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Abstract: This study focuses on identifying relationships between the content of heavy metals in
water and the resistance patterns of different bacteria. Samples from watercourses in one of the
most important mining areas in Mexico were collected. Seventy-one bacteria were isolated, and
their resistance to Cr, Zn, Cu, Ag, Hg, and Co was studied. The Minimum Inhibitory Concentration
range was determined, and a Multiple Metal Resistant index was calculated. After that, 11 isolated
bacteria were chosen to estimate kinetic parameters. The obtained results show differences in the
behavior of the studied bacteria concerning the presence of heavy metals in the media: (1) without
effect, (2) inhibited growth; and (3) considerable inhibited growth. Finally, a Performance Index was
proposed to select adequate bacteria for heavy metals removal; five bacteria were selected. Among
them, Pseudomonas koreensis was identified as a good candidate for a future biosorption system since
these bacteria can stimulate growth in the presence of all the metals tested.

Keywords: multiple metal resistance index; minimum inhibitory concentration; tolerance index;
kinetic parameters

1. Introduction

The presence of heavy metals in drinking water causes health damage because of their
toxicity and non-biodegradability [1,2]. These elements are prone to bioaccumulation in
tissues. Besides, they are persistent in the food chain, which induces long-term problems
such as anemia, brain damage, hypertension, epigastric pain, vomiting, diarrhea, and lung
tumors, among other diseases [3]. Unfortunately, the symptoms are expressed when the
heavy metal concentrations reach high levels in the organism.

Several anthropogenic activities produce large amounts of waste with heavy metals.
Frequently, those wastes are released into the environment without adequate treatment,
thereby increasing water pollution and health risks [4]. Furthermore, since the population
grows continuously, the water demand also increases, reducing water availability. In some
regions of the world, the aquifers are in overexploitation conditions; this situation requires
extracting deeper water, which could increase the concentration of salts and heavy metals.

In Mexico, heavy metals have been identified in underground and surface water
bodies, as well as in animal fauna for human consumption [5–7]. As in other regions,
mining is one of the main activities delivering residual heavy metals to water bodies in
different country zones [7–10]. An example is found in Mazapil, Zacatecas, Mex., where the
largest gold mine in the Americas is located. In this mine, the exploitation process is done
through open-pit mining; 50,000 tons of rocks are processed daily, with high concentrations
of gold, silver, zinc, and copper, among others [11]. Consequently, all nearby lakes and
streams began to show symptoms of metal contamination.

In this context, it is necessary to design efficient systems to remove metals from
drinking water. Different methods have been developed for this issue, such as chemical
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precipitation, adsorption, ion exchange, membrane filtration, flocculation, and electro-
dialysis [12–16]. Processes for heavy metal removal are often neither effective nor economi-
cal, especially for water with heavy metal content below 100 mg L−1 [17–19]. In addition,
the disposal of toxic sub-products has serious repercussions.

Bioremediation has been identified as a promising alternative for the treatment of
large water bodies with low metal concentrations. This technique attempts to eliminate,
reduce, isolate, or stabilize a contaminant or a group of pollutants by using a biological
medium such as bacteria, fungi, or algae [20,21]. Among the advantages of bioremediation
that stand out are the ease of implementation for metal recovery from elution and the
operation in a wide range of scales. Also, it is a low-cost method [21,22], and it can be
used as an alternative for the recovery of strategic metals and other valuable resources
from wastes [13,23–25]. On the other hand, bioremediation methods can be affected by
the properties of the water to be treated, such as pH, ionic strength, coexisting ions, and
suspended solids. Moreover, the presence of several heavy metals can inhibit the biological
activity of bacteria degrading other metal species of interest. Then, bioremediation requires
more research in order to overcome these issues.

Heavy metals generally cause an inhibitory effect on microorganisms by blocking
essential functional groups, displacing essential metal ions, or modifying active confor-
mations of biological molecules. However, some metals are essential (e.g., Co, Cu, Zn,
Ni) since they provide vital cofactors for metalloproteins and enzymes [26]. Nevertheless,
heavy metals found in their environment can affect microorganisms (growth, morphology,
and biochemical activities), resulting in decreased biomass and diversity [27]. Besides, it
is known that microorganisms living in polluted areas by effluents from mining could
develop tolerance to heavy metals. Therefore, they are candidates to be used in water
purification systems.

One way to design efficient processes for the decontamination of water by biological
methods is by isolating and identifying microorganisms present in contaminated water
or wastewater [28]. Thus, numerous research has been carried out on the isolation of
microorganisms tolerant to heavy metals from wastewater. For example, 38 microorganisms
were isolated from different sources of wastewater in Egypt, of which 14 showed tolerances
to Hg, Cu, Co, Ni, and Zn. The bacterium Stenotrophomonas maltophilia was identified
as multi-metal resistant, and this can be useful in bioremediation treatments [29]. In
another study, 15 bacteria were isolated from wastewater from an electroplating wastewater
treatment plant. These bacteria proved to be tolerant to the presence of Cu2+, Ni2+, Mn2+,
Co2+, and Cr2O7

2− [30]. Bacteria tolerant to Cr, Ag, and Hg have also been isolated from
wastewater from a university hospital and a chemical technical school [31]. On the other
hand, two bacteria resistant to chromium and lead could be isolated from wastewater from
a tannery [32].

