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Abstract. Heavy metal pollution is a serious and widespread environmental problem that destroys
microbial ecology. In this study, determination of copper and cadmium concentrations and heavy
metal-resistant bacteria identification in water samples obtained from four sites at Seybouse River in
Algeria were carried out. The minimum inhibition concentration (MIC) and minimum bactericidal
concentration (MBC) were determined in culture media with 12.5-3600 pg/mL of cadmium and copper
salts. Metallothionein (MT) production was evaluated by spectrophotometry methodology. Trace metal
element concentrations determined in the water samples revealed spatial variations for Cu and Cd. A total
of 12 copper- and cadmium-resistant bacteria (KZ1-KZ12) were isolated from surface water in Seybouse
River. Five isolates KZ2, KZ5, KZ8, KZ10 and KZ11 showed high values of minimum inhibitory
concentration (MIC = 3600 pg/mL) for each heavy metal. High MBC of the strain toward Cu and Cd was
found to be >3600 pg/mL. The MT concentration in five best isolates which showed high resistances
increased with increasing metal concentration (r = 0.936, p = 0.006). High levels of MT are detected in
bacterial strains exposed to Cd (51.66-90.53 nmol MT/g bacterial biomass). These indicated that the
isolates can be used efficiently in removal of heavy metals in contaminated sites.
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Introduction

Heavy metals are the main group of inorganic pollutants which are continuously
accumulating in our environment (Manasi and Rajesh, 2016). In many developed and
developing countries the heavy metal pollution has risen due to rapid industrialization,
mining operations, discharge of industrial wastes, long term use of poor quality waters
for irrigation and intensive agricultural practices (Rizvi et al., 2019). In recent years,
heavy metal pollution in rivers, estuaries, and near-shore waters has become a serious
problem (Li et al., 2015). At high concentrations, cadmium and copper which are major
contaminants found in the environment, are extremely poisonous to human(s), animals,
plants and microbes which can damage cell membranes, alter particularity of enzymes,
destroy the structure of DNA, bind the vital protein and cause further discrepancies
(Jaishankar et al., 2014; Marzan et al., 2017). In regards to bacteria cells, pollution by
heavy metals affects every aspect of bacterial metabolism and activity, structural
inconsistency of the cytoplasmic membrane, retardation of the onset of growth,
extending the lag phase of cultures, various structural abnormalities, decrease in the
respiratory activity and death of the cells are some of the predominant ones (Aljerf and
Almasri, 2018).
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Selective pressures from metal containing environments have led to the development
of resistance systems in microorganisms to virtually all toxic metals. Bacteria strains
have an array of mechanisms to deal with elevated concentrations of heavy metals and
are often precise for one or few metals. This is achieved in different ways either through
biological, physical, or chemical systems which include precipitation, complexation,
adsorption, transport, product excretion, pigments, polysaccharides, enzymes, and
specific metal binding proteins (Gupta and Diwan, 2017; Mutiat et al., 2018). Cysteine
rich metallothionein proteins play an important role in immobilization of toxic heavy
metals within the bacterial cell; thereby protecting their enzyme catalyzed metabolic
processes (Choudhary, 2019). The thiol groups of cysteine residues enable MTs to bind
essential and non-essential metalswith high affinity (Li et al., 2015). Due to metal
detoxification property bacteria possessing metallothioneins are considered an ideal tool
for bioremediation of heavy metal contaminated environments (Choudhary, 2019).
Moreover, MT has been used as a biomarker of metal exposure in several
ecotoxicological investigations (Mikawska et al., 2018).

Being an industrial city, Guelma province (Northeast of Algeria) is facing pollution
problems. Heavy metals discharged from industries and agricultural activities pose threat
to human population, aquatic biodiversity as well as agricultural environment. There are
multiple causes for the water contamination in the Seybouse River Basin, which has been
identified as one of the polluted rivers in Guelma province (Guettaf et al., 2014; Talbi
and Kachi, 2019). Currently, direct diversion of untreated waste water from municipal
areas, industrial wastage and extensive agricultural practices are observed along the
banks of the Seybouse River. Land degradation is becoming a serious problem in the
area, and recent studies have shown that the waters of the Seybouse River contain a
series of heavy metals (Belabed et al., 2017; Talbi and Kachi, 2019).

One of the best ways to remove heavy metals from the environment, which recently
have attracted a lot of interest, is the use of microorganisms. The use of microorganisms
not only low cost and safe for the environment, but also has a high yield and is readily
available (Mohseni et al., 2014). So, the study of bacteria with different resistance
mechanisms is urgent, in order to discover potential candidates for the bio-removal of
contaminants of diverse origins from the environment (Giovanella et al., 2017).

