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of multidrug-resistant bacteria
in Bangladesh
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The tannery industry produces one of the worst contaminants, and unsafe disposal in nearby
waterbodies and landfills has become an imminent threat to public health, especially when the
resulting multidrug-resistant bacteria and heavy metals enter community settings and animal food
chains. In this study, we have collected 10 tannery wastewater (TWW) samples and 10 additional non-
tannery wastewater (NTW) samples to compare the chemical oxygen demand (COD), pH, biological
oxygen demand (BOD), dissolved oxygen (DO), total dissolved solids (TDS), chromium concentration,
bacterial load, and antibiotic resistance profiles. While COD, pH, and chromium concentration data
were previously published from our lab, this part of the study uncovers that TWW samples had a
significantly higher bacterial load, compared to the non-tannery wastewater samples (5.89 x10* and
9.38x10° cfu/mL, respectively), higher BOD and TDS values, and significantly lower DO values. The
results showed that 53.4, 46.7, 40.0, and 40.0% of the TWW isolates were resistant to ceftriaxone,
erythromycin, nalidixic acid, and azithromycin, respectively. On the other hand, 20.0, 30.0, 50.0, and
40.0% of the NTW isolates were resistant to the same antibiotics, respectively. These findings suggest
that the TWW isolates were more resistant to antibiotics than the NTW isolates. Moreover, the TWW
isolates exhibited higher multidrug resistance than the NTW isolates, 33.33, and 20.00%, respectively.
Furthermore, spearman correlation analysis depicts that there is a negative correlation between BOD
and bacterial load up to a certain level (r=-0.7749, p=0.0085). In addition, there is also a consistent
negative correlation between COD and bacterial load (r=-0.7112, p=0.0252) and TDS and bacterial
load (r=-0.7621, p=0.0104). These findings suggest that TWW could pose a significant risk to public
health and the environment and highlight the importance of proper wastewater treatment in tannery
industries.

Keywords Bacterial load, Multidrug-resistance, Tannery wastewater, Chromium, Chemical oxygen demand,
Biological oxygen demand, Total dissolved solids, Dissolved oxygen

The environmental impact of tannery wastes on water, terrestrial, and atmospheric systems is severe due to
their high oxygen demand, discoloration, toxic chemical constituents, and bad odor. Tannery industry waste
is a complex mixture of organic and inorganic pollutants, resulting in a pungent odor, high COD, biological
oxygen demand, low dissolved oxygen, high dissolved salts, and high pH levels'~. Over 200 chemicals are used
during the tanning process, leading to a complex mixture of toxic substances such as chromium, polychlorin-
ated biphenyl, sulfides, nitrates, and other harmful compounds discharged as waste*. Among these, the most
dominant heavy metal in tannery effluent is chromium?, primarily as a result of its extensive use in the chrome
tanning process, which is considered the most toxic to both human health and the environment'**. Additionally,
tannery wastes contaminate nearby water with zinc, lead, cadmium, copper, mercury, copper, nickel, and several
other metals"S. The discharge of untreated tannery wastewater containing these bio-toxic heavy metals into the
environment, such as rivers and other waterbodies, therefore leads to toxicity in both terrestrial and aquatic
biosystems, including those of agriculture, cattle, and poultry farming, which consequently poses risks to human
health by threatening skin diseases, respiratory illnesses, and even cancer’~. Furthermore, these heavy metals
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pose a survival threat to bacteria and have been reported to induce antibiotic resistance. For example, Gupta
et al. demonstrated significant associations between heavy metals and antibiotic resistance, indicating that the
resistance mechanisms are similar for both!®. Moreover, pollution with heavy metals such as chromium, lead,
cadmium, and mercury is well-documented to induce antibiotic resistance through co-selection'*-12,

According to the Asian Development Bank (ADB), there are roughly 220 tanneries in Bangladesh, with a
majority situated in Hazaribagh, Dhaka, which collectively hire around 850,000 laborers. Recently, these tanner-
ies have been relocated to Savar, a location near the city of Dhaka. Most of these tanneries do not have proper
effluent treatment plants (ETP) and release untreated wastewater into the river Buriganga and nearby landfills,
causing serious threats to the environment and ecosystem, and are the most prominent sources of environmen-
tal chromium in Bangladesh, as indicated by a prior study by the researchers of this study". The team found
chromium content in TWW of different tannery wastewater disposal sites as high as 1.85x 10 mg/L and COD
as high as 6.5 x 10° mg/L and the direct correlation between chromium content and chemical oxygen demand
(COD) was observed statistically significant’?.