This paper focuses on the study of water samples from the watercourses around Maza-
pil, Zacatecas. The specific purposes are to isolate bacteria from the natural microbiome,
determine the metal resistance or tolerance of isolated bacteria, select the most dominant
group, and investigate in vitro its resistance to chromium, copper, zinc, mercury, silver, and
cobalt. The final objective of this research is to complement the obtained results presented
in this paper to implement new purifying systems for drinking water; the dominant group
will be considered candidate microorganisms for a biofilter able to remove heavy metals
from water.

2. Materials and Methods
2.1. Samples and Gathering

The sampling area is in Mazapil, Zacatecas, Mexico (23◦41′–25◦04′ N, 101◦11′–102◦41′ W)
in both the watercourse “Arroyo Grande” (24◦43′001′′ N, 101◦52′01.2′′ W) and the spring
“Las Goteras” (Figure 1). This zone is a micro-watershed receiver of superficial and
subterranean water. The town is near deposits of zinc, gold, silver, copper, mercury,
phosphorite, limestone, lulite, calcite, onyx, and marble. The sampling points were chosen
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according to the anthropogenic activities and eventual sources of contamination; these
areas include springs, dams, intakes, streams, and overflows.

Figure 1. Localization of natural sources of water.

A total of 15 samples of water were taken using glass bottles according to the local
regulation NMX-AA-003-1980 [33]. The samples were kept at 4 ◦C in the dark, and they
were analyzed within 24 h, according to the Standard Methods for Examination of Water
and Wastewater [34]. Nitrate, nitrite content, total hardness, total alkalinity, and pH
were determined in situ using Pond Test Strips. The identification of metal ions was
performed using a Thermo Model iCE 3000 atomic absorption spectrometer equipped with
single element hollow cathode lamps and an air-acetylene-nitrous oxide burner. Water
samples were filtered, digested with HNO3, and analyzed directly to determine metals
concentration, according to the standard NMX-AA-051-SCFI-2001 [35].

2.2. Identification of Bacteria Tolerance to Heavy Metals

A serial dilution from a saline solution of 0.85% (10−1 to 10−4) was conducted on the
collected samples; they were then cultured by duplicate in nutrient agar, EMB, MacConkey,
and Mannitol salt agar. MSA is mainly a selective culture medium useful in the staphylo-
cocci isolation, while EMB and MacConkey’s agar are differential media. MSA contains
mannitol and a high salt concentration (NaCl 7.5%) that inhibits most bacteria. EMB con-
tains lactose and saccharose as carbon sources and dyes as indicators that differentiate
Enterobateriaceae and coliform microorganisms. MacConkey’s agar is used to differentiate
between Gram negative bacteria by the capacity to ferment lactose. For the assays, plates
were incubated at 30–35 ◦C for 24 h, and then an agar plate count was performed. Colonies
were examined visually and chosen based on their dominance in each culture medium;
the best ones were selected to be replanted in a nutrient agar supplemented with heavy
metals solutions. Two concentrations were employed: minimum and maximum. The
corresponding values were selected according to a Mexican normative [36], the former
considers the minimum concentration detected by other methods already researched, and
the last one corresponds to the maximum permissible concentration in this normative [36].

The heavy metals solutions were prepared in plastic bottles washed with HNO3 65%,
and employed the following salts: K2Cr2O7 (0.05, 100 mg L−1), ZnSO4 (5, 100 mg L−1),
CuSO4 (2, 100 mg L−1), AgNO3 (0.05, 100 mg L−1), Hg2SO4 (0.001, 100 mg L−1) and CoCl2
(0.02, 100 mg L−1). Plates were incubated at 30–35 ◦C until they showed bacterial growth.
Microscopic and macroscopic morphology were evaluated on each colony and transferred
to nutrient agar to cultivate pure colonies. Gram-stained samples were found confirming
purity. Specie identification of isolate was determined according to Bergey’s Manual of
Determinative Bacteriology. For the molecular identification of bacteria, five isolates were
chosen among those with the highest metal tolerance. The molecular identification was
carried out by 16S rDNA sequencing.
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2.3. Assessment of Metal Toxicity

The heavy metals tested were taken from the following precursors: K2Cr2O7 at
10–1250 mg L−1, ZnSO4 at 10–2500 mg L−1, CuSO4 at 5–1250 mg L−1, Hg2SO4 at
5–100 mg L−1, CoCl2 at 5–1250 mg L−1 and AgNO3 at 5–2500 mg L−1. Stock solutions were
prepared in distilled water slightly acidified (2 to 4 drops of HNO3) and were sterilized at
110 ◦C for 15 min. These solutions were kept at 4 ◦C for no longer than one month. The
glassware used was leached in 65% HNO3 and rinsed several times with distilled water
avoiding metal contamination. In order to quantitatively assess the effect of heavy metals,
plate diffusion and susceptibility were tested, and a multiple metal resistance index (MMR)
was determined.