In this context, the present study aims to evaluate the levels of contamination by
copper and cadmium in the surface waters of Seybouse River Basin, to isolate
copper-resistant and cadmium-resistant bacteria, to identify those bacteria and their
ability to induce metallothionein as a fundamental research to ensure the basis of their
resistance in order to use them for detoxification in further bioremediation studies.

Materials and Methods
Site description and sample collection

The study area is located in the Seybouse watershed (Fig. 1), which is situated in the
extreme Northeast of Algeria with a surface of about 6,471 km? and has a population of
1.5 million. The river basin lies within the territories of Guelma province, El-Taref
province (near Drean), and Annaba province. It is bordered in the north by the
Mediterranean Sea, in the south by the Wilaya of Souk-Ahras, in the west by Edough
Massif, Lake Fetzara, and in the east by Mafragh wadi (Louhi et al., 2012). Water of
Seybouse River contributes in the irrigation of the plains of Guelma and Annaba
provinces. The area is characterized by an annual average rainfall of 600 mm, a more or
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less cool winter and a hot dry summer (Guettaf et al., 2014). Water samples were
collected from four sites (S1, S2, S3, S4) in the middle of the Seybouse Basin (Guelma
province) (Fig. 1). The characteristics of the sampling sites are shown in Table 1.
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Figure 1. Map of the four selected sampling sites in Seybouse River. S1: Bradaa wadi,
S2: Nadhor wadi, S3: Boussora wadi, S4: Boumahra wadi

Table 1. Characterization of sampling sites at Seybouse River (Source: author’sdata)

Sampling sites Geographic coordinates Pollution
Bradaa wadi (S1) 36.29376 N 7.26483 E Agricultural activities
Nadhor wadi (S2) 36.25017 N 7.37485 E Sewage effluents of canned tomato factory
Boussora wadi (S3) 36.28113 N 7.32064 E Agricultural water discharges
Boumahra wadi (S4) 36.27427 N 7.31498 E Sewage of marble factory

Twenty-four samples were collected from Seybouse River during two periods, March
and April, 2019. At each sampling site, 500 mL water samples were collected for
bacteriological analysis in sterile water sampling bottles (VWR, USA). Simultaneously,
samples for trace metal elements (TME) were collected in 1.5 L decontaminated
polyethylene bottles (VWR, USA). Water samples were acidified using 1% HNOs3
(REACH, Netherlands) to reach a pH lower than 2. Using a vacuum pump (MIDLAND,
USA), 0.5% (v/v) was filtered with a membrane of 1.2 um porosity (SARTORIUS,
France) and then preserved at 0°C prior to TME analysis.

Environmental factor measurements

Water temperature (T), pH, salinity, dissolved oxygen (DO) and electrical
conductivity (EC), were measured in situ at the time of sampling using a field
multimeter (WTW Multi 340i, Germany). The concentrations of two trace metal
elements (Cu and Cd) in the water were determined using an Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-AES, Thermo Electron IRIS Intrepid Il
XSP, USA). The results were expressed in mg/L for water. All the measurements were
performed in triplicate.

Screening and characterization of metal-resistant bacteria

Two metals (Cd?* and Cu?*) were selected for metal resistance screening based on a
wide range of expected toxicities and their presence in water samples. Bacteria from the
water samples were isolated using the spread plate technique. During routine culture
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and experimental procedures, bacterial cells were grown in liquid Luria Broth (LB) (pH
7.2-7.4) (KD Medical, Germany) in the presence of 100 ug/mL heavy metal and
incubated at 37 °C with shaking at 150 rpm for 24 h (Xiaoyan et al., 2016). The metals
were added as CdCl,-2H.O and CuSO4-5H20 (Merck, Germany). Control plates also
prepared with LB media without including any heavy metal to make comparison.
Individual distinct colonies were identified by their morphological and biochemical
characteristics according to procedures described by Holt et al. (1994).