Since tannery wastes contain a wide variety of contaminants adverse to sustained life', these possess signifi-
cant stresses to the microbial community and potentially give rise to heavy metal tolerance as well as antimi-
crobial resistance to the surviving microbes'®. Multidrug resistance (MDR) is a rapidly growing public health
concern in Bangladesh'®. It is defined as a microbe being resistant to at least three different antimicrobial classes'”.
There has been research on MDR in Bangladeshi hospital wastes, urinary tract infection (UTI) patients, and
other settings'®-?!, but no systematic investigation has been made to identify MDR linked to tannery wastes in
the context of the Hazaribagh tannery industrial area of Bangladesh.

The origin of antibiotic resistance is the process of natural selection and the innate capacity of bacteria to adapt
and endure antimicrobial threats??. Bacteria undergo natural genetic changes over time, and certain alterations
can provide immunity to antibiotics. When antibiotics are used, vulnerable bacteria are eliminated, whereas
resistant ones survive and proliferate. This process is worsened by the excessive use of antibiotics in humans
and animals. Improper prescribing practices, such as administering antibiotics for viral infections, significantly
contribute to resistance. The Centers for Disease Control and Prevention (CDC) underline that as many as
30% of antibiotic prescriptions in outpatient environments are not needed?. Furthermore, antibiotics used in
farming to enhance livestock growth are a significant factor contributing to antibiotic resistance?*. Additionally,
environmental stress can cause resistance development in bacteria®. Resistant bacteria have the capability to
transfer from animals to humans through the food chain®.

To determine the resistance of bacterial strains isolated from TWW and NTW, we tested the sensitivity of the
isolates with 10 antibiotics of 6 classes. These antibiotics were selected focusing on their various mode of action.
Macrolides, for example, work by attaching themselves to the 50S subunit of bacterial ribosomes?”*, which
stops protein production. This prevents peptidyl tRNA from moving, an essential step in making new proteins,
ultimately killing the bacteria®”?. B-lactams, including penicillin and cephalosporins, disrupt bacterial cell wall
construction by binding to penicillin-binding proteins (PBPs)*>**3!, These proteins help link peptidoglycan
chains that give the cell wall its strength. When this process is blocked, the cell wall weakens, and the bacteria
burst due to osmotic pressure®.

Protein synthesis inhibitors include different antibiotic classes like macrolides, tetracyclines, and aminogly-
cosides. They interfere with various steps of protein production®. Tetracyclines, for example, bind to the 30S
ribosomal subunit, stopping aminoacyl-tRNA from attaching, while aminoglycosides cause errors in reading
mRNA*. Quinolones, such as ciprofloxacin, target bacterial enzymes DNA gyrase and topoisomerase IV, which
are vital for DNA replication and repair****. By inhibiting these enzymes, quinolones cause breaks in bacterial
DNA, leading to cell death®. Cephalosporins, a type of p-lactam, also block cell wall synthesis by targeting
PBPs**3!, They are similar to penicillin but usually have a wider range of activity and are more resistant to
B-lactamases. Aminoglycosides, like gentamicin, bind to the 30S ribosomal subunit and cause errors in mRNA
reading, leading to the incorporation of incorrect amino acids into proteins®”**. This disrupts protein produc-
tion and kills the bacteria.

Antibiotic resistance mechanisms involve diverse strategies, including regulating the expression of efflux and
influx proteins®®, horizontal gene transfer from already resistant bacteria*>*!, mutation of antibiotic resistance
genes like gyrA, gyrB, parC, parE, etc.*>. Many of these genes are plasmid-encoded or within mobile genetic
elements**, which helps spread resistance genes swiftly.

Macrolides, such as erythromycin, work by binding to the 50S ribosomal subunit, thereby inhibiting bacterial
protein synthesis. Bacterial resistance to macrolides can occur through several mechanisms*. One such mecha-
nism is the methylation of 23S rRNA by Erm enzymes, which lowers the drug’s binding affinity*>#°. Additionally,
efflux pumps, such as Mef, can expel the drug from the bacterial cell’. -lactam resistance mechanisms include
the production of B-lactamases, which hydrolyze the B-lactam ring, rendering the antibiotic ineffective®. Altera-
tions in PBPs can reduce drug binding, while changes in porin channels can decrease drug uptake®'. For tetracy-
clines and chloramphenicol, resistance mechanisms involve efflux pumps that expel the antibiotic and ribosomal
protection proteins that dislodge the antibiotic from its target*’. Quinolones, including ciprofloxacin, target DNA
gyrase and topoisomerase IV, which are essential for DNA replication®. Resistance can occur through mutations
in the genes encoding these enzymes, reducing drug binding, and through efflux pumps that lower intracellular
drug concentrations®”*!. Cephalosporin resistance mechanisms include the production of B-lactamases specific
to cephalosporins, such as AmpC B-lactamases, and modifications in PBPs™.

