, minimum inhibitory concentration (MIC) assay was

conducted (Table 2). Overall, there was a clear reduction in
the toxicity of metals exposed to the bacterial VMPs. The
MIC values of the treated metals were higher than those of the
untreated metals. In case of E. coli S1, the recorded MICs of
treated metals were 1.0 mM for mercury, 2.0 mM for silver,
14.0 mM for cadmium, 12.0 mM for lead and copper, and
16.0 mM for zinc. Analogous data were collected with Gram-
positive S. aureus S2 where high MIC values were
determined with treated metals. The recorded MICs of the
treated metals were 0.8 mM with mercury, 1.6 mM with
silver, 10.0 mM with lead, and 12.0 mM with cadmium,
copper, and zinc.

3.3 | Impact of treated and untreated heavy
metals on bacterial growth

In order to investigate the influence of the treated and
untreated metals on the bacterial growth, an experiment was

TABLE 2 Minimum inhibitory concentration (MIC) of the treated
and untreated heavy metals against E. coli S1 and S. aureus S2

Minimum inhibitory concentration (mM)

Staphylococcus

Escherichia coli S1 aureus S2
Heavy
metals Untreated Treated Untreated Treated
HgCl, 0.2 1.0 0.2 0.8
AgNO; 0.3 2.0 0.3 1.6
CdCl, 3.0 14.0 2.0 12.0
Pb(NO3), 6.0 12.0 4.0 10.0
ZnSO, 6.0 16.0 4.0 12.0
CuSO, 4.0 12.0 3.0 12.0

Data are the means of three replications.



ESSA ET AL.

carried out in nutrient broth where the tested strains (E. coli
S1 and S. aureus S2) were exposed to various doses of the
treated and untreated metals. The obtained results (Fig. 1)
revealed a clear suppressive influence of mercury and silver
on the growth of E. coli S1 even at low levels. The other
metals such as lead, copper, and zinc demonstrated a less
inhibitory effect on the bacterial growth especially at low
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doses while at high doses they exerted a marked discourage
impact on the bacterial growth. On the other hand, treated
heavy metals clarified a less inhibitory impact against E.
coli S1 up to 0.3mM for Ag and Hg, 4.0mM for Cd,
8.0 mM for Pb, Cu, and Zn. Simultaneously, S. aureus S2
demonstrated a compatible behavior against the treated
metals. Data in Fig. 2 demonstrated a clear reduction of the
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FIGURE 1 Effect of treated and untreated heavy metals on the growth of The experiment was carried out in triplicate and values are means
of replicates + standard error. The optical E. coli S1. Bacterial growth was monitored spectrophotometrically by measuring optical density at

600 nm. Density of bacteria grown under the same conditions in absence of heavy metals was 1.53 + 0.1. Dash line with black squares represents
metals treated with bacterial VMPs while solid line with white triangle represents untreated metals
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detrimental impact of heavy metal compared to the
untreated metals. The treated heavy metals demonstrated
a less suppressive effect against S. aureus S2 impact up to
0.4 mM for Hg and Ag, 4.0 mM for Cd, 6.0 mM for Pb and
Cu, and 8.0 mM for Zn.

At the same time, the data in Table 3 confirmed the
toxicity reduction of the treated metals against E. coli S1
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where high amounts of proteins were accumulated in the cells
exposed to the treated metals in correlation to the untreated
metals. The greatest protein content was spotted at 0.2 mM of
Hg and Ag, 4.0 mM of Cd, 8.0 mM of Pb, 6.0 mM of Cu, and
8.0 mM of Zn. Regarding the protein content of S. aureus S2,
the obtained results (Table 4) showed a massive increase in
the protein levels in the cells grown in the presence of the
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FIGURE 2 Effect of treated and untreated heavy metals on the growth of S. aureus S2. Bacterial growth was monitored
spectrophotometrically by measuring optical density at 600 nm. The experiment was carried out in triplicate and values are means of
replicates + standard error. The optical density of bacteria grown under the same conditions in absence of heavy metals was 1.67 +0.13. Dash
line with black squares represents metals treated with bacterial VMPs while solid line with white triangle represents untreated metals
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treated metals even at the high metals concentrations. The
maximum percentage of protein increase was recorded at
0.3 mM of Hg and Ag, 2.0 mM of Cd, 4.0 mM of Pb, 3.0 mM
of Cu, 6.0 mM of Zn.