Plate diffusion method. 0.25 mL of the appropriate metal salt solution was added
to each plate of nutrient agar in a central well of 1 cm in diameter and 4 mm in depth.
Plates were then incubated at 35 ◦C for 24 h in order to allow diffusion of the metal into
the agar. At this time, it was expected that a concentration gradient of the metal had been
formed. On each plate, eight strains were inoculated into radial streaks. Plates were then
incubated at 35 ◦C for five days. After incubation, the diameter of colony growth (in mm)
was measured, and its percentage of growth was calculated [37].

Susceptibility test. A modified Kirby-Bauer method was used for the susceptibility
of the selected isolates to chromium, zinc, copper, silver, mercury, and cobalt [38]. The
bacteria were suspended in 5 mL of sterile nutrient broth and incubated for 18–24 h,
32 ◦C at 100 rpm, until the suspension was adjusted to 106 CFU mL−1 (No. 5 in the
McFarland standard). A sterile swab was dipped into the inoculums tube, inoculating the
dried surface of a nutrient agar plate by streaking the swab three times over the entire
agar surface and allowing the plate to be at room temperature for 3–5 min to dry. The
appropriately impregnated disks with metal solutions were placed on the surface of the
agar afterward. Once all disks were in place, the plates were inverted and placed in a 35 ◦C
incubator for 16–18 h. Following incubation, the inhibitory zone sizes were measured to
the nearest millimeter using a Vernier. Escherichia coli K12 SMG123 was used as a control
strain verifying the metal susceptibility. The results of the diffusion susceptibility test were
reported as susceptible (S), intermediate (I), or resistant (R) [39].

Multiple Metal Resistance (MMR) evaluation. The used method is based on that
proposed by Krumperman [40] for multiple antibiotic resistance. The main equation is
adapted to multiple metal resistance determination as follows Equation (1):

MMR = a/b (1)

where a stands for the number of metals the isolate was resistant to, and b represents the
total number of metals the isolate was tested against. A similar equation was applied by
Matyar [41] and Kimiran-Erdem [42].

2.4. Determination of Kinetic Parameters and Tolerance Index

One loop full of microbial growth obtained from nutrient agar plates after 48 h
incubation of selected species was inoculated in Nutrient Broth. Subsequently, 1 mL of the
culture was transferred to Nutrient Broth contaminated with 50, 100, and 200 mg L−1 of
the metals studied (one by one); then, it was incubated seven days at 32 ◦C and inspected
each day through UV-visible spectrometry at 600 nm verifying microbial growth. The
tolerance index is defined as the ratio of the CFU mL−1 in the contaminated medium
and the control medium [43]. Once bacteria reached the steady-state, it was possible to
determine the kinetic parameters: growth rate (µ) and doubling time (td) according to the
next Equations (2) and (3):

µ =
lnN f − lnN0

t f − t0
(2)

td =
0.693

µ
(3)
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where N0 and Nf are the total CFU mL−1 at the beginning and the end of the exponential
phase, respectively, and tf and t0 is the final and initial time, respectively.

Finally, the Tolerance index (TI) represents the relative growth rate of the bacteria, and
it is computed as follows Equation (4):

TI =
µms

µc
(4)

where µms is the growth rate in metal-containing solution and µc is the growth rate in a con-
trol solution at 72 h. TI is commonly used to quantify metal tolerance in the organisms [43]:
the higher the TI value, the greater the tolerance.

Selection of candidate bacteria for future water purification systems. After the previous
analysis, a Performance Index (PI) is proposed to select the bacteria that could remove
heavy metals from water. The PI is obtained by combining the MMR, the TI, and the tdm as
expressed in the Equation (5):

PI = MMR× 1
tdm
×∑

i
TIi (5)

where i stands for Cr, Zn, Cu, Ag, Hg, and Co, which are the tested heavy metals; dtm
is the mean double time of each bacterium, the inverse of this term is included in the
performance index since it concerns the bacteria growth rate, a short double-time implies a
fast adaptation to the environment and then a better behavior.

The criteria used to select the bacteria correspond to the value of PI: the larger the PI,
the more adequate the bacteria are for adsorption systems.

3. Results and Discussion
3.1. Water Characteristics

The samples from all the water sources were clear and odorless; some presented
minimal soil content. Some vegetation was detected at each site, usually along the periphery.
The pH measure showed values ranging from 6.9 to 8.1, and the temperature was between
9.5 and 13 ◦C (Table 1). According to local regulations, all these data are within the range
of values expected in a natural water source.

Table 1. Physico-chemical and microbiological characteristics of the water samples.

Sample
Origin pH Temp.

(◦C)
Total

CFU/mL
Coliforms
CFU/mL

Hardness
(ppm CaCO3)

Alkalinity
(ppm)

Spring 7.4 10.0 1.89 × 104 2.00 × 102 150 300
Intake 7.7 9.5 3.00 × 103 2.80 × 103 150 300
Stream 8.1 10.0 C 2.00 × 103 150 180
Tank 7.6 10.5 1.04 × 105 1.00 × 102 150 300

Overflow 8.1 10.5 C 1.05 × 104 1000 300
Overflow 7.2 10.6 C 0 150 300

Dam 7.3 11.3 1.42 × 105 0 300 300
Dam 7.9 11.6 C 0 150 300
Dam 6.9 13.0 C 0 150 300
Dam 7 11.3 7.20 × 103 0 150 300
Dam 7 12.3 1.23 × 104 0 150 720
Dam 8 7.6 2.60 × 103 0 300 300
Dam 8 13.3 1.65 × 104 0 150 180
Dam 7 12.3 C 0 1000 300

C = countless.