In this study, we isolated and cultured bacterial colonies from 10 tannery wastewater (TWW) samples col-
lected from 10 different tanneries, as well as from 10 non-tannery wastewater (NTW) samples. We quantified
the bacterial load in each sample and further characterized 15 bacterial isolates from both TWW and NTW
samples. We conducted antimicrobial susceptibility tests on the isolated bacteria using 10 antibiotics from 6
different classes, and constructed antimicrobial resistance (AMR) and multidrug resistance (MDR) profiles. We
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then examined the correlation between microbial load, multidrug resistance in bacteria, and the physicochemical
characteristics of TWW samples (such as COD, BOD, TDS, and DO), as well as chromium levels, in compari-
son to NTW samples. Finally, we identified a potential role of untreated tannery wastewater in the evolution of
multidrug resistance in bacteria and the consequent microbial pollution of surface water in Bangladesh.

Methods and materials

The study commenced with the collection of TWW and NTW samples from tannery industries and non-tannery
water sources respectively, followed by physicochemical properties determination and bacterial load determina-
tion from diluted samples. Bacterial isolates were then characterized and identified via both biochemical tests
and 16S rRNA sequence analysis. Additionally, isolated and identified bacterial strains underwent antibiotic
susceptibility testing and a comprehensive resistance profile was established (Fig. 1).

Sample collection

Ten samples of tannery wastewater (TWW) were collected from the main drains of 10 tanneries of Hazaribagh,
Dhaka, and 10 non-tannery wastewater (NTW) control samples were collected from the Buriganga River and the
University of Dhaka area. The samples were collected during the monsoon season (June to September period)
to capture peak tannery industrial activity. From each of the sampling points, 500 mL of wastewater and control
water was collected.

Determination of physicochemical properties of TWW and NTW

The TWW and NTW samples were analyzed to measure pH, chromium content, COD, BOD, DO, TDS, and
bacterial load. pH was measured with a bench-top Hanna pH meter and chromium content was determined
using a Varian 240 Atomic Absorption Spectrometer (240 AAS). COD was determined by oxidizing organic
matter with potassium dichromate and measuring excess potassium dichromate using ferrous ammonium sulfate
following the back-titration method. COD value was equivalent to the consumed dichromate. To determine the
bacterial load, each 1.0 mL sample of tannery wastewater was diluted 1000 times (1:1000), while each 1.0 mL
sample of non-tannery water was diluted 100 times (1:100). From these diluted samples, 100 puL (0.1 mL) was
plated and incubated at 37 °C for 24 h. Following incubation, bacterial colonies were manually counted using
a colony counter.

TWW/NTW
Sample Collection

L
{ 1

Physicochemical
Properties Test

! !

Bacteria Isolation

pH, COD, Chromium, BOD, Colony
DO, TDS, Bacterial Load Characterization
. 16S rRNA . .
I‘::Ye i::n?:;lig Extraction & Antibiogram Blo?‘;:::'cal
Sequencing
Sequence Resistance Biochemical
Data Analysis Data Analysis Data Analysis
Bacterial Antibiotic Presumptive
Identification Resistance Profile Ideantification

Fig. 1. Flowchart of the study.
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BOD was measured using a BOD Trak II respirometric apparatus (HACH, USA). Samples were incubated at
20 °C for 5 days in sealed bottles. The BOD Trak II system automatically recorded the pressure drop caused by
oxygen consumption, which was then converted to BOD5 values. Dissolved oxygen (DO) was determined using
a portable YSI ProODO optical dissolved oxygen meter. The probe was calibrated before each use according to
the manufacturer’s instructions. Measurements were taken in situ to minimize atmospheric oxygen interference.
Total Dissolved Solids (TDS) were quantified using a gravimetric method. A well-mixed sample was filtered
through a standard glass fiber filter. A known volume of the filtrate was then evaporated to dryness in a weighed
dish and dried to a constant weight at 180 °C. The increase in dish weight represented TDS. This process was
carried out using a Mettler Toledo XS205 analytical balance for precise weight measurements and a Thermo
Scientific Heratherm oven for the drying process.

All measurements were performed in triplicate to ensure reliability and reproducibility of results. Standard
quality control procedures, including the use of blanks and standard solutions, were implemented throughout
the analytical process to maintain accuracy and precision.

Isolation and identification of bacterial isolates

To isolate common bacterial isolates from TWW, 10 puL of 100 times diluted samples were inoculated at 37 °C
in nutrient agar media for 24 h and a total of 15 colonies were selected considering varied colony morphologies
(size, shape, pigmentation, elevation, and texture) on nutrient agar. These morphological characteristics included
variations in pigmentation (e.g., white, yellow, orange, pink), elevation (flat, raised), and texture (smooth, oily).
For instance, some colonies were small and light-colored, while others were large and bright white with a trans-
parent appearance.