Minimum inhibitory concentration (MIC) and Minimal biocidal concentration
(MBC)

The Minimal Inhibitory Concentration (MIC) for each metal-resistant bacterial
isolate was determined using LB (KD Medical, Germany) containing different
concentrations of one of the two heavy metals (Cd*?, Cu*?): 12.5, 25, 50, 100, 200, 400,
800, 1600, 3200 pg/mL. Metal salts (CdCl> and CuSOs 5H,0) were used to prepare 5
g/L stock solution. Each stock solution was filter-sterilized and used for preparation of
the final concentrations. After standardization of the inoculums, 1 mL of the diluted
inoculums was added to 1 mL of each metal concentration except for the sterility
control, which contained only LB (Keevil, 2001). Subsequently, the tubes were
incubated in an oven at 37 °C for 24 h. Microbial growth was considered as positive in
the tubes that showed any increase in turbidity or growth at the bottom. The MIC was
defined as the lowest dilution with negative growth. To determine the minimum
bactericidal concentration (MBC), a 10 puL from those tubes, which did not show any
visible growth in MIC assay, was cultured on LB agar (KD Medical, Germany) and
incubated at 37 °C for 18 to 24 h. The lowest concentration of metal producing no
growth was considered to be the minimum bactericidal concentration (MBC). When
growth was observed with the highest concentration of the antibacterial, the MBC was
considered as the highest dilution and was indicated by the sign “"greater than (>)"
(Keevil, 2001). Non-inoculated LB culture medium was used as the negative control
and LB culture medium without the addition of metals as the positive control.

Extraction and estimation of metallothionein (MT)

Five best isolates (KZ2, KZ5, KZ8, KZ10 and KZ11) were selected based on degree
of resistance to heavy metals. The metallothioneins (MTs) secreted by strains under
heavy metal pressure were quantitatively assessed by the method of Murthy et al.
(2011). The amounts of metallothionein in the samples were estimated using the GSH
standard (Bio-tech, China), assuming that 1 mol of MT contains 20 mol of cysteine and
were expressed in nmol/g bacterial biomass (Ana and Garcia-Vazquez, 2006). All
experiments were performed in triplicate.

Data analysis

The data are expressed in mean valueststandard deviation of the mean (SD).
Statistical analysis of the data was performed using SPSS (Ver. 25.0, 2017), and the
normal distribution was verified by applying the Kolmogorov—Smirnov, making it
possible to choose parametric methods for the statistical analysis. Inter-site comparisons
were performed using the analysis of variance (one-way ANOVA test). If significant
difference between the mean values of the physicochemical parameters and TME
concentrations in all studied sites was observed, Student-Newman-Keuils post hoc test
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was used to determine differences between study sites. Student’s t-test was conducted to
identify the significant differences between the MT variations. The correlation between
MT levels and metal concentrations are evaluated by the Pearson correlation coefficient
(r) (p<0.05).

Results
Environmental characterization

The variations of physicochemical parameters and TME (Cu, Cd) in water are given
in Table 2. The thermal water revealed similar mean values in the four sites (p = 0.765).
Regarding pH, the analytical data revealed that water in the four sites was alkaline.
Salinity and conductivity results showed that the maximum mean values are registered
at site S4 and the lowest mean values are recorded at site S1. The dissolved oxygen
levels reveal different means between the four sites, the highest level were recorded at
site S3. The concentrations of the heavy metals investigated were significantly different
between the different sampling sites (ANOVA, Student-Newman-Keuilspost hoc test).
The maximum metal concentrations were observed at Bradaa wadi and Boumahra wadi
for Cu and Cd, respectively. The concentrations of copper in water were within the
respective international and national recommended limits for natural water. For Cd, the
concentrations were above the limit of detection (Table 2).

Table 2. Variations of physicochemical parameters and TME concentrations in water
samples analyzed at the four sampling sites of Seybouse River on March and April 2019
(Mean values+SD, n = 3)

Variable S1 S2 S3 sS4 F-ratio Sig.
T (°C) 7.1+ 0.05 7.03£0.03 7.1240.01 7.16+0.16 0.388 0.765
pH 8.0+ 0.04° 8.03+0.02° 7.83+0.012 8.65+0.01°¢ 159.11 0.000*
Salinity (PSU) | 0.12+0.003% | 0.62£0.005° | 0.5+0.003° | 0.64+0.003¢ 3431.28 0.000*
DO (mg/L) 6.52+0.1P 7.24£0.01° | 7.82+0.019 | 6.21+0.012 6298.09 0.000*
EC (uS/mg) 898.7+£0.332 | 1532.3+0.9° 1335+0.33° 1552+1.15¢ 157880.94 0.000*
Cu (mg/L) 0.185+0.00¢ | 0.147+0.00* | 0.1654+0.00° | 0.177+0.00° 1203.67 0.000*
Cd (mg/L) 0.123£0.00° | 0.117+0.00® | 0.1310.00° | 0.145+0.00¢ 1329.0 0.000*
Interntional and national threshols values for Cu 2 mg/L
concentrations in rivers Zaigham et al. (2012)
Interntional and national threshols values for Cd OJAR (2014)
L 0.005 mg/L
concentrations in rivers

