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Abstract:

Freshwater ecosystems are being increasingly threatened by human activities, particularly by the
disposal of industrial waste and heavy metals. The Tanjaro River in Sulaymaniyah , Kurdistan
Region, Iraq, serve as a prime case study and has been severely affected by rampant pollution due to
uncontrolled urbanization and industrial activities. Water samples were collected from the Tanjaro
River and sampling was conducted on October 1, 2024, from eight distinct locations. At each
sampling point sterile 100 mL plastic container were used to collect water. Water samples were
transported to the laboratory in cool box to maintain microbial viability. Directly inoculated to the
Tryptic Soy Broth (TSB) and incubated at 37°C for 24 hours under aerobic conditions to enhance
bacterial growth. In this research, Pseudomonas aeruginosa , a well studied multidrug resistant and
metal-tolerant bacterium, was isolated and identified from this polluted water source. Sampling was
conducted from eight distinct locations. Twenty P. aeruginosa strains were identified using cultural
characteristics, microscopic features, and biochemical tests, and were further confirmed using the
VITEK® 2 COMPACT system. Antibiotic susceptibility testing revealed that all isolates were
susceptible to ciprofloxacin, levofloxacin, gentamicin, and meropenem, while showing lower
sensitivity to aztreonam. Genomic DNA was extracted and specific primers were designed to target
the czcA gene. PCR amplification showed the existence of the czcA gene that codes for the key
component of the CzcCBA efflux pump system, able to release cobalt, zinc, and cadmium from
bacterial cells. In addition to heavy metal contamination, there was no multidrug resistance, showing
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that the isolates remain treatable using regular antibiotics. This shows that P. aeruginosa of Tanjaro
River is not only a bioindicator of environmental pollution but also as one candidate for
bioremediation of heavy metal-contaminated sites. The findings underscore the necessity for
immediate, increased environmental surveillance, controlled dumping, and synchronized public
health responses to reduce the risks emanating from such contamination.
Keywords: Heavy metals, freshwater contamination, Pseudomonas aeruginosa , antibiotic
resistance, Tanjaro river, czcA gene, bioremediation.
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Introduction

Freshwater ecosystems have been significantly affected by human practices in this day and era,
such as industrial effluents' release, agriculture, urbanization, and improper garbage disposal
(Amoatey & Baawain, 2019). Of these, heavy metals' contamination represents an international issue
bringing threats to ecosystems due to its persistence, toxicity, and biomagnification and
bioaccumulation properties (Liu et al., 2022). For instance, the Tanjaro River in Sulaymaniyah ,
located in northern Irag, serves as a pertinent case study, which has been heavily contaminated in the
past decades, for which It is used as a source of water for drinking, irrigation, etc., but urbanization,
industries, and uncontrolled waste treatment have caused excessive pollution there, impacting the
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environment, public health, and ecosystems as a whole (Hamasalih et al., 2025). These Pollutions,
particularly the one by heavy metals like lead, cadmium, chromium, zinc, cobalt, and nickel, render
the water unsuitable for human use and agriculture (Nizar et al., 2012 ; Ferrini et al., 2024; Faque
Salih et al., 2021). Currently the available data shows us that the primary concern right now is
presence of antibiotic resistant bacteria in Tanjaro River, almost 39 metal-resistant species, of which
17 (43.5%) were gram-positive and 22 (56.5%) gram-negative bacteria, were found in a particular
study, all of these bacteria survived on heavy metal-containing LB agar, which was a sign of metal
resistance (Faque Salih et al., 2021). Included in the list is one of the main isolated bacteria during
that study was Pseudomonas aeruginosa , a widespread Gram-negative pathogen which is capable of
metabolizing an assortment of organic and inorganic compounds.