Additionally, 10 control bacterial isolates were randomly selected from ten NTW samples for further inves-
tigation. To ensure their viability over a longer period, bacterial isolates were cryopreserved at a temperature of
—80 °C to enable us to explore more about these isolates later.

Alongside observing colony morphology in culture media, fifteen biochemical tests were conducted to identify
bacterial strains presumptively. Detailed results of the biochemical tests are presented in Table 2. For confirma-
tory identification, 16S rRNA was sequenced and analyzed via Geneous Prime software and NCBI BLAST tool.

Genomic DNA extraction and 16S rRNA sequencing

The Qiagen Powerfecal Pro DNA kit was used to extract genomic DNA from bacterial isolates cultivated over-
night, with subsequent amplification using universal primers 27F/1492R. Primer sequences were 16S rRNA-
Forward: AGAGTTTGATCCTGGCTCAG and 16S rRNA-Reverse: GGTTACCTTGTTACGACTT. Validation
of the presence and size of the PCR amplicons was verified via agarose gel electrophoresis subsequent to the
rRNA being purified utilizing a PCR purification kit. Subsequently, the amplified PCR product of 16S rRNA of
bacterial isolates underwent sequencing by BTSeq™ Contiguous Sequencing by Celemics, Inc., located in Ge-
umcheon-gu, Seoul, Korea.

Antibiotic susceptibility testing

A single colony was picked from each of the freshly cultured bacterial isolates and was incubated in MHB for
two hours at 37 °C, and microbial growth was adjusted to the 0.5 McFarland standard before preparing the lawn
on Mueller Hinton agar (MHA) plates, placing antibiotic discs, and incubating at 37 °C for 18 h. Furthermore,
since a 0.5 McFarland turbidity standard approximates the optical density of a bacterial suspension containing
approximately 1.5 % 108 colony-forming units (CFU) per milliliter, we measured the absorbance of bacterial
cultures at 600 nm. An absorbance value within the range of 0.08-0.135 at 600 nm corresponds to a bacterial
density of around 1.5x 108 cfu/mL. The assessment of antibiotic susceptibility among bacterial isolates from
both the TWW and NTW was conducted via exposure to ten commercially available antibiotics belonging to six
distinct classes (Supplementary Table 1). This was accomplished through the use of the standard Kirby-Bauer disc
diffusion method as described previously®, with interpretation being carried out in accordance with the Clini-
cal and Laboratory Standards Institute (CLSI-2022) and European Committee on Antimicrobial Susceptibility
Testing (EUCAST-2022) guidelines. Isolates that showed resistance to three or more classes of antibiotics were
classified as multidrug resistant (Supplementary Table 2). In cases where an antibiotic class included multiple
antibiotics, resistance was defined as non-sensitivity to at least one antibiotic within that class.

Statistical analysis

Spearman’s rank correlation analysis was employed to investigate the associations among chromium concentra-
tions, chemical oxygen demand (COD), and bacterial load. This methodology yielded correlation coeflicients
and p values, which provided valuable insights. The dataset, in conjunction with antimicrobial resistance data,
underwent Spearman’s rank correlation analysis using the statistical software R, while GraphPad Prism (version
8) was utilized for graphical depiction.

Results

Physicochemical characterization of TWW and NTW

Our investigation concentrated on the analysis of both tannery wastewater (TWW) and non-tannery wastewater
(NTW) to ascertain essential physicochemical parameters, such as COD, BOD, DO, TDS, and Cr concentration,
alongside bacterial load. This comparative assessment was undertaken to elucidate the distinct attributes of TWW
in relation to NTW. The outcomes, delineated in Table 1, unveil notable distinctions between the two water cat-
egories. TWW manifested significantly heightened levels of BOD, TDS, and bacterial load when juxtaposed with
NTW. Conversely, the concentration of dissolved oxygen (DO) was notably greater in NTW compared to TWW.
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Bacterial load (x 10° cfu/ Bacterial load (x 10° cfu/
TWWID |BOD (mg/L) | DO (mg/L) | TDS (mg/L) |mL) NTWID |BOD (mg/L) | DO (mg/L) | TDS (mg/L) |mL)
TWW1 470 025 11,500 41 NTW1 |8 5 220 0.925
TWW2 160 0.6 3500 29.3 NTW2 |25 14 55 5.075
TWW3 70 35 3200 50 NTW3 |35 8 135 0.675
TWW4 270 1.0 6250 47 NTW4 |5 7 150 5.75
TWW5 520 0.5 13,000 24 NTW5 |3 11 70 10
TWW6 610 0.25 20,250 25.5 NTW6 12.5 6 300 23
TWW7 335 0.6 5300 38 NTW7 |7 9 110 195
TWWS$ 1900 0.5 35,000 0.925 NTWS |9 8 175 0.3
TWW9 220 0.5 5000 58 NTW9 |9 7 250 155
TWWI0 | 390 0.5 7600 185 NTW10 |4 12 60 13
Mean 4945 0.8 11,060 332 Mean 6.4 8.7 152.5 9.4
Table 1. Physicochemical parameters determined from TWW and NTW samples.