3.4 | Scanning electron microscope and
electron dispersive X-ray analysis of metal
precipitates

Scanning electron microscope analysis of the metal precip-
itates collected from the bioreactor showed the presence of
tiny particles (10-50 pm in diameter) with mercury, lead,
silver, cadmium, copper, and zinc (Figs. 3 and 4). At the same
time, the electron dispersive X-ray system demonstrated the
elemental composition of metal precipitates (Table 5). In case
of Hg-precipitate, it was comprising of 72.6% mercury, 6.6%
sulfur, 11.5% carbon, 3.9% nitrogen, and 5.2% oxygen while
Pb-precipitate contained 77.8% lead, 9.2% sulfur, 7.8%
carbon, 0.2% nitrogen, and 4.8% oxygen. Similarly, Ag-
precipitate consisted of 71.5% silver, 11.6% sulfur, 8.4%
carbon, and 8.2% oxygen where Cd-precipitate contained
63.5% cadmium, 18.9% sulfur, 7.1% carbon, 1.6% nitrogen,
and 8.6% oxygen. Likewise, Zn-precipitate consisted of Zn
(57.8%), S (7.4%), C (7.8%), N (1.0%), and O (25.7%) while

Cu-precipitate contained Cu (61.6%), S (9.1%), C (4.0%), N
(1.9%), and O (23.1%).

3.5 | Levels of biogenic sulfides, ammonia, and
CO, in the bioreactor

The obtained results (Fig. 5) showed the presence of various
levels of biogenic ammonia and sulfide in the precipitation
chamber of the bioreactor. There was an increase of ammonia
and sulfide concentration by increasing the exposure time.
The maximum ammonia concentration (1.3 mM) was
achieved after 24 h while the sulfide level has reached a
constant level (111 pM) after 12 h. At the same time, elevated
levels of CO, (5.8-fold) were detected in the VMPs released
from the bacterial culture in comparison to abiotic experiment
running under the same conditions (absence of bacterial
VMPs).

4 | DISCUSSION

Microorganisms are directly concerned in metal biogeo-
chemistry with a variety of bioprocesses. They have been
known with their capacity to change the bioavailability of

TABLE 3 Effect of treated and untreated metals on protein content of E. coli S1

Heavy metals Protein content (pg ml~")

HgCl, (mM) 0.1 0.2 0.3 04 0.6 0.8
Treated 203 + 11%* 151 &+ 12%* 106 + 14** 54 + 9** 28 + 13* 26 + 14*
Untreated 76 + 16** 28 + 13%%* 26+ 10 22 + 12%%* 23 + 10* 21 £ 11

AgNO; (mM) 0.1 0.2 0.3 0.4 0.6 0.8
Treated 311 £ 19%* 226 + 13%* 129 & 11 103 £ 11 86 + 16%* 58 & 12%%*
Untreated 112 4+ 11 57 + 16%* 34 + 13%%* 28 + 10%* 25 + 13* 26 + 10%*

CdCl, (mM) 0.5 1.0 1.5 2.0 3.0 4.0
Treated 347 £ 12%%* 328 + 15% 302 £ 14%%* 288 + 13%* 275 &£ 17%* 244 + 14%%*
Untreated 329 + 10* 218 £ 14%* 95 + 13** 56 + 10** 29 + 14%* 24 + 11%*