The Tanjaro River in southern Sulaymaniyah , Kurdistan Region, Irag, begins where the Qiliasan
and Kani-Ban streams merge near Kani-Goma village and runs 58 km into Darbandikhan Dam (Nizar
et al., 2012). The hilly region causes flooding there. Unplanned growth since 2003 has overwhelmed
utilities like water, sanitation, health, education, and transport, with sewage flowing into the river
(Hawrami, 2018). The 25-hectare Tanjaro dump area receives 500 tons of municipal, 60 tons of silt,
and 5 tons of biomedical waste daily. Approximately 900 small-scale industries are located near it,
with the majority situated in the Station area; however, most of these establishments operate without
licenses, producing iron, oil, plastics, and asphalt (Hamasalih et al., 2025). Tanjaro, which was once
a source of life to ancient settlements, was host to the Bronze Age city of Kunara. Since 2012, its
excavations have unearthed connections with Mesopotamian civilisations, and it has grown into an
industrial and modern hub (Tenu & Kepinski, 2016). Pollution of the Tanjaro River has devastated
the environment, spread disease, harmed agriculture and aquaculture, and displaced some individuals
from their residences. Aquatic life and biodiversity have been depleted, and cleanups are expensive
(Hamasalih et al., 2025). Its industrial area is highly problematic, with waste disposal in its raw form
discharging toxic metals such as lead, cadmium, and nickel. This pollution encourages antibiotic
resistant pathogens, which increase health hazards (Nizar et al., 2012; Ferrini et al., 2024; Faque Salih
etal., 2021).

Pseudomonas aeruginosa is the focus of our study, it is a Gram-negative, motile rod (0.5-1.0 um
by 1-5 um) which aerobically or anaerobically respire with the assistance of nitrate (Diggle &
Whiteley, 2020), it is a multidrug resistant microorganism causing acute or chronic infection in
immunocompromised individuals, e.g., those with COPD, cystic fibrosis, cancer, burns, sepsis, VAP,
and COVID-19 (Qin et al., 2022). The bacterium also produces pigments, pyoverdine, pyocyanin,
pyorubrin, and pyomelanin that play an essential role in its pathogenicity and survival. The pigments
assist in bacterial communication, virulence factor modulation, and the capture of iron, which is
critical for the survival of the bacteria in the human body (Sarkheili et al., 2025). They are
metabolically quite versatile with the capability of growth both aerobically and anaerobically on many
different organic substances as a source of energy (Arai, 2011). For protection they form biofilms
collection of cell defenses which shield it against stress as well as antibiotics to increase survival
under polluted environments (Thi et al., 2020), but also presents a protein structure in which help the
bacteria to survive under extreme conditions by withstanding toxic substances like antibiotics and
heavy metals, through efflux pumps (Lorusso et al., 2022).

Efflux pumps are protein complexes in both bacteria and eukaryotes. Their function is to actively
expel unwanted or harmful material, such as toxins, heavy metals, or antibiotics, from the cell and
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thus safeguard the organism (Blanco et al., 2016). In Pseudomonas aeruginosa, multiple efflux pumps
are involved in resistance to both metals and antibiotics. One of the most studied cases involves the
CzcCBA efflux pump, an RND (Resistance Nodulation Division) family transporter. This efflux
pump, in particular, expels specific metals, including cadmium (Cd), zinc (Zn), and cobalt (Co) and
represents the cell's initial protection mechanism in response to metal toxicity (Ducret et al., 2020).
It consists structurally of three proteins: CzcA (the transporter), CzcB (the linker protein), and CzcC
(the pore in the outer membrane) (Kim et al., 2011). The action of this pump is tightly regulated
(Ducret et al., 2020). When elevated concentrations of Zn, Cd, or Co are sensed, CzcRS regulates it.
CzcS perceives metals and activates CzcR, which in turn activates the genes for czcCBA. Ultimately,
CzcR represses transcription of the oprD gene, encoding, under normal circumstances, a channel
facilitating entry of Carbapenem antibiotics in to the cell (its role can, in fact, be inhibitory).
Consequently, Carbapenem uptake is diminished. This regulatory connection, therefore, besides
bringing about metal resistance, also lends support to resistance to antibiotics, notably to
Carbapenems (Ducret et al., 2020).

In addition to this resistance to metals, P. aeruginosa also has resistance to antibiotics through
various means. Efflux pumps in P. aeruginosa can remove not only metals but also antimicrobial
compounds, thereby significantly minimizing the effectiveness of these medications (Mufioz-Cazalla
etal., 2023). P. aeruginosa also generates enzymes in the form of -lactamases to degrade antibiotics
of the B-lactam class, and it generates biofilms, which serve as protective covers, such that antibiotics
fail to reach bacterial cells (Liao et al., 2022).