The increased BOD and TDS concentrations in TWW additionally signify a substantial organic load and
dissolved solids content, correspondingly. These elements have the potential to foster eutrophication and impact
the overall water quality of recipient water systems. Moreover, the heightened bacterial load in TWW gives rise
to apprehensions regarding plausible pathogenic contamination.

Assessment of physicochemical properties and bacterial load in TWW and NTW

The assessment of pH, COD, and chromium was previously reported by Islam et al. The pH of the TWW samples
ranged from 3.93 to 8.36, two samples being highly acidic in nature (pH below 7.0), while the pH of the control
water sample was mostly close to basic (ranging from 6.82 to 8.25)"*. The results of this study demonstrate that the
mean values of BOD, TDS, chromium level, and bacterial load were considerably higher in TWW as compared
to NTW control samples, as illustrated in Fig. 2.

The Chemical Oxygen Demand (COD) in TWW (1.4 x 10* mg/L) was found to be substantially higher than
in NTW (5.0 x 10 mg/L), indicating a significant organic pollutant load in tannery effluents. Biological Oxygen
Demand (BOD) showed a similar trend, with TWW exhibiting a much higher value (4.9 x 10> mg/L) compared
to NTW (6.35 mg/L), further confirming the high organic content in tannery wastewater. Dissolved Oxygen
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Fig. 2. Comparison of physicochemical properties in TWW and NTW. The mean COD level (A), mean
BOD (B), mean TDS (D), mean Cr level (E), and mean bacterial load (F) were substantially higher in TWW
compared to non-tannery control wastewater with the exception to Mean DO values (C). NTW: non-tannery
wastewater; TWW: tannery wastewater.
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(DO) levels are inversely related to the previous parameters. NTW shows higher DO levels (8.7 mg/L) compared
to TWW (0.82 mg/L), suggesting potential hypoxic conditions in tannery effluents. Total Dissolved Solids (TDS)
in TWW (1.1 x 10* mg/L) far exceed those in NTW (1.5x 10> mg/L), indicating a high concentration of dissolved
substances in tannery wastewater. Chromium concentration is notably higher in TWW (3.83 mg/L) compared
to NTW (0.0026 mg/L), likely due to the use of chromium in tanning processes. TWW shows a substantially
higher bacterial load (5.9 x 10* cfu/mL) compared to NTW (9.3 x 10° cfu/mL), suggesting increased microbial
activity in tannery effluents (Fig. 2A-F).

Association of bacterial load with COD, BOD, TDS, DO, and chromium level

The bacterial load had a positive but insignificant correlation with the COD level in NTW samples (r=0.2092,
p=0.5611) (Fig. 3A). However, the elevated COD level significantly inhibited the growth of bacteria in TWW,
showing a strong negative correlation (Spearman r=-0.7112, p=0.0252) between COD and bacterial load.
As COD levels increase, there is a significant decrease in bacterial load. The relationship appeared non-linear,
with bacterial load dropping more rapidly at lower COD levels (Fig. 3A). This inverse relationship suggests that
higher levels of organic pollutants (indicated by COD) may inhibit bacterial growth in tannery effluents. A
strong negative correlation (Spearman r=—0.7749, p=0.0085) was observed between BOD and bacterial load
(Fig. 3B). This relationship was slightly stronger than that of COD, indicating that the biodegradable organic
matter (measured by BOD) may have a more direct impact on bacterial populations than the total organic
content (measured by COD).

TDS showed a strong negative correlation (Spearman r=-0.7621, p=0.0104) with bacterial load (Fig. 3C).
This suggests that as the concentration of dissolved solids increases, the bacterial population tends to decrease,
possibly due to osmotic stress or the presence of inhibitory substances in the dissolved solids fraction. Chromium
concentration exhibited a moderate negative correlation (Spearman r=—-0.5879, p=0.0806) with bacterial load
(Fig. 3D). While the relationship was not as strong as the other parameters, it still indicates a trend where higher
chromium levels are associated with lower bacterial populations, likely due to the toxic effects of chromium on
microorganisms.

In addition, dissolved oxygen (DO) level shows a weak positive correlation (Spearman r=0.3892, p=0.2663)
with bacterial load (Fig. 3E). This relationship is not statistically significant, indicating that DO levels may not
be a strong predictor of bacterial load in this TWW system.