Pb(NO;), (mM) 1.0 2.0 3.0 4.0 6.0 8.0
Treated 378 £ 15 360 + 13* 328 + 19%* 287 + 13%%* 206 + 117%%* 189 + 14%*
Untreated 366 + 12* 214 £ 11 73 + 11%* 45 + 10* 27 + 13%%* 22 + 12%%*

CuSO,; (mM) 1.0 2.0 3.0 4.0 6.0 8.0
Treated 365 + 18%* 332 4+ 11%%* 304 + 16%* 287 + 12%* 243 + 19%* 172 + 14%*
Untreated 353 £ 13%* 311 £ 15%* 67 + 10** 25 + 12%%* 24 + 10%* 21 &+ 117%*

ZnCl, (mM) 1.0 2.0 3.0 4.0 6.0 8.0
Treated 377 £ 17* 362 £ 11* 329 + 12%* 298 + 17+* 243 £13%* 186 & 11%*
Untreated 369 + 16 353 + 144 317 + 11%* 181 + 14 59 + 9** 26 + 15%%*

The experiment was carried out in triplicate and the total protein content in absence of metals was 361 + 11 pg ml™". Statistical significance of differences compared to

control (without metals).
*Significant at p < 0.05.
*Significant at p < 0.01.
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TABLE 4 Effect of treated and untreated metals on protein content of S. aureus S2

Heavy metals Protein content (pg ml—")

HgCl, (mM) 0.1 0.2 0.3 0.4 0.6 0.8
Treated 282 + 9F* 214 + 14%* 109 + 11%* 86 + 10%* 63 + 16** 35 & 12%*
Untreated 94 + 13%* 57 + 16%* 28 + 10%* 26 + 10%* 27 + 13%* 25 + 11%%*

AgNO3; (mM) 0.1 0.2 0.3 0.4 0.6 0.8
Treated 335 &+ 12%* 316 + 13* 294 + 15%* 201 &+ 10%* 77 + 12%* 76 + 13%%*
Untreated 318 + 15%* 126 + 17°%* 41 + 10%* 29 + 11%* 25 + 10%* 26 + 14*

CdCl, (mM) 0.5 1.0 1.5 2.0 3.0 4.0
Treated 369 + 15% 354+ 11% 339 + 14* HN2 2e 125 251 + 15%* 195 & 13%**
Untreated 348 +13 354 + 16%* 143 + 11%* 35+ 16%* 28 + 15% 22 + 11%%

Pb(NO3), (mM) 1.0 2.0 3.0 40 6.0 8.0
Treated 369 + 12* 346 + 10%* 329 + 3% 302 + 12%%* 277 + 17* 131 & 14%*
Untreated 381 + 15% 316 + 13%* 123 + 15%* 37 + 10%* 23 + 11%* 25 + 12%*

CuSO4 (mM) 1.0 2.0 3.0 4.0 6.0 8.0
Treated 361 + 12* 345 + 16* 323 + 11%* 248 + 16%* 191 + 14%* 115 + 12%*
Untreated 342 + 14%* 149 + 12%* 36 + 14%* 22 4 11%* 26 + 10%* 28 + 12%

ZnCl, (mM) 1.0 2.0 3.0 4.0 6.0 8.0
Treated 374 + 14 351+ 10% 328 + 11%* 286 & 13%* 235 £ 10%* 176 + 13*
Untreated 359+ 11* 347 + 10%* 138 & 15%* 36 + 12%* 28 + 13* 29 + 10%*

The experiment was carried out in triplicate and the total protein content in absence of metals was 373 + 14 pg ml™". Statistical significance of differences compared to

control (without metals).
*Significant at p < 0.05.
**Significant at p < 0.01.

metal in the environment either through solubilization or
precipitation. On the whole, the ability of a microorganism
to resist the toxic metals is often associated with their
ability to immobilize these metals into insoluble spe-
cies [31]. Immobilization process reduces the free metal
species and may enable metals to be transformed in
situ [7].