Regarding microbiological parameters, low counts of total coliform bacteria were
found in water samples collected from the spring, the near intake, the stream, the first
tank, and the overflow. Once the data was verified with local regulations, the results
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showed that these sources of water should not be used for human consumption. In the
rest of the samples, total coliform bacteria were not found. The presence of coliforms
and Enterobacteriaceae species has shown that water sources are polluted with intestinal
microbiota found in humans and other animal species, indicating its continuous traffic in
these places. The rest of the bacteria are ubiquitous aerobic, Gram-negative, and positive
bacteria common in aquatic environments, soils, vegetation, and even some animals.

All samples were classified as hard and very hard water from the other physicochemi-
cal parameters, indicating the pass of water through deposits such as limestone, increasing
the presence of Ca2+ and Mg2+ ions. Also, high levels of total alkalinity have been detected,
indicating the presence of compounds such as bicarbonates, carbonates, and hydroxides in-
fluenced by the existence of rocks, soils, salts, certain plant activities, and certain industrial
wastewater discharges. Both results suggest a rich salt content in the water. The values
obtained for nitrite and nitrate follow the values established by local norms NOM-127-
SSA1-1994 and NOM-001-ECOL-1996 [36,44]. Assessing the content of heavy metals in the
water samples showed traces of Mn, Cr, and Co (below 0.01 mg L−1). These results are
acceptable for human consumption of water, according to NMX-AA-051-2001 [35].

3.2. Isolated Bacteria

Once the physicochemical analyses of water samples were concluded, the research
was focused on the isolation of metal tolerant and resistant bacteria. To increase the
metal toxicity, a total of 71 dominant bacteria were isolated and tested in nutrient agar
supplemented with Cu, Co, Cr, Zn, Hg, and Ag (one by one). Out of all the isolates,
47 grew in all the supplemented agars; this implies the metals encourage the growth of
these bacteria and avoid the toxic effects of certain forms of metals in a specific dose.
The ability of the bacteria to overcome the metal toxicity is an inherent characteristic
probably due to the near contact between the soil, sediment, and water-rich in salt and
metal content [45–47].

After that, the bacteria isolated were classified based on morphological, cultured and
biochemical characteristics, compared with the standard description in the Bergey’s Manual
of Determinative Bacteriology for a primary identification. The isolates were identified as
follows: 10 belong to the Pseudomonadaceae family, 10 fit the Enterobacteriaceae family, and
three are members of the Staphylococcus family; the rest of the bacteria remain unidentified
(Table 2). The growth percentage corresponds to the increase of bacteria compared to the
initial population; bacteria with high tolerance to heavy metals presented large percentage
growth. Some microorganisms reached the population of the generation time or doubling
time (100% in comparison with the initial population) in these experiments, and some of
them even grew more than 100%. The generation time depends on several factors, including
the type of microorganism; it is an important parameter to analyze the bacteria behavior
further [48]. In this study, the bacteria with high growth percentages are designated as
Tolerant due to their ability to cope with metal toxicity through the intrinsic properties of
microorganisms [49].

Table 2. Bacterial strains isolated and percentage of growth in metals tested.

Bacteria Code
Growth %

Primary ID
Cr Zn Cu Ag Hg Co

AE 100 120 100 140 120 20 Staphylococcus spp
AI 200 150 125 175 125 0 Enterobacteriaceae
AK 175 125 175 175 150 0 Pseudomonas spp
AN 150 250 175 225 100 50 No identified
AP 143 143 143 143 100 14.3 Enterobacteriaceae

AQ 100 160 140 200 100 20 Gram (-)
bacterium
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Table 2. Cont.

Bacteria Code
Growth %

Primary ID
Cr Zn Cu Ag Hg Co

G 167 117 100 133 66.7 66.7 Staphylococcus spp
L 73 100 136 136 109 0 Pseudomonas spp

AG 200 167 67 233 133 0 No identified
AH 100 60 140 120 160 0 Enterobacteriaceae
AR 86 100 100 143 100 71.4 Enterobacteriaceae

J 100 85.7 143 114 42.9 0 Enterobacteriaceae
Q 71 129 114 129 71.4 0 Enterobacteriaceae
Z 56 122 100 111 88.9 77.8 Enterobacteriaceae
I 50 125 75 100 37.5 25 Enterobacteriaceae
K 100 60 140 60 0 0 Enterobacteriaceae
M 117 83.3 167 83 50 0 Pseudomonas spp
N 100 71.4 86 100 14.3 42.9 Pseudomonas spp
Y 56 55.6 44 111 100 55.6 Enterobacteriaceae