Bacterial identification

The amplified products of 16S rRNA genes from the bacterial isolates were subjected to Sanger sequencing. Fol-
lowing this, sequence analysis was executed through the use of Genious Prime software, aligning these sequences
with those from the 16S rRNA gene available in the National Center for Biotechnology Information (NCBI)
database using the basic local alignment search tool (BLAST). The classification of species was accomplished by
contrasting the acquired sequences with those existing in the GenBank repository and choosing the sequence
that exhibited the greatest maximum identity score. The primary bacterial strains identified through 16S rRNA
sequencing were Escherichia coli and Salmonella enterica (Table 2).

Resistance profile of TWW and NTW isolates

The TWW isolates were resistant to ceftriaxone, erythromycin, azithromycin, and nalidixic acid with 53.4,
46.7, 40.0, and 40.0% resistant isolates respectively. All the 15 TWW isolates exhibited absolute sensitivities to
Gentamycin and Kanamycin (Supplementary Table 2). This efficacy was followed by ciprofloxacin, the protein
synthesis inhibitors (namely tetracycline and chloramphenicol), ampicillin, nalidixic acid, and kanamycin at 6.7,
13.3,26.7, 46.7 and 53.4% of isolates showing resistance respectively (Fig. 4A).

The resistance pattern in NTW isolates for erythromycin (30% resistant), azithromycin (40% resistant), and
nalidixic acid (50% resistant) resemble that of TWW isolates. On the other hand, the NTW isolates showed great
sensitivity towards four antibiotics—tetracycline, chloramphenicol, gentamycin, and kanamycin with 90, 80, 90,
and 60% being sensitive, respectively. However, ceftriaxone was found to be significantly more effective against
NTW isolates (20% resistant) compared to TWW isolates (53.4% resistant) (Fig. 4B).

Except for nalidixic acid, kanamycin, and ciprofloxacin, the other 7 antibiotics were found to be less effective
against TWW isolates compared to their efficiency against NTW isolates (Fig. 4C). Interestingly, none of the
isolates from either source showed any resistance against gentamycin (CN). The difference in resistance is most
notable for ceftriaxone (CRO) and erythromycin (E), where TWW isolates showed alarming higher resistance
than NTW isolates.

Resistance against different antimicrobial classes

The aminoglycosides, namely gentamycin and kanamycin were extremely effective against both TWW and NTW
isolates, with no resistant isolates (0%) and 10% resistant isolates respectively. Resistance to cephalosporins was
considerably higher among TWW isolates (53.33%) than in NTW isolates (20%). Bacterial isolates both from
the control and experimental wastewaters showed similar resistance toward quinolones, 40% among TWW and
50% among NTW isolates (Fig. 5A, B). About 47% of the TWW isolates were resistant to macrolides, whereas
a slightly lower, 40% of the NTW isolates had conferred resistance against the macrolide group of antibiotics.
Resistance against both protein synthesis inhibitor and p-lactam among the TWW isolates was more than double
(26.67%) the resistance among the NTW isolates (10%).
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Fig. 3. Association of COD, BOD, TDS, DO, and chromium with bacterial load in TWW. (A) Bacterial load
decreases as the COD level increases beyond a certain level. (B) BOD showed a slightly stronger negative
correlation than that of COD. (C) TDS shows a strong negative correlation with bacterial load, suggesting that as
the concentration of dissolved solids increases, the bacterial population tends to decrease. (D) Bacterial load is
inversely proportional to the chromium concentration in TWW. (E) DO level shows a weak positive correlation
with bacterial load.

MDR profile of TWW and NTW bacteria

Among the TWW isolates, 33.33% were resistant to at least three different classes of antimicrobial, making them
multidrug-resistant (MDR), much higher than the NTW isolates, 20% of which were MDR. Figure 5C compares
bacterial resistance to multiple classes of antibiotics, where resistance in TWW isolates was always worse than in
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A. Antibiotic Resistance Pattern of Tannery Wastewater Bacteria
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Fig. 4. Antimicrobial resistance profile of TWW and NTW isolates. Amongst the TWW isolates, CN
exhibited the highest antimicrobial activity, while CRO was found the least effective (A). CN showed the
greatest effectiveness against NTW isolates while NA was the least (B). A comparison of resistance prevalence
in TWW and NTW isolates reveals that the overall resistance to most antibiotics was higher in TWW isolates
than of NTW isolates (C). Antibiotic susceptibility was determined against erythromycin (E), ampicillin
(AMP), tetracycline (TET), ciprofloxacin (CIP), nalidixic acid (NA), ceftriaxone (CRO), chloramphenicol (C),
gentamycin (CN), kanamycin (K), and azithromycin (AZM). TWW: Tannery wastewater, NTW: Non-tannery
wastewater.
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Fig. 5. Resistance pattern of TWW and NTW isolates against different antimicrobial classes. (A) Antibiotic
resistance pattern of bacterial strains collected from TWW samples. Aminoglycosides and cephalosporins
were the most and least sensitive antimicrobial classes against TWW isolates. (B) Antibiotic resistance pattern
of bacterial strains collected from NTW samples. The NTW isolates were most resistant to quinolones. (C)
Resistance pattern against one or multiple classes of antibiotics. The comparative analysis reveals that TWW
isolates were constantly multiple drug-resistant compared to NTW.