Sig: significance; *p<0.001 (one-way ANOVA); 2, °, ¢ 9 indicate significant differences by Student-
Newman-Keuils post hoc test; S1: Bradaa wadi; S2: Nadhor wadi; S3: Boussora wadi; S4: Boumahra
wadi. Limit of detection: Cu= 0.1 pg/L; Cd =0.01 pg/L

Screening and characterization of metal-resistant bacteria

Twelve metal-resistant bacteria were isolated from surface water in middle of
Seybouse basin using a spread plate procedure, and were designated KZ1 to KZ12.
Physiological and biochemical characterization of the bacterial strains was shown in
Table 3. All of the bacteria were Gram-negative bacilli, smooth, sticky, non spore-
forming and formed opaque colonies. Strain KZ5 produced a blue-green pigment that
could be seen clearly in the liquid LB medium. This blue-green pigment, formed in the
medium without Cd, was not present in the medium containing Cd, demonstrating that
addition of Cd inhibits pigment formation (Fig. 2).
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Table 3. Physiological and biochemical characteristics of the heavy metal resistant bacterial strains

Site Sl S2 S3 S4

Strain N° KZ1 KZ2 KZ3 KZ4 KZ5 KZ6 Kz7 KZ8 KZ9 KZ10 KZ11 KZ12
Glucose + + - + + + + + + T T T
Sucrose + + - + - + - + + + + -
Xylose ND - - + + ND ND + - - ND -
Mannitol + + - + + + - + - + + +
Maltose - + - + + + - + _ + T R
Rhamnose + + - + - - - + - R + R
Lactose + + - - - - - + - - - -
Melibiose + + - + - + + + - - + +
Amygdalin - - ND + ND + - + _ + T N
Esculoside - + - + + - - - + + R
Arabinose + + - + B T T + N . n -
H,S - + - - - - - + + -
Sllmmons ) + ) + + N N N . . R ]
citrate

Nltrate_ - + + + - + - + + + + +
reduction

Uree - - - + + + - - - + + -
Indole + - - + - - - - + - - B
G_elatlne_ ) . . i N . . . . R R ]
liquefaction

Methyl red + + . i . N . . i R R R
test

Ornithine ) ) ) . i ] . . i ] R ]
decarboxylase

Lysine + ) ) + ) . ] . . . . ]
decarboxylase

Arginine + + ) + + + ) N . i . ]
decarboxylase

Catalase + + + + + + + + + + + +
Oxidase - - + - - - _ _ + R R N
VP test - - - + - - + - - - R B
galactosidase + + + + + + - + - - - -
42°C growth + + ND ND + ND - + ND + + -
Identification Escherichia | Citrobacter | Chryseobacterium | Raoultella Pseudomonas | Aeromonas | Acinetobacter | Klebsiella | Pasteurella | Proteus | Salmonella Shigella
results coli freundii indologenes ornithinolytica | aeruginosa hydrophila | baumannii oxytoca trehalosi vulgaris | Typhimurium | spp.

(+) indicates positive; (—) indicates negative; (ND) indicates not detected
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LB withoutCd

LB containing Cd

Figure 2. Inhibition of bleu-green pigment production by the isolate KZ5 after exposure to
cadmium

Minimum inhibitory concentration (MIC) and Minimal biocidal concentration
(MBC)

The order of MICs and MBCs for the majority of bacterial isolates was found to be
Cu > Cd (Table 4). More than 40% of the strains possessed maximum tolerable
concentration equal or higher than 800 pg/mL metal (Fig. 3). KZ2, KZ5, KZ8, KZ10
and KZ11 are resistant against Cu and Cd with the highest MIC and MBC (3600 pg/mL
and > 3600 pg/mL, respectively). Cadmium tolerance was higher for Pseudomonas
aeruginosa (Kz5) (MBC > 3600 pg/mL). Besides, Aeromonas hydrophila (KZ6) shows
highest sensitivity to Cd as well as their resistance capacity against Cu are also lower
compared to other bacteria. Comparison between all isolates to the same concentration
of metal showed that the p values were significantly different (p = 0.03).