AM 86 71.9 71 129 114 28.6 Pseudomonas spp
AÑ 0 120 100 40 0 0 No identified
A 56 77.8 67 111 55.6 55.6 Pseudomonas spp
Ñ 129 85.7 86 86 28.6 0 Pseudomonas spp
V 71 71.4 100 57 7.14 0 No identified
X 78 66.7 67 122 55.6 55.6 Pseudomonas spp

AC 85 115 92 85 53.8 0 No identified
AD 83 117 83 83 83.3 0 No identified
AO 0 42.9 100 43 14.3 71.4 No identified

F 71 85.7 43 71 57.1 57.1 Staphylococcus spp
H 67 33.3 67 100 55.6 55.6 Pseudomonas spp

AF 83 66.7 83 83 83.3 50 Enterobacteriaceae

3.3. Heavy Metal Resistance Evaluation

From the Plate diffusion analysis, it was found that 17 bacteria grew in the presence
of all the tested metals, more than in the control agar without metals supplementation;
meanwhile, the rest of the bacteria grew at least in three of the substrates supplemented
with the tested metals (Table 3).

Table 3. Minimum inhibitory concentration and sensibility of the bacterial strains.

Bacteria
MIC (mg L−1)

MMR
Cr Cu Zn Ag Hg Co

AE SDD, I SDD, I 260, R SDD, I 65, R 650, I 0.33
AI 650, I SDD, I 2500, R SDD, I 65, R 65, R 0.50
AK SDD, I SDD, I 2500, R SDD, I 65, R 650, R 0.50
AN SDD, I SDD, I SDD, I SDD, I 65, R 1250, I 0.16
AP SDD, I SDD, I SDD, I SDD, I 65, R SDD, I 0.16
G 650, S SDD, I 2500, R SDD, I 65, R 650, R 0.50
L SDD, I SDD, I 2500, R SDD, I 65, R 105, R 0.50

AG 650, S SDD, I 650, I SDD, I 65, R 650, I 0.16
AH SDD, I SDD, I 2500, R 2500, R 85, R 105, R 0.66
AR 260, S SDD, I 2500, R SDD, I 65, R SDD, I 0.33

J 650, R SDD, I SDD, I SDD, I 85, R SDD, I 0.33
K SDD, I SDD, I SDD, I SDD, I 85, R SDD, I 0.16
Z 650, S SDD, I SDD, I SDD, I 85, R SDD, I 0.16
I SDD, I SDD, I 2500, R SDD, I 85, R 1250, R 0.50

M 650, I SDD, I 2500, R SDD, I 65, R 65, R 0.50
N SDD, I SDD, I 2500, R SDD, I 85, R 1250, R 0.50
Y 650, I SDD, I 2500, R SDD, I 65, R SDD, I 0.33
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Table 3. Cont.

Bacteria
MIC (mg L−1)

MMR
Cr Cu Zn Ag Hg Co

AM 650, I SDD, I 2500, R SDD, I 85, R 650, R 0.50
AÑ SDD, I SDD, I 2500, R SDD, I 65, R 105, I 0.33
A SDD, I SDD, I 650, R SDD, I 85, R 650, I 0.33
Ñ 650, I SDD, I 2500, R SDD, I 65, R 650, R 0.50
X 1250, R SDD, I 2500, R SDD, I 85, R SDD, I 0.50

AC SDD, I SDD, I 2500, R SDD, I 65, R 650, I 0.33
AD 1250, R SDD, I 2500, R SDD, I 65, R 650, I 0.50
AO 650, I SDD, I 650, S SDD, I 85, I 650, S NA

F SDD, I SDD, I 2500, R SDD, I 85, R 650, R 0.50
H SDD, I SDD, I SDD, I SDD, I 85, R 105, I 0.16

AF SDD, I SDD, I 2500, R SDD, I 85, R 650, R 0.50
SDD = Susceptible-dose dependent, R = Resistant, I = Intermediate, S = Sensitive, NA = undetermined,
MMR = multiple metal resistance index.

It was also noticeable that silver, copper, mercury, cobalt, and chromium modified the
macroscopic morphology on some bacterial strains. Similar results have been reported with
copper and mercury, which caused an increase in the total CFU [50] and with sub-lethal
concentrations of several metals, which indicated structural abnormalities and changes
in the cellular distribution of bacteria [51]. The change in the morphology was probably
due to a period of adaptation where cells synthesized some enzymes essential for the
uptake of metals [52]. Also, it is important to remark that the metal biosorption by living
cells is performed in two steps: passive and active. The passive step concerns the metal
ion adsorption on the cell surface, which could explain the morphology changes. The
adsorption mechanism is based on the interaction between the metal ion and the functional
groups (carboxyl, hydroxyl, amino, phosphate, and sulfide) which are included in the
polysaccharides, lipids, and proteins composing the cell wall. The processes occurring
in this step (electrostatic attraction, ion exchange, complexation, and precipitation) are
independent of the cellular metabolism [53]. On the other side, the active step involves the
ion metal intracellular uptake, following similar mechanisms for uptake nutrients such as
Na2+, K+, and Ca2+ [54]. In the case of the bacteria isolated in this work, further studies
are required to elucidate the specific mechanisms of heavy metal biosorption. Moreover, it
was detected that several bacterial strains have mercury tolerance, mercury being the most
toxic metal tested. This behavior increases the possibility of using these strains to detoxify
the polluted environment by anthropogenic activities.