This study was conducted for three major reasons. The first one was to investigate the
antimicrobial resistance characteristics of Pseudomonas aeruginosa in order to understand its disease-
causing capability, as this organism can re-enter into the human food supply through crop production
and bioaccumulation in animals and therefore become harmful to human health. The second one was
to investigate heavy metal resistance to understand whether the organism can tolerate highly
contaminated waters and therefore act as an ideal candidate for bioremediation purposes. Third, as a
secondary goal, the study explored whether the presence of heavy metal resistance genes is associated
with resistance to antibiotics, particularly the carbapenem group. This study hypothesizes that
Pseudomonas aeruginosa isolates obtained from the Tanjaro River harbor heavy metal resistance
genes that not only contribute to their enhanced pathogenic potential and multidrug resistance, but
also render them promising candidates for bioremediation applications.

Materials and Methods

Sample Collection and Preservation

Water samples were collected from the Tanjaro River, a site known for heavy metal pollution due
to industrial and agricultural runoff. Sampling was conducted on October 1, 2024, from eight distinct
locations referring to the map in (Figure 2.1.) At each sampling point sterile 100 mL plastic container
were used to collect water and (100ml) water samples were transported to the laboratory in cool box
to maintain microbial viability. Directly inoculated to the Tryptic Soy Broth (TSB) and incubated at
37°C for 24 hours under aerobic conditions to enhance bacterial growth.
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Bacterial Cultivation and Selective Isolation
Following growth enhancement, P.aeruginosa was isolated using cetrimide agar, a selective and
differential medium that supports its growth while inhibiting other bacteria. Inoculated plates and

uninoculated control plates of cetrimide agar incubated at 37 °C for 24 hours. Refer to Figure 2.2.
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Figure 2.1. Map of the sample collection sites of Tanjaro River.
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Figure 2.2. [solation of Pseudomonas aeruginosa from contaminated
water using the spread plate technique on cetrimide agar.
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Purification and Activation of P. aeruginosa lIsolates

Single colonies from cetrimide agar plates were further purified using the quadrant streaking
method on cetrimide agar to obtain isolate purified microbial colonies. Possible nineteen isolates of
P. aeruginosa were identified based on their notable pigmentation, including: (pyocyanin), which is
a blue-green pigment; (pyoverdine), a yellow-green fluorescent pigment; (pyorubin), known as red
pigment; and (pyomelanin), a brown pigment (El-Fouly et al., 2020). As seen in Figure 2.3.
Pseudomonas aeruginosa (ATCC® 9027™) was used as a control strain.

Identification of purified Pseudomonas aeruginosa

|

Figure 2.3. Pseudomonas aeruginosa colonies grown on cetrimide

agar plates showing different characteristic pigmentation.

To confirm the identity of the purified isolates, biochemical and morphological tests were
performed, including: Gram staining under the microscope, the stained bacteria appeared as Gram-
negative rods, consistent with the expected morphology of P. aeruginosa . Oxidase and Catalase
positive.

To further confirm the bacterial species, twenty isolates were analyzed using the VITEK® 2
COMPACT biochemical identification system. Prior to testing, the isolates were sub-cultured on
nutrient agar medium and incubated for 24 hours. The VITEK® 2 system identifies microorganisms
based on a panel of miniaturized biochemical assays, which assess characteristics such as
carbohydrate utilization, enzyme activities, and resistance to inhibitory substances. For Pseudomonas
aeruginosa , key reactions typically include oxidase positivity, the ability to utilize glucose
oxidatively but not fermentatively, and production of enzymes such as arginine dihydrolase and
gelatinase.

The results of the VITEK® 2 analysis confirmed that all tested isolates belonged to P. aeruginosa
, with identification confidence percentages varying across samples. This biochemical confirmation
provided strong support for the preliminary cultural and morphological observations.