According to the obtained results of the current study, the
immense decline of the toxicity of heavy metals treated with
VMPs of E. coli Z3 was attributed to the transformation of the
soluble metal ions into insoluble metal complexes resulting in
a marked diminish of free metal ions. Data in Table 6
demonstrated a complete metal removal with Hg and Pb while
the percentage of metal removal of the other metals was 88%
with Zn, 87% with Cd, 82% with Ag and 71% with Cu after
treating them with the VMPs of E. coli Z3. In addition, the
obtained EDX data showed the existence of sulfur, nitrogen,
and oxygen in the collected metal precipitates that could be
assigned to the presence of some biogenic chelating
molecules such as sulfide, ammonia, and CO, in the VMPs
of the bacterial culture.

The capability of E. coli Z3 strain to produce hydrogen
sulfide under aerobic conditions was confirmed by the
formation of black color during their growth on Kligler iron
agar. At the same time, data in Fig. 5 showed the presence of

various levels of sulfides in water sample exposed to bacterial
VMPs that were not observed in abiotic experiment running
under similar condition (absence of bacterial VMPs). Sulfide
plays a major role in the co-precipitation of heavy metals as
metal sulfides that are characterized by low solubility
products [32]. Previous studies had confirmed the capability
of an assortment of microorganisms for the release of volatile
sulfide under aerobic conditions [33,34]. The oxic production
of sulfide might confer microbial cells with the ability to
survive in presence of high levels of metals through
precipitating them into metal sulfides [35]. Moreover, several
microbial metabolic pathways of sulfide have been proposed
where cysteine desulthydrase pathway was the most
evident [36].

The bacterial precipitation of heavy metals as metal
sulfides could not be assigned only to the presence of H,S but
also to the occurrence of thiol compounds in the bacterial
VMPs. Thiol-compounds are characterized by their affinity to
coordinate and complex various metals in their solutions. In
our previous research, dimethyldisulfide was identified in
Klebsiella pneumoniae M426 biogas. This compound played
a chief task in the transformation of mercury and other metals
into organo-sulfur metal precipitates [37]. Similarly, El-
Shanshoury et al. [38] have attributed the transformation of
lead into lead sulfide by Bacillus anthracis PS2010 to the
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FIGURE 3 Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analysis of precipitates produced in the bioreactor after
24 h through the interaction of VMPs of E. coli Z3 with mercury chloride solution (A), lead nitrate solution (B), and silver nitrate solution(C)

release of dimethyldisulfide from the bacterial cells. Biogenic
oxidized volatile sulfur species could be formed through the
conversion of methionine, into reduced mercaptans that are
transformed rapidly into oxidized volatile sulfur species
under aerobic conditions [39].

The obtained results (Fig. 5) clarified the presence of
elevated amounts of ammonia in the water sample exposed to

bacterial VMPs that were not observed in abiotic experiment
running under similar condition. The release of ammonia in
addition to some volatile nitrogenous compounds during
bacterial growth could be attributed to the enzymatic
breakdown of various organic substrates [40]. It is well-
known that some metal ions have strong tendency to
coordinate with amine groups [41]. Mubarak et al. [42]
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FIGURE 4 Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analysis of precipitates produced in the bioreactor after
24 h through the interaction of VMPs of E. coli Z3 with cadmium chloride solution (D), copper sulfate solution (E), and zinc sulfate solution (F)

have identified the amine groups in nano-silver particles
fashioned by some cyanobacterial strains. Similarly, culture
VMPs of K. pneumoniae with their nitrogenous metabolites
were used successfully to precipitate Au(Ill) ions out of an
industrial wastewater [43]. Moreover, the accumulation of
ammonia in metal solution could be responsible for the
rapid pH change of the precipitation chamber toward

alkalinity (pH = 8.5-9.1). Hydrogen ion activity is possibly
the key factor affecting metal speciation, solubility, and
ultimately bioavailability of metals in aqueous solutions. The
shifting pH toward alkalinity might induce the formation of
metal hydroxide where the solubility of metal hydroxide
minerals decreases with increasing pH value [44]. Addition-
ally, high ammonia concentration in metal solution can
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TABLE 5 Elemental composition of the metal precipitates determined by energy dispersive X-ray analysis (EDX)