Table 4. Minimum inhibitory concentration (MIC) and Minimal biocidal concentration
(MBC) of copper and cadmium against bacteria isolated from surface water

Copper Cadmium
Bacterial isolates MIC MBC MIC MBC
(ug/mL) (ug/mL) (ng/mL) (ng/mL)
KZ1 400 800 200 400
KZ2 3600 >3600 3600 3600
KZ3 800 1600 400 800
KZ4 800 1600 200 400
KZ5 3600 >3600 3600 >3600
KZ6 200 800 50 100
KZ7 800 1600 100 400
KZ8 3600 >3600 3600 3600
KZ9 1600 3600 800 1600
KZz10 3600 >3600 3600 3600
KZ11 3600 >3600 3600 3600
KZz12 800 1600 200 400

Extraction and estimation of metallothionein (MT)

Figure 4 shows the estimation of MT concentrations in the five best isolates (KZ2,
KZ5, KZ8, KZ10 and KZ11). The MT concentration in the control (without metals) was
zero whereas the levels of MT dosed are usually high at 1600 pug/mL metal compared to
other metal concentrations. The MT level increased significantly (r = 0.936, p = 0.006)
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in a metal concentrations. Results of this part revealed that Cd was the better inducer for

MT than copper by the five isolates.

The application of the Student’s t-test for

comparing the MT variation reveal a significant difference between MT concentration
in the bacteria strains exposed to copper and MT content after exposure to cadmium
(p = 0.005).

Figure 3.
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Figure 4. Metallothionein content in bacteria isolates treated with different concentrations of
copper and cadmium
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Discussion
Environmental characterization

The thermal water revealed similar mean values in the four sites and it depends
clearly on climatic conditions (Benhalima et al., 2018). The recorded pH values
demonstrated a slight water alkalinity and did not show a variation between the sites S1
and S2 (Student- Newman-Keuils test). The pH of most freshwater systems is
dependent on the mineral content of the surrounding rocks, soils and contamination by
agricultural, urban or industrial discharges, and often ranges from 6 to 8 (Aminot and
Kérouel, 2004). Generally, the optimum pH for bacterial growth is between 6.5 and 7.5.
Salinity values were slightly low in Bradaa wadi (S1) compared to the other sites; this
would probably be related to the dilution phenomenon during wet periods. Cafnedo-
Argiielles et al. (2019) indicate that urbanization and agriculture are the main drivers of
river and stream salinization. The increase in conductivity at Nadhor wadi (S2),
Boussora wadi (S3) and Boumahra wadi (S4) may be due to its proximity to the intense
anthropogenic activities in this part of the basin. The dissolved oxygen levels reveal
different means between the four sites, the highest level were recorded at site S3.
Dissolved Oxygen is essential for the survival of the aerobic organisms present in the
waterbody. In addition, microorganisms such as bacteria use the dissolved oxygen to
decompose the organic material at the bottom of the water, which contributes to the
recycling of nutrients (Eljaiek-Urzola et al., 2019). The high concentrations of dissolved
oxygen during the study period can be explained by phytoplankton flares that can cause
a temporary endogenous oxygen supply in aquatic environmental (Aminot and Kérouel,
2004). The results obtained of temperature, pH and the dissolved oxygen correspond
with the work performed in the northeastern surface water of Algeria (Guettaf et al.,
2014; Chaoui et al., 2015).

Heavy metal pollution is a worldwide predicament which disturbs the environmental
equilibrium by gaining entry into the ecosystem due to their small size and
bioaccumulation tendency (Manasi and Rajesh, 2016).The measured TME in the water
of the four sampling sites revealed that the two elements (Cu and Cd) are present.
Copper concentrations in surface waters of surveyed wadis are not homogeneous
(Student-Newman-Keuils test) but they do not exceed the international and national
threshold values 2 mg/L (Zaigham et al., 2012; OJAR, 2014). The main source of Cu is
telluric and would be related to the soil geology of this part of the Seybouse basin. In
the study area, the importance of agricultural practices, traffic activities and municipal
wastewater discharge is likely to increase transfers of Cu to surface waters. Jiang et al.
(2017) indicate that copper distribution depends on the local dominance of farming and
animal husbandry. In addition, Belabed et al. (2013) and Diop (2014) indicate that
deterioration of sulfates (especially chalcopyrite and galenite) can increase sulfates and
acidity justifying the presence of copper which increase is mainly related to the mining
activity inducing trace metal mobilization. Also, DIOP (2014) indicate that copper are
associated to sandy facieses directly exposed to waste discharges.