NTW isolates. 20% of the isolates in TWW had developed resistance against at least 4 classes of antibiotics, and
the corresponding value in the NTW isolates was 10%. While no isolates were resistant to more than 4 classes of
antibiotics in control wastewater, 6.67% of the TWW isolates were extensively drug-resistant (XDR), since they
showed resistance against 5 out of 6 antibiotic classes.

Discussion

Despite being a significant contributor to export earnings, employment facilities, and the overall country’s econ-
omy, tanneries have been associated with severe environmental pollution and health hazards in Bangladesh.
Tanneries included in this study are spread in the area of Hazaribagh and the team carefully selected 10 sites for
sample collection. All of these sites had a thousand times higher concentration of environmental chromium than
the safe concentration, which was reported to be 0.1 mg/L in the environment®. The chromium concentration in
the wastewater disposed of by one particular Leather industry which was very close to the river Buriganga was
found to be 1.85x 10 mg/L. The absence of bioaccumulation of chromium in aquatic flora, fauna, and micro-
organisms implies that elevated levels of chromium in the environment can have a severe toxic impact on the
affected plants and animals**. Toxicity in humans can manifest as cutaneous lesions or rashes, as well as renal
and hepatic impairment™.

However, the concentration of chromium in tannery effluent determined in our study was significantly
lower (ranging from 0.002 mg/L to 1.85x 10 mg/L) than that of another study (ranging from 5.25x 10 mg/L
to 3.74 x 10> mg/L) conducted in the same tannery industrial area but comprised of different tanneries®. This
implied that not all tanneries contribute to chromium contamination equally, which was also observed in our
collection sites. These researchers also noted that the concentration of chromium in wastewater was recorded
highest during January-February, when the rivers were dried, and the concentration was the lowest during
May-June, the monsoon period of the year>.

Recent studies have highlighted the effect of elevated levels of heavy metals, especially chromium, on the co-
selection with antibiotic resilience®*-, Chromium was identified to impose pressure on the bacterial population,
impacting the electrochemical system and leading to elevated horizontal transfer of antibiotic resistance genes,
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consequently elevating the likelihood of augmented horizontal transmission of resistance genes®. This may
potentially account for the heightened antibiotics resistance in TWW in comparison to NTW.

One study reported that significant quantities of this heavy metal can be eliminated through conventional
physicochemical and biological procedures®. In contemporary times, there has been a surge in the utilization
of cutting-edge technologies like nanomaterials, membrane technology, electrocoagulation, ion exchange, and
electrodialysis for the treatment of TWW?®¢!, This trend can be attributed to the comparative benefits that these
technologies offer over other conventional methods, particularly in the area of sustainability®’.

Higher COD values in the TWW make aquatic life difficult to sustain®. It has been suggested that chromium
in TWW along with other toxic compounds and higher COD has created an environmental pressure causing
naturally present bacteria in the water to develop resistance to various commonly used antibiotics®>. These bacte-
ria may transfer their resistance genes through horizontal transmission and allow the development of superbugs
and pathogenic bacteria that are resistant to the most widely used antibiotics®*®*.As to our findings, the TWW
contains an alarmingly high level of multidrug-resistant (MDR) isolates, which is likely to spread into other
waterbodies and nearby landfills. Most bacterial isolates from the NTW showed moderate sensitivity to com-
monly used antibiotics whereas bacterial isolates from the TWW showed resistance to an increased number of
antibiotics. A few isolates have been found to be resistant to 5 classes of antibiotics out of 6 classes, making them
extensively drug-resistant (XDR), which is even more concerning than those of MDR (Fig. 5).

It is noteworthy to highlight that with the exception of a few samples of TWW and a solitary NTW sample,
all instances of TWW and NTW wastewater exhibited a pH range between 7.4 and 8.34, which is optimal for
bacterial proliferation. This observation implies two critical aspects. The COD and chromium concentration
are the two key factors that determine bacterial load. Furthermore, it should be noted that these factors do not
impact the pH level of the water.

The mean chromium concentration in the NTW samples was 0.002 mg/L. Despite the evidence that the pH,
COD values, and chromium concentration are favorable for microbial growth, the bacterial load observed in
the NTW samples was considerably lower than that of the TWW samples. This can be attributed to the NTW
sources being less contaminated by other wastes that provide bacterial nutrients.