Antimicrobial Susceptibility Testing (AST)

P. aeruginosa isolates were tested for antimicrobial susceptibility, using antibiotics with different
modes of action, including Gentamicin 10 pg (CN; aminoglycoside), 10 pg Ciprofloxacin,
Levofloxacin 5 pg (CIP; fluoroquinolone) Meropenem 10 pg (MEM; carbapenem), and Aztreonam

30 pg (ATM; monobactam).
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The antibiotic resistance profiles of the P. aeruginosa isolates suspensions prepared in sterile
normal saline adjusted to a 0.5 McFarland Antibiotic susceptibility testing was performed on 20
isolates of Pseudomonas aeruginosa using the Kirby-Bauer disk diffusion method on Mueller Hinton
agar plates incubated for 24 hours at 37°C. (Perilla et al, 2010).

The results were measured by reporting the inhibition zone (in millimeters) and interpreted
according to Clinical and Laboratory Standards Institute documents (CLSI, 2025). After the
incubation, the bacteria were classified as sensitive or resistant or intermediate to the antibiotics,
based on the diameter of the zone of inhibition given in the standard antibiotic disc chart. Quality
control measures were applied by including Pseudomonas aeruginosa (ATCC® 9027™)as
reference strains to verify the accuracy and reliability of the susceptibility testing procedure.

Genomic DNA Extraction

Following AST, bacterial isolates were reactivated in 3 mL of Tryptic Soy Broth (TSB) and
incubated at 37 °C for 24 hours prior to molecular analysis. Genomic DNA was extracted using the
AddBio genomic DNA extraction kit according to the manufacturer’s protocol. DNA concentration
and purity were measured using a ThermoFisher C2000 NanoDrop spectrophotometer, and samples
with an A260/A280 ratio between 1.8 and 2.0 were considered of sufficient purity for downstream
applications.

To assess DNA integrity and confirm successful purification, 5 pL of each extracted DNA sample
was analyzed by agarose gel electrophoresis (1% agarose, 100 V, 45 min) stained with safe gel stain
dye, and high molecular weight genomic DNA bands without smearing were considered indicative
of intact DNA. Extracted DNA samples were stored at —20 °C until use for PCR amplification.

Polymerase chain reaction (PCR) Amplification of the czcA Gene

PCR testing was performed to detect the heavy metal resistance czcA gene using specific primers.
The primers designed explicitly for this study, which amplified a 485 bp region of the gene.

Forward Primer: 5> GAGTTCATTCCCAGCCTCAG 3

Reverse Primer: 5> GTCTGCTCGACCTTCACCTC 3’

Primer specificity was validated in silico using NCBI BLAST to confirm exclusive targeting of
the czcA sequence in Pseudomonas aeruginosa and avoid off-target amplification. Primer efficiency
was assessed empirically through gradient PCR and optimization of annealing temperature, resulting
in consistent amplification of the expected 485 bp product across all isolates. 57°C was selected as it
yields the optimal specificity and produces a sharp, single PCR product with no visible non-specific
bands. The PCR optimization gel results are shown in (Figure 2.8). The no template control (NTC)
remained negative, confirming the absence of contamination.

PCR amplification of the czcA gene was carried out in a 20 pL reaction mixture containing 10 pL
of 2X HotStart Master Mix, 1 puL of forward primer, 1 pL of reverse primer, 1 uL of DNA template,
and 7 pL of nuclease-free water. The PCR protocol consisted of 35 cycles. As shown in Table 1. At
first, primers were received in lyophilized form and prepared to a stock concentration of 100 pmol/pL
using nuclease-free water. Working solutions of 10 pmol/uL were prepared from the stock for use in
PCR reactions.

jsh.univsul.edu.ig

JSH p-ISSN: 1813-0852, e-ISSN: 2617-3034



697 | OSB3 e atuily - ilazl o388

Table 1: PCR amplification for the czcA gene

Component/Steps czcA gene (Heavy metal resistance gene)

Amplicon Size 485 bp

Primer Preparation Stock: 100 pmol/pL (lyophilized), reconstitute in
nuclease-free water
Working: 10 pmol/uL

PCR Reaction Mixture (20 uL total) 10 pL 2X master mix
pL forward primer
pL reverse primer
pL template DNA

ML nuclease-free water

~N Rk R e

Thermal Cycling Conditions - Initial denaturation at 95 °C for 10 min;
- 35cycles of:

1- Denaturation: 95 °C for 30 s

2-  Annealing: 57 °C for 30 s

3- Extension: 72°C for 30 s

- final extension at 72 °C for 5 min.