Concerning Cd, its concentration was recorded above the international and national
permissible limit 0.005 mg/L (Zaigham et al., 2012; OJAR, 2014) in all the water
samples. Metals in higher concentrations displace the essential nutritional minerals in
the living systems and prove deleterious to them by disrupting the functioning of vital
organs making it a global environmental concern (Manasi and Rajesh, 2016). The high
levels of cadmium in study sites may be explained by the leaching of agriculture lands
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enriched with phosphate fertilizers and industrial liquid wastes. Huanga et al. (2019)
indicated that agricultural materials (including mineral fertilizers, organic fertilizers,
pesticides, plastic films, etc.) have been highlighted as a major source of Cd. Results of
this study are in agreement with the studies of Louhi et al. (2012), Khaled-Khodja et al.
(2016), Belabed et al. (2017) and Talbi and Kachi (2019), who reported that the level of
heavy metals increasing in the Seybouse rivers due to discharge of industrial effluents,
the sewage discharged by the localities and the intensive use of chemical fertilizers and
pesticides in agriculture.

Screening and characterization of metal-resistant bacteria

Results revealed a predominance of Gram-negative bacteria; the strains were
predominantly  glucose fermentatives bacteria, which belonged to the
Enterobacteriaceae family. There are obvious differences in the physiological and
biochemical characteristics of the twelve bacteria. The strains were identified as
Escherichia coli, Citrobacter freundii, Chryseobacterium indologenes, Raoultella
ornithinolytica, Pseudomonas aeruginosa, Aeromonas hydrophila, Acinetobacter
baumannii, Klebsiella oxytoca, Pasteurella trehalosi, Proteus vulgaris, Salmonella
Typhimurium and Shigella spp.

Pseudomonas aeruginosa did not form a blue-green pigment after exposure to
cadmium. Bacterial pigments are known to protect the cell against any photo oxidative
damage caused due to the toxic metal ions. So, the lack of pigment production indicates
a toxic concentration of Cd. It is already reported that at low metal concentrations,
bacterial pigmentation is inhibited (Manasi and Rajesh, 2016).

Resistance in bacteria against these toxic metals reflects the threshold of
environmental contamination and the direct or indirect exposure of these bacteria to the
toxic compounds (Manasi and Rajesh, 2016). Bacteria have metal binding abilities and
they are known to exhibit not only tolerance to metals but also their detoxification.
There are many reports describing microbes, especially from enterobacteria and
Pseudomonas genus, that are resistant to heavy metals. Niveshika et al. (2016) isolated
Cd- and Cu-resistant strains of Proteus vulgaris, Serratia and Pseudomonas from water
samples of Ganga River in India. Marzan et al. (2017) isolated Cd- resistant
enterobacteria from tannery effluent in Chittagong city, Bangladesh. Tiiretken et al.
(2019) isolated several metal-resistant bacterial strains from water samples collected
from a Lake in Turkey.

Minimum inhibitory concentration (MIC) and minimal biocidal concentration (MBC)

The multi-metal resistance of the 12 bacterial strains of interest in liquid medium was
tested by determining the minimal inhibitory concentrations (MIC) following a two-fold
dilution technique approach. High MIC values indicate high tolerance of the bacterial
isolate toward the metal and vice-versa.The results of growth pattern of bacterial
isolates in presence of different of Cu and Cd concentration showed that all strains were
multi-metal-resistant (Cu- and Cd-resistant). Several studies have shown the existence
of multi-metal- resistant bacteria (Banerjee et al., 2015; Hoque and Fritscher, 2019;
Tiretken et al., 2019), and this is intimately related to the coresistance mechanism
found in bacteria. Cai et al. (2019) demonstrated that flanked insert sequence elements
on the heavy metal resistant genes suggested that horizontal gene transfer events may
have resulted in multiple heavy metal resistance phenotypes and genotypes in bacterial
strains.
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Upon above experiments, the resistance level Cu > Cd showed for all bacterial
isolates. This result may be explained by the fact that the toxicity of Cu is lower than
Cd. At lower concentration, copper is an essential trace element participating in many
vital biological processes but at high concentrations, it exerts inhibitory action on
bacteria by blocking essential functional groups or modifiying. On the other hand,
bacteria cells have evolved and now provide complex and efficient regulation
mechanisms to neutralize toxic copper (Li et al., 2019). While, cadmium is highly toxic,
it is non-essential heavy metal element for all organisms that can accumulate in cells,
where it disturbs the function of some enzymes and directly attacks nuclear DNA in
microorganisms (Abbas et al., 2017; Chellaiah, 2018).