The findings of this study illustrate a marked increase in average BOD levels in TWW compared to NTW. Ele-
vated BOD signifies a higher concentration of biodegradable organic substances®, which can result in heightened
microbial activity. This increased microbial presence may contribute to an elevated probability of antibiotic resist-
ance emergence®, as a larger number of bacteria are exposed to potential antibiotic remnants and conditions that
induce resistance in the wastewater. It is noteworthy that the levels of dissolved oxygen (DO) are conspicuously
lower in TWW than in NTW. Reduced DO levels can create conducive environments for anaerobic bacteria®,
potentially causing alteration to the microbial community®’. This oxygen-deficient setting could exert selective
pressure on bacteria to develop survival mechanisms?*, indirectly influencing the development of antibiotic
resistance. The data also indicates significantly higher Total Dissolved Solids (TDS) levels in TWW. Elevated TDS
values may suggest the existence of various dissolved substances, including organic and inorganic matters and
potential antibiotic remnants or their byproducts®®. Increased TDS concentrations might offer more nutrients
for bacterial proliferation®, potentially leading to an augmented bacterial population as depicted in Fig. 2F.

The combined impact of elevated BOD and COD, decreased DO, and increased TDS in TWW could have
substantial ecological implications if discharged into natural aquatic systems’’. This discharge may trigger
eutrophication, disrupt aquatic ecosystems, and potentially create environments conducive to the proliferation
of antibiotic-resistant bacteria.

Antibiotic resistance emerges when bacteria develop mechanisms to endure the medications formulated to
eradicate them, resulting in treatments being less efficacious and escalating the likelihood of severe infections
and mortality. Apart from a sheer number of multidrug-resistant isolates, many isolates in our study were found
to be intermediately sensitive (designated as “I” in Supplementary Table 2), which has a high probability of being
resistant to further stress caused by chromium and other contaminants in the TWW. This has already occurred
in TWW as was shown in Fig. 4A and B, where it was obvious that the TWW isolates showed significantly higher
resistance against B-lactam, protein synthesis inhibitors, and cephalosporins compared to those of the NTW
isolates. This is particularly alarming since members of B-lactam, protein synthesis inhibitors, and cephalosporin
classes of antibiotics, such as ampicillin, tetracycline, chloramphenicol, and ceftriaxone are among the most
commonly prescribed antibiotics in our country.

Multidrug-resistant bacteria have previously been associated with severe human illnesses like cholera, diar-
rhea, and other water-borne diseases in the Bangladeshi population'®”!-7%. These water-borne diseases have a high
mortality rate, especially for infants and children under 5 years of age (37%)7>~7%. Since, as of now, most tannery
industries are located very close to a running river, the carriage risks the health of nearby community people.

The investigation underscores the pressing requirement for implementing actions to efficiently diminish the
employment of chemicals throughout the process of leather production, while simultaneously purifying the
previously contaminated water sources to forestall the buildup of heavy metals in the food chain. Additionally,
decontamination of the previously polluted water sources is crucial to guarantee that no dissemination of MDR
bacteria arises, which could potentially endanger public health.

Conclusions and recommendations

The water quality parameters revealed in this investigation indicate that TWW presents conditions that could
potentially support the emergence and dissemination of antibiotic-resistant bacteria. The alarmingly elevated
levels of COD, BOD, and TDS and the decreased levels of DO in TWW compared to NTW pose a significant
survival threat to bacteria (marked by a strong negative correlation), and this threat is one causative agent for
induced antibiotic resistance. This is evident in the resistance profile of the bacteria isolated from the tannery
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industry area, with markedly high multidrug resistance and antibiotic resistance in general. TWW isolates were
substantially more resistant to cephalosporins, f-lactams, macrolides, and protein synthesis inhibitors. Addition-
ally, 33.33% of the TWW isolates were MDR, compared to 20.00% of the NTW isolates. However, the bacterial
load in TWW was over 500% greater than that of NT'W, indicating bacteria are able to evade harsh conditions
and carry antibiotic resistance mechanisms, and pose a significant risk to public health once they contaminate
the community setting.

Overall, the findings of this study underscore the pressing necessity for a cohesive strategy to supervise and
regulate antimicrobial utilization across all domains. Enforcing stringent effluent management procedures and
promoting exploration into substitute therapies and preventive practices are pivotal measures in tackling this
predicament. The government of Bangladesh has meanwhile taken the initiative to dedicate a facility for tannery
industries with facilities like efficient water treatment modules and separate tannery waste from community sew-
age lines to prevent contamination. However, the massive pile of tannery waste in our study area has remained
untreated, and the effectiveness of the government’s initiative needs to be studied. Appropriate treatment and
handling of tannery wastewater are imperative to mitigate these risks prior to environmental discharge.

Data availability
All data generated or analysed during this study are included in the submitted manuscript [and its supplementary
information files].
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