Gel Electrophoresis and Visualization of PCR Products

Gel electrophoresis was used to analyze the PCR products using 1% agarose gel. The gel was
prepared by dissolving 1 g agarose in 100 mL 1X TBE buffer and staining with safe dye for DNA
visualization under UV light. A 50 bp DNA ladder was used as a molecular size standard.

In addition, electrophoresis was run at 100 V for 45 minutes. DNA bands were visualized under
UV light. The specificity of the reaction was confirmed by no bands in the negative control band.

57°C 58°C 59°C 60°C 61°C

Figure 2.8. PCR temperature gradient used to find the best annealing temperature. 57°C was
chosen as it gave a sharp, single PCR band without non-specific bands.
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Results

Antibiotic Susceptibility Test (AST)

After 24 hours of incubation, all twenty Pseudomonas aeruginosa isolates were tested against five
antibiotics using the disc diffusion method. Quantitative results are summarized in Table 2. All
isolates (100%) were sensitive to ciprofloxacin (CIP) and levofloxacin (LEV), while sensitivity to
meropenem (MEM) and gentamicin (CN) was 95% and 80%, respectively. Aztreonam (ATM)
showed the lowest sensitivity at 45%, with the remaining 55% classified as intermediate. No isolates
exhibited outright resistance to any of the tested antibiotics. Zone diameters varied modestly among
isolates, ranging from 20-30 mm for ciprofloxacin and 18-28 mm for gentamicin, reflecting minor
variability in susceptibility. These findings suggest strong overall antibiotic susceptibility in the
sampled population; however, the limited sample size and single site collection may bias results and
should be considered when interpreting resistance prevalence.

Figure 3.1. AST disk diffusion results for different antibiotic classes. Zone sizes reflect varying
susceptibility patterns among some samples on Mueller Hinton agar plates.

Table 2: Antibiotic Sensitivity results

Antibiotic | Sensitive (%) | Intermediate (%) | Resistant (%)
ATM 45 55 0
CIP 100 0 0
CN 80 20 0
LEV 100 0
MEM 95 0

PCR Amplification of the czcA Gene
PCR analysis confirmed the presence of the czcA gene in all twenty isolates including the
(ATCC® 9027™) control (sample 20), producing the expected 485 bp amplicon (Figure 3.2). The

no-template control (NTC) remained negative, ruling out contamination. While the presence of czcA
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indicates genetic potential for resistance to cobalt, cadmium, and zinc, no expression analysis or
functional assay was performed in this study to quantify efflux activity. Future work should examine
gene expression levels under metal stress and perform functional assays to validate the effectiveness
of the CzcCBA efflux system in metal removal.

Overall, these results demonstrate a strong correlation between czcA presence and potential metal
resistance, alongside a generally high susceptibility to clinically relevant antibiotics, though
additional sampling and molecular analyses are needed to confirm these trends.

5 6 7 8 910 M 1112 13 14 15 16 17 18 19 20 NTC

W Y S S S S e SR e e O e Y e e VY e e
«———— 200 bp

Figure 3.2. PCR products of the czcA (485 bp) from P. aeruginosa environmental isolates,
separated on a 1% agarose gel in 1X TAE buffer. Safe DNA dye were used and visualized under
UV light. A 50 bp DNA ladder was used as a molecular size marker.

Discussion

Findings from this study revealed that Pseudomonas aeruginosa recovered from Tanjaro River
carried heavy metal resistance genes in particular, viz., czcA, but there was no regular association
found in relation to multidrug resistance. The finding came in sharp contrast to earlier findings which
most often showed strong links between heavy metal and antimicrobial resistance (Baker-Austin et
al., 2006). However, recent studies provide an equally complex perspective, suggesting that
interaction between both types of resistance is complex and mediated by diverse environmental and
genetic forces.

Three core mechanisms responsible for concomitant heavy metal and antibiotic resistance were
described by Murray et al. (2024) as follows: co-resistance, in which genes for both traits are found
on the same mobile genetic element; cross-resistance, in which one mechanism, e.g., an efflux pump,
provides resistance to both compounds; and co-regulation, in which heavy metal treatment activates
genes of antibiotic resistance. The absence of common antibiotic resistance exhibited by P.
aeruginosa isolates in this study suggests that, although present, it was not linked to determinants or
regulatory systems of antibiotic resistance, limiting cross-resistance expression.