On the other side, the susceptibility test was used to classify the bacteria as:

(A) Susceptible, if the bacteria growth was inhibited by the tested concentration, which is
characterized by an inhibitory zone higher than 18 mm,

(B) Resistant, if the bacteria growth persisted in the presence of heavy metal ions; that is:
if they showed an inhibitory zone lower than 13 mm,

(C) Intermediate, if the bacteria showed an inhibitory zone between 13–18 mm, which
indicates the bacteria metal tolerance [39],

(D) Susceptible Dose-Dependent (SDD), this term is related to those bacteria without
an inhibitory zone; that means a higher concentration of a heavy metal solution is
necessary to determine the Minimum Inhibitory Concentration (MIC), as shown in
Table 3. The MIC is defined as the lowest metal concentration, which completely
averts bacterial growth (the presence of an inhibitory zone).

Most of the bacteria were resistant to zinc and mercury, presented an intermediate
behavior against the rest of the metals, and only a few strains were sensitive to chromium.
It is important to notice that all the bacteria have an SDD behavior for silver and copper.
Considering that silver and copper are the main products of exploitation of the mining
area [11], it is possible that some traces of this metal migrate to the natural waters and
become a part of the normal water microbiome, resulting in the SDD behavior.
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The main sources of resistant bacteria were the dams (41.37%), followed by the springs
(24.13%) and the intake (13.79%). This situation suggests the need for close contact with the
soil in order to generate a resistance mechanism in the bacteria [45–47]. The frequency of
mercury resistant bacteria at concentrations below 100 mg L−1 was higher than those of the
other metals tested (93.10%); 14 bacteria showed a multi-resistance pattern with an MMR
index higher than 0.2; this implies bacteria were exposed to a rich metal environment [41].
The most predominant multi-resistant bacterium is the Pseudomonas AH found in the
last dam; it presents a multi-resistance pattern for Zn, Ag, Hg, and Co with MIC of 2500,
2500, 85, 105 ppm, respectively. Also, this isolate exhibited intermediate and susceptible
responses to the other two metals. Similarly, 10 bacteria exhibited a multi-resistant pattern
to Zn, Hg, and Co, and two bacteria for Zn, Hg and Cr. Besides, six bacteria showed a
bi-resistant pattern to Zn and Hg, one to Hg and Co, and one to Hg and Cr.

On the other side, the MIC was generally centered at 650–1250 mg L−1 for Cr,
650–2500 mg L−1 for Zn, 65–85 mg L−1 for Hg, and 650–1250 mg L−1 for Co, covering a
wide range of concentrations and consequently offering a potential advantage over other
biological systems for metal removal previously studied. These results showed the most
of the isolates that were considered resistant to Co because the MIC values exceeded that
of the E. coli K-12 (400 mg L−1). Similar behavior was found for Cr and Hg, which the
MIC values for E. coli were 600 and 800 mg L−1, respectively. Since it was not possible
to determine the MIC for silver and copper, these metals were considered less toxic to all
bacteria than the other metals (Table 3); this could indicate a relationship in the resistance
process for both components in the isolated bacteria or an unspecific mechanism. Other
investigations have shown that bivalent metals facilitate their bioavailability in combina-
tion with chlorine by promoting metal-protein interactions and the transport across the
membrane [55]; that was the case for the Ag and Cu tested in this work.

The toxic effects and the doses tested in these assays allow for the consideration of a
specific pattern or toxicity order for the selected bacteria: Hg > Co > Cr > Zn > Ag = Cu,
which are in agreement with the plate diffusion method and does not differ from that
reported in other studies [37,56]. It was found that the multi-resistance occurs only to
toxic compounds that have similar mechanisms underlying their toxicity, attributed to
a variety of detoxifying processes [57]. Mercury is considered highly toxic due to lipid
solubility, which could affect cell membrane permeability, causing bacterial cell death [58].
Cr, Co, and Zn are less toxic; a small concentration of these metals can be used by normal
bacterial metabolism to produce cofactors, enzymes, or vitamins useful for bacterial growth.
However, the substance becomes toxic when the metabolism is overcome [56,59]. Several
authors have suggested that heavy metal rich environments could improve adaptation
mechanisms in bacteria, as in this case. And although mercury, silver, zinc, and copper
were not analyzed in the water samples, a significant number of the bacteria were found
resistant to high concentrations of the salts tested, suggesting that this mechanism dealing
with metal toxicity may be linked to the tolerance to other metallic ions because metal
toxicity does not only occur in the environment [26]. Then, from the previous analysis,
eleven isolates were selected for the next step in this work.