Metals precipitates

Elemental composition (Wt%) Hg Pb

Metal 72.6 +£2.7 77.8+1.8
Carbon 11.5+0.5 7.8+1.1
Nitrogen 39+0.7 02+0.1
Oxygen 52+0.6 4.8+0.7
Sulfur 6.6+0.8 92+05

The experiment was carried out in triplicate and values are means + standard error.
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FIGURE 5 Ammonia and sulfide contents in the deionized water
sample exposed to E, coli Z3 culture off-gas for 24 h in the
bioreactor. The experiment was carried out in triplicate and values are
means (M) of replicates + standard error

induce the formation of ammonia-metal complexes with
various metals. Some of these complexes are water soluble
such as tetraammine-copper(Il) where the amminomercury
complex is an example for insoluble ammonical-metal
complexes [43,45].

Likewise, the current study clarified the presence of
elevated levels (5.8-fold) of CO, in the VMPs. The biogenic
CO, that is liberated during microbial catabolism could be
found in aqueous solutions in the form of carbonate ions
under alkaline conditions. It is known that carbonate ions

Cd Zn Cu Ag
63.5+1.3 57.8+0.9 61.6 +1.8 71.5+1.7
7.1+0.8 7.8+0.4 40+0.9 85+04
1.6 £0.7 1.0+0.3 1.9+0.6 0.0
8.6+0.8 257+1.3 23.1+0.8 82+0.4
189+14 74+0.6 9.1+0.7 11.6 £ 0.9

have an affinity to co-precipitate some cations into metal
carbonates [46,47]. The XRD analysis showed the presence of
Hg and Pb carbonate (data not shown). Microorganisms are
known to induce carbonate precipitation by altering solution
chemistry through a wide range of metabolic pathways such
as photosynthesis, ammonification, and denitrification [48].

In conclusion, the present study highlighted the transfor-
mation of metal ions into metal precipitates as a mechanism
through which E. coli Z3 can indirectly reduce the toxicity of
heavy metals. The bacterial transformation of heavy metals
depends on the discharge of various volatile metabolic
products including nitrogenous compounds, hydrogen sul-
fide, organothiol compounds, and CO, (Fig. 6). Hydrogen
sulfide and volatile organothiols tend to coordinate metal ions
into sulfur-based metal precipitates. Simultaneously, the
presence of ammonia in the bacterial biogas affects on
the metal solutions in two ways. Firstly, it can precipitate
some metal ions as nitrogen-based complexes. Secondly, the
accumulation of ammonia shifts pH of metal solutions toward
alkalinity that participate in the formation of water insoluble
metal hydroxides. Moreover, the microbial capability of
producing elevated levels of CO, in parallel with the increase
of pH value favors the deposition of some cations as metal
carbonates. More studies would be required to identify the
VMPs components of different Gram-negative and Gram-
positive bacterial strains and to investigate their role in the
heavy metal transformation process. At the moment, another
study is running aiming to purify and upload certain

TABLE 6 Residual metal concentration after treating metal solutions with the VMPs of E. coli Z3 for 24 h in the bioreactor

Heavy metals Initial concentration (ppm)

HgCl, 69+9
AgNO; 42+4
Cdcl, 70+8
Pb(NO3), 47+6
ZnSO, 88+5
CuSO0, 63+7

Residual concentration (ppm)

Percent of metal removal

BDL 100
T+8 82
9+5 87
BDL 100
11+7 88
18+6 71

The experiment was carried out in triplicate and values are means + standard error where BDL indicates that metal concentration is below detection limit.
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FIGURE 6 Schematic representation for the indirect heavy metal precipitation by E. coli Z3

ingredients of the E. coli Z3 VMPs onto organic carriers in
order to apply these composite structures for the removal of
heavy metals out of industrial wastewater.
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