The continued environmental heavy metal pollution enables bacteria to develop
resistance against these substances (Tiretken et al., 2019). To counteract copper
intoxication, bacteria can express a wide range of efflux systems to maintain metal ion
homeostasis. Other copper resistance systems found in Gram-negative bacteria, such as
the periplasmic multi-copper oxidase (e.g., CueO from E. coli), that oxidizes Cu'* to
Cu?* were detected (Alquethamy et al., 2019). For cadmium, three metal resistance
mechanisms in bacteria have been revealed: Cd ions can be prevented from flowing into
cells by the presence of polysaccharides, proteins and fats on their surfaces; Cd can be
expelled through efflux pumps and it can be chelated by intracellular metallothionein
(Qin et al., 2019). However, aside from these mechanisms Cd resistant genes are
present in plasmid DNA of Enterobacteria (Vidhyaparkavi et al., 2017).

Among all cultures, cadmium tolerance was higher for Pseudomonas aeruginosa.
Pseudomonas aeruginosa is ubiquitous in water ecosystems and showed high resistance
to heavy metals (Chellaiah, 2018). Various studies have been published of different
heavy metal resistant mechanisms found in the genus Pseudomonas, as well as reports
of chromosome and plasmid-encoded genetic determinants for resistance to heavy
metals (Wrightet al., 2019). Many researchers have reported that P. aeruginosa as Cd-
and Cu-resistant bacteria were isolated from different environment regions (Chen et al.,
2016; Chellaiah, 2018; Karimpour et al., 2018; Wright et al., 2019).

High MIC values against two types of heavy metals recorded for Citrobacter
freundii, Klebsiella oxytoca, Proteus vulgaris and Salmonella Typhimurium can be
explained by the fact that Enterobacteriaceae species are able to resist toxic metals,
which are widely spread in the natural environment. High levels of metal ions represent
a stress factor for Enterobacteria, which then enlarge their plasmids under stress
conditions. However, under appropriate conditions, plasmids shrink and disappear and
can adapt to the environment. Furthermore, the resistance of the Enterobacteriaceae
members to heavy metal salts is also related to metal pollution in the environment
(Cardak and Altug, 2014). Heavy metal resistance of Enterobacteriaceae was showed
by many studies (Rafig et al.,, 2017; Kyaing et al., 2019; Bhardwaj et al., 2018).
Altimera et al. (2012) showed that bacteria were tolerant to copper with MIC value
ranging from 3.1 to 4.7 mM. In Addition, Mathivanan and Rajaram (2014) studied that
some cadmium tolerant bacteria able to tolerance up to 400 mg/L of Cd?* which were
isolated from the polluted coastal. Irawati et al. (2017) identified indigenous heavy
metal tolerant bacteria from Kemisan River and the highest copper tolerant bacteria
showed MIC value of 10 mM showing those isolates were used for further study of
copper contamination control.

The Aeromonas hydrophila strain (KZ6) was the isolate showing the lowest metal-
resistant capacity compared to other bacteria, which could be related to the toxic effect
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of metals on this bacterial cells. Moreover, microorganisms can interact with heavy
metal via many mechanisms and different level of metal tolerant level might be due to
different types of mechanisms such as bioaccumulation and biosorption processes
within each isolates (Kyaing et al., 2019).

The reason why microbial populations differ so hugely in their ability to tolerate such
deadly pollutants can be explain by the fact that such variable metal tolerance behavior
occurring naturally among microbes towards various heavy metals could be due to (i)
the differences in available macro and micro nutrient elements in growth media/water
supporting bacterial growth (ii), variable genetic constituents of bacterial strains and
(iii) the growth conditions/environmental variables affecting the bacterial growth (Rizvi
etal., 2019).

Extraction and estimation of metallothionein (MT)