3.4. Metal Tolerance Index

The metal tolerance index (TI) is a metric used to identify metal tolerant organisms [43].
TI has been determined for the eleven selected bacteria that show multi-resistance patterns
to the metals tested (Figure 2). The bacterium M shows the highest TI, followed by the
bacterium AF. Cobalt was the most toxic metal, and mercury was the most tolerated
by the analyzed bacteria (Co > Ag, Cr = Cu > Zn, Hg). The Pseudomonas M was the
most tolerant of all tested metals, promoting its growth compared with the liquid culture
without any heavy metals. However, with cobalt, it exhibited less growth. The rest of the
bacteria showed similar behavior, high tolerance to Hg and Zn without affecting its growth,
and inhibition by Ag and Co, especially at concentrations higher than 50 mg L−1. It is
also possible to note that low concentrations of any metal can stimulate bacterial growth.
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This was probably due to synergic effects in the enzymatic catalysis; as the concentration
increases the metal toxicity, the stimulating effect decreases, and the system is eventually
affected severely or inhibited [60]. The resistance of these bacteria to metals is probably
related to incorporating those elements into the cytoplasm, once they bind to specific
metallothionein [61,62]. Moreover, Gram-negative bacteria have a higher resistance to the
toxic effects of heavy metals due to their cellular wall, which hinders their incorporation
into inner cells [62]. These significant differences in the resistance to heavy metals could be
related to variances in the isolation site and adaptation mechanisms developed by bacteria.
Other studies reveal a relationship in tolerance to Zn, Cr, and Cu because they are used
as micronutrients for different metabolic pathways and tend to bioaccumulate when they
exceed certain levels close to MIC [43,58]; this could explain the increasing growth for all
bacteria in the presence of these metals. In the case of Ag, the tendency to bioaccumulate
into the inner cell has been reported previously, which causes several toxic effects [43]. In
consequence, the response of the bacteria to the presence of metals in their environment
may depend on metal concentration, bacteria, isolation site, and the nature of the metal
(micronutrient or toxic).

Figure 2. Tolerance index of selected bacteria to heavy metal tested.

3.5. Kinetic Parameters

At this point, a growth model describing the behavior of the bacteria in the presence
of the heavy metals tested is obtained. Single growth curves for each bacterium versus
each tested metal have been performed. The general behavior of bacteria is presented
in Figure 3. Two different conditions were considered (control substrate without metals,
bacterial growth in the presence of metals).

Curve (b) corresponds to the bacterial growth without effect related to Zn and Hg;
as can be seen, there exists a slight increase (5–10%) in the total amount of bacteria. In
(c), inhibited growth for Cr and Cu is observed; the total amount of bacteria decreases
between 10 and 25%. Meanwhile, (d) shows a considerable inhibited growth for Ag and
Co, a decrease of 56% on the bacterial growth is identified; it implies toxic effects of these
metals to the bacteria.

The qualitative behavior of all bacteria are similar. It is characterized by a prolonged
lag phase, indicating an adaptation process by the bacteria induced by the metals; after that,
a fast exponential phase followed by a stationary phase are observed; finally, a drastic dead
phase is reached. Specifically, bacteria which reacted to cobalt and silver are characterized
by a very long adaptation phase, followed quickly by an exponential and dead phase.
From the specific growth curves for each bacterium and metal tested, it was possible to
determine the growth rate (µ) and the doubling time (td) (Table 4). Bacteria exhibited the
same values for µ and td for the inhibited growth behavior (c); a higher µ and lower td in
the case of the behavior without effect (b), characterized by a contracted cell duplication
over time and an increase in the growth rate; and a low µ and higher td for the considerable
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inhibited growth (d), this implies an increase in the doubling time and a decrease in the
growth rate due to toxic effects of metals. This behavior is summarized in Table 5. Only
two bacteria (Pseudomonas Ñ and Staphylococcus F) have without effect growth (b) for Co,
Ag, and Hg, respectively, and an inhibited growth (c) for the rest of the metals. Otherwise,
Enterobacteria I only shows a considerable inhibited growth (d) for all metals. The rest
of the bacteria presented a mixture of the three behaviors described previously. These
results have also evidenced a co-resistance behavior for the metals tested and the analyzed
bacteria. However, further studies are required in order to analyze the biosorption potential
of these microorganisms to remove heavy metals at low concentrations from contaminated
waters and to implement an immobilization system for domestic water treatment. And
finally, economic feasibility studies about market factors should be done for a successful
application for large-scale ecological restoration.

Figure 3. Growth curve proposed for the bacterial behaviour to heavy metals tested. (a) Metal-free,
(b) Stimulating growth, (c) Un-inhibited growth and (d) Inhibited growth. (symbol = experimental
data, line = fitting data).

Table 4. Kinetic parameters determined for the bacteria and heavy metals tested.