Environmental circumstances have an important role in defining these outcomes. Recent research
shows that resistance gene expression often depends on local pollutant concentrations and co-stressor
presence. For instance, interaction between heavy metals, microplastics, and other contaminants has
been shown to affect resistance gene expression in aquatic ecosystems (Frontiers, 2025). Similarly,
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ASM (2024) reported that aqueous systems defined by high anthropogenic pollution levels will often
have isolates showing marked co-resistance patterns, although there can be significant differences at
different sites. The Tanjaro River, in spite of high pollution, can thus generate selective pressures
leading to the retention of metal resistance, even without necessarily supporting co-selection for
antibiotic resistance.

Local research provides more background to these findings. Alfarras (2022) described high
resistance to heavy metals in Pseudomonas strains obtained from Iragi sewage and sludges, citing
extensive adaptation of this genus to polluted localities. At the same time, Alkhulaifi and Mohammed
(2023) demonstrated increased levels of antibiotic resistance in both environmental and clinical
strains of P. aeruginosa, citing possible separation of resistance profiles in clinical and environmental
strains. The current research contributes to this collection of studies by demonstrating, in spite of
genetic evidence for heavy metal resistance in environment strains of Tanjaro, their resistance to
antibiotics does not reflect the high multidrug resistance characteristic of clinical cases.

Altogether, these findings demonstrate that cross-species correlation between heavy metals and
antibiotic resistance in P. aeruginosa can not be made universally; rather, it depends on contextual
elements, including gene location, regulating systems, and environmental parameters. This underlines
the need to integrate localized ecological data and molecular assessments in order to holistically
understand public health risks from antibiotic-resistant environmental bacteria.

Efflux systems like CzcCBA form the core of bacterial survival under heavy metal stress and offer
promise in bioremediation. Future studies would be best spent in functional characterization of the
czcA gene in varied environmental situations to bring forth an understanding of resistance regulation
in natural ecosystems at the molecular level. On this foundation, genetic engineering strategies,
including liposome-assisted systems through the paradigm of the AcrB-dR chimera (Kapoor &
Wendell, 2013), can be assessed to boost P. aeruginosa or less toxic surrogate host organism
potential to eliminate metals such as Cd?*, Zn2*, and Co*" from poisoned water in an ecologically
favorable process. These systems also offer potential for cost-effective recovery and reuse of
antibiotics and other pollutants through vesicle solubilization. Equally important is the need to
examine horizontal gene transfer, since resistance determinants linked to metals can also influence
antibiotic resistance, posing clinical risks. Laboratory findings should then be validated under field-
like conditions to test their effectiveness in complex microbial communities. Finally, an integrated
risk—benefit assessment will be essential to ensure that strategies for enhancing metal efflux do not
inadvertently accelerate the spread of antibiotic resistance.

Conclusion

In conclusion, the czcA gene was detected in all Pseudomonas aeruginosa isolates from the
Tanjaro River, confirming their intrinsic ability to resist and potentially remove heavy metals such as
cadmium, zinc, and cobalt. The isolates’ sensitivity to antibiotics is a positive finding, indicating that
any infections arising from environmental exposure could still be managed effectively.

However, this study has limitations, including a relatively small sample size, focus on only three
heavy metals, and absence of functional assays to quantify metal removal efficiency. Expanding
sampling across additional sites and metals, combined with molecular and biophysical analyses,
would strengthen understanding of resistance mechanisms and bioremediation potential.

Practically, these findings support the potential use of local P. aeruginosa strains in controlled
bioremediation strategies, such as bioaugmentation of contaminated water or development of
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liposome-based efflux systems, to reduce heavy metal loads in the environment. Policy interventions
are also warranted: stricter regulations on industrial and hospital effluents, routine monitoring of
irrigation water, and integration of environmental surveillance data with public health strategies could
mitigate both heavy metal contamination and the spread of resistant bacteria. Finally, comparative
studies of environmental and clinical P. aeruginosa isolates would help trace contamination sources
and inform targeted mitigation efforts. This integrated approach combines scientific, regulatory, and
public health perspectives, providing a framework for addressing heavy metal pollution while
safeguarding community health.
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