Considering the importance of MTs in metal detoxification, the five best isolates
(KZ2, KZ5, KZ8, KZ10 and KZ11) were screened to see whether these strains were
able to induce MTs production while growing in the presence of Cu and Cd. Indeed, the
five strains exhibited greater production of MTs in the presence of both Cu and Cd,
suggesting an obvious role of metals in MTs induction (Fig. 2). Maximum MT levels
were recorded for Pseudomonas aeruginosa KZ5, Proteus vulgaris KZ10 and
Klebsiella oxytoca KzZ8 (77.13, 78.11 and 90.53 nmol MT/g bacterial biomass,
respectively). The metallothioneins have been found in some limited Procaryota,
including cyanobacteria, pseudomonads and mycobacteria (Genetyki et al., 2017). The
first bacterial metallothionein SmtA was characterized in Synechococcus PCC 7942
function as sequester and detoxifies Cd?* and Zn?*. Later SmtA also is found in the
Anabaena PCC 7120, P. aeruginosa and Pseudomonas putida (Malekzadeh and
Shahpiri, 2017). Subsequently, proteins similar to SmtA were found in other
cyanobacteria and y-proteobacteria, such as the genus Pseudomonas. All those bacterial
proteins similar to SmtA were included in BmtA (bacterial MTs) family (Gutiérrez et
al., 2019). Furthermore, Gram-negative bacterial species such as E. coli, Serratia
liquefaciens, Klebsiella pneumoniae was recognized on production of intracellular
cadmium-binding proteins (Kumar et al., 2019). The bacterial MTs differ in terms of
primary structure, the number and type of metal ions they bind, as well as with regard to
their physiological functions. The expression of bacterial MTs is regulated by metals via
metalosensors (Genetyki et al., 2017). MTs from Enterobacteriaceae seem to be
involved in zinc and copper homeostasis, while in Pseudomonas they are linked to
cadmium detoxification.

Results revealed that the MT level increased significantly in a metal concentration
(r = 0.936, p = 0.006). Generally, the MT expression level is dose-dependent on heavy
metals (Walker et al., 2014). In bacteria strains, intracellular sequestration of metals is
mostly based on the presence of metallothionein which is involved in many cellular
functions, particularly in the transport, storage and detoxification of metals (Chudobova
et al., 2015). Therefore, an increased concentration of metallothionein can be important
for homeostasis and detoxification of metals to acquire resistance to heavy metal in the
bacterial strains isolated from surface water. Accordingly, the ability of bacteria isolates
express metallothionein due to the expose of heavy metals compared to control (without
metal) was tested. Numerous reports have shown that MTs play crucial roles in
maintaining metal homeostasis and protect against heavy metal toxicity through
intracellular sequestration (Chudobova et al., 2015). Mikowska et al. (2018) and Xu et
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al. (2018) revealed that MTs are implicated in homeostasis of essential heavy metals
such as copper, detoxification of noxious metal cations such as cadmium. Also, Abbas
et al. (2017) indicate that the cadmium-resistant bacteria have also adopted the strategy
to bind the cadmium with intracellular binding proteins (bacterial metallothioneins).

According to the literature, MT is predominantly a Cu-binding protein, but results of
this part revealed that Cd was however, found, to be a superior inducer of MTs
compared to Cu (p = 0.005).The strength of MT defense depends on several factors
connected with the metal characteristics and organism attributes (Mikawska et al.,
2018). Therefore, an increase in MT levels may reflect an elevated demand to detoxify
Cd. Wang et al. (2014) reviewed the recent advances of characteristics, functions and
applications of metallothionein and they demonstrated that Cd was the most potential
for MTs induction among three metals (i.e., Cd, Cu, and Zn). Xu et al. (2018)
demonstrate that metallothionein- like protein type 3 (CsMTL3) can improve metal
tolerance, especially for Cd?* ions and suggest that the composition and arrangement of
N-terminal Cys residues are associated with binding capacity and preference for
different metal ions. Similar to our research, habjanic et al. (2018) showed that a Gram-
negative bacteria has a histidine-rich Mt with a disordered tail displays higher binding
capacity for cadmium than other metal.

Conclusion

The results of the present study showed that the waters of Seybouse River are under
the influences of heavy metal pollution (especially Cd). Eleven metal-resistant bacterial
strains were isolated and identified from surface water in Seybouse basin. All of the
strains were showed the resistance level Cu > Cd. The isolates Citrobacter freundii,
Pseudomonas aeruginosa, Klebsiella oxytoca, Proteus vulgaris and Salmonella
Typhimurium showed the high MIC values against Cd and Cu. These five isolates
presented metallothionein induction as its mechanisms of metal resistance. It has been
shown that Cd was found, to be a superior inducer of MTs compared to Cu.

The results obtained in this study, therefore, clearly establish the fact that MTs so
generated by bacterial communities in stressed environments could be useful in
efficiently detoxifying metal contaminated environments. Hence, the use of bacteria
possessing this property of secreting MTs could be explored as a cost effective approach
in bioremediation strategies. Further study of the effects of different supplements and
conditions in their growth is needed to identify their efficiency as bioremediation
agents, where optimization of pH, temperature, and incubation time can influence metal
resistance capacity.
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