Bacteria Metal-Free Cr Zn Cu Ag Hg Co

µ td µ td µ td µ td µ td µ td µ td

AH 0.03 23.5 0.03 23.3 0.03 23.3 0.029 23.7 0.03 23.4 0.034 20.6 0.029 23.9
AI 0.027 26 0.031 22.5 0.017 40.8 0.031 22.3 0.035 19.8 0.029 24.2 0.028 24.3
AK 0.032 21.5 0.033 20.9 0.028 24.4 0.024 28.4 0.033 21.1 0.029 24.2 0.024 28.3
G 0.03 22.9 0.028 24.4 0.028 25 0.028 25.2 0.026 26.5 0.016 43.3 0.081 8.5
L 0.029 24.1 0.028 24.7 0.027 25.3 0.026 26.3 0.033 21.1 0.027 25.4 0.027 25.6
I 0.032 22 0.027 25.3 0.029 23.6 0.029 23.9 0.028 25 0.027 25.3 0 0

M 0.027 25.4 0.027 25.7 0.029 24.2 0.027 25.8 0.028 25 0.028 24.5 0.03 23.4
AM 0.028 24.6 0.028 24.7 0.028 24.9 0.028 24.9 0.026 26.2 0.03 23.3 0.027 25.3
Ñ 0.026 26.9 0.034 20.5 0.034 20.5 0.031 22.3 0.028 24.6 0.033 21.2 0.026 26.3
F 0.026 26.6 0.027 25.4 0.028 25 0.03 23.2 0.026 26.4 0.026 26.2 0.027 25.3

AF 0.027 25.5 0.027 25.5 0.028 25.1 0.027 25.3 0.031 22.1 0.027 25.4 0.026 27.0

µ = growth rate (h−1), td = doubling time (h).

Finally, summarizing the previous analysis, the performance index of the eleven
bacteria is presented in Table 6. It is considered from these data that five bacteria (PI ≥ 0.1)
show adequate characteristics for the assimilation of heavy metals. They can then can be
studied further to design biosorption systems for the purification of water. Three bacteria
correspond to the gene Pseudomonas, and two are identified as Enterobacter. This agrees
with the findings of other authors [18,63], indicating that these species are well situated for
the removal of heavy metals.
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Table 5. Type of behavior for each bacterium tested in presence of heavy metals.

Bacteria Inhibited Growth
Curve (c)

Without Effect Growth
Curve (b)

Considerable Inhibited
Growth (d) Identification

AI – Cr, Cu, Ag, Hg, Co Zn Pseudomonas koreensis
L – Ag Cr, Zn, Cu, Hg, Co Pseudomonas azotoformans

AM Cr, Zn, Cu Hg Ag, Co Pseudomonas fluorences
Ñ Co Cr, Zn, Cu, Ag, Hg – Pseudomonas koreensis

AH Zn, Cr, Ag Hg Cu, Co Not determined
AK – Cr, Ag Zn, Cu, Hg, Co Pseudomonas azotoformans
G – Co Cr, Zn, Cu, Ag, Hg Not determined
M Zn, Ag, Co Cr, Cu Hg Not determined
F Ag, Hg Cr, Zn, Cu, Co – Not determined
I – – Cr, Zn, Cu, Ag, Hg, Co Not determined

AF Cr, Cu, Hg Zn, Ag Co Not determined

Table 6. Candidate bacteria for future adsorption systems for heavy metals removal.

Bacteria Genus MMR 1/tdm
Tolerance Index

PI
Cr Zn Cu Ag Hg Co

M Pseudomonas spp 0.5 0.040 2.24 2.64 2.17 1.38 2.77 0.35 0.23
AH Enterobacteriaceae 0.66 0.043 0.81 1.17 0.82 0.3 1.27 0.46 0.14
AF Enterobacteriaceae 0.5 0.040 0.83 1.89 1.07 0.89 1.55 0.67 0.14
Ñ Pseudomonas spp 0.5 0.044 0.93 0.69 0.74 0.28 1.33 0.46 0.10

AM Pseudomonas spp 0.5 0.040 0.7 0.88 0.75 0.85 1.3 0.34 0.10
L Pseudomona spp 0.5 0.040 0.68 1.06 0.65 0.77 0.88 0.33 0.09
G Staphylococcus spp 0.5 0.039 0.51 0.96 0.64 0.5 1.09 0.64 0.09
AI Enterobacteriaceae 0.5 0.039 0.67 0.75 0.57 0.53 1.24 0.53 0.08
F Staphylococcus spp 0.5 0.040 0.58 0.97 0.67 0.49 0.64 0.39 0.07
I Enterobacteriaceae 0.5 0.049 0.7 0.84 0.68 0.33 0.47 0 0.07
K Enterobacteriaceae 0.5 0.041 0.66 0.55 0.69 0.79 0.74 0.01 0.07

4. Conclusions

The present study investigates the tolerance behavior of 71 bacteria isolated from
natural waters. Thirty-one bacteria exhibited a tolerance mechanism to Cr, Cu, Ag, Hg, Zn,
Co at low concentrations; 28 bacteria were classified as tolerant, intermediate, and resistant
to each metal tested. Moreover, it was possible to determine an overall toxicity pattern:
Hg > Co > Cr > Zn > Ag = Cu for all bacteria tested. Eleven bacteria were classified as
metal resistant, and on the basis of its behavior, a growth curve model was proposed; this
model represents curves without effect, an inhibited and considerable inhibited growth
for the metals tested in this work. The Pseudomonas M showed the best response for all
the metals tested without presenting significant signs of toxicity. Five bacteria are selected
as candidates for future biosorption systems (Pseudomonas M, Enterobacteriaceae AH,
Enterobacteriaceae AF, Pseudomonas Ñ, and Pseudomonas AM) since they showed a large
performance index regarding their resistance to heavy metals.
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