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Abstract 

Antibiotic resistance is a significant health issue that continues to rise due to the 

improper utilization of antibiotics across various sectors, leading to the emergence of a 

wide range of multidrug-resistant (MDR) bacteria. Therefore, an urgent need has been 

suggested to propose alternative strategies to combat the spread of antibiotic resistance. 

These non-traditional approaches involve innovative, safe, efficient, and environment-

friendly methods. In this study, three methods were investigated against MDR bacteria 

isolated from wastewater: plants, nanoparticles, and bacteriophages. 

The MDR bacteria were isolated from wastewater at different treatment stages and from 

the contaminated seawater. The bacterial susceptibility was examined against a group 

of antibiotics by the Kirby Bauer disc diffusion method, and those that demonstrated 

multidrug resistance were further analysed and identified. After that, the selected MDR 

bacterial isolates were treated by six plants crude ethanol extracts (Hibiscus (H.) rosa-

sinensis, Dodonaea (D.) viscosa, Cymbopogon (C.) citratus, Citrus (C.) aurantifolia, 

Olea (O.) europaea, and Manilkara (M.) zapota), and three nanoparticles (silver, 

titanium dioxide and zinc oxide), by broth microdilution method. Furthermore, raw 

sewage samples were screened for MDR bacteria-specific bacteriophages by agar over 

lay plaque assay. 

The study findings indicated that 30 bacterial isolates (73%) of the 41 tested ones 

showed multidrug resistance against three or more classes of tested antibiotics. Of those 

isolates, nine showed resistance to different antibiotic combinations, particularly to 

some showed effective action against most of the other isolates. These isolates involved 

three Escherichia (E.) coli strains: Klebsiella (K.) pneumoniae, Pseudomonas (P.) 

putida, two Aeromonas (A.) veronii strains, Enterococcus (E.) faecalis, and 

Streptococcus spp. 

Plants' crude extracts showed great antimicrobial activity against all tested isolates at 

minimum inhibition concentrations ranging from 6.125 to less than 0.78 mg/mL. C. 

aurantifolia completely inhibited the growth of P. putida, A. veronii, E. faecalis, and 

Streptococcus spp. at all tested concentrations. H. rosa-sinensis and D. viscosa also 

inhibited the growth of P. putida and E. faecalis at all concentrations.  
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Silver nanoparticles showed the highest inhibition rates against all the bacterial isolates, 

particularly at a concentration of 1.0 mg/mL. There was a statistically significant 

difference in bacterial growth at different concentrations of silver nanoparticles.  

One bacteriophage strain was isolated and purified from raw sewage. It successfully 

infected one of the MDR E. coli strains, indicating that its narrow host range is strain 

specific. 

In conclusion, the screening of wastewater indicated the presence of a wide range of 

antibiotic-resistant bacteria. Plants crude extracts, nanoparticles and bacteriophages 

showed a remarkable antibacterial activity. These are locally sourced alternatives to 

antibiotics that hold promise in the fight against antibiotic-resistant bacteria.  
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Introduction to the Study 

 
 

1.1. Introduction 

Bacterial infections have a severe effect on public health. In about a 

century, antibiotics were, and still are, the most effective pharmaceuticals 

to combat bacterial infections in both humans and animals, changing 

modern medicine and saving millions of lives (Arsene et al., 2022; Uddin 

et al., 2021). Antibiotics are low molecular weight substances that can be 

naturally produced or chemically synthesized. Unlike the antimicrobials, a 

general term for agents that kill a broad range of microorganisms, 

antibiotics act on essential components of bacterial cells to kill the microbe 

or block its growth (Arsene et al., 2022). Most known antibiotics were 

identified and clinically used in the Golden Age of antibiotics (1940s-

1970s). However, the discovery and production of new classes of 

antibiotics dramatically declined later due to the rise of a significant, 

serious problem: antibiotic resistance (Hutchings et al., 2019).  

Antibiotic resistance is a severe and complex health problem in which 

bacteria naturally adapt to the presence of antibiotics and evolve to become 

able to resist their inhibitory or damaging activity (Arsene et al., 2022). 

The capability of microbes for antimicrobial resistance could be due to the 

structural properties of their cells or the acquirement of some genes that 

encode proteins to attack the antimicrobial agent (Tiwari et al., 2022). The 

prevalence of this occurrence continues to rise due to the improper 

utilization of antibiotics across various sectors, including food industries, 

agriculture, and healthcare. Such antibiotic overuse has led to the transfer 

of resistance genes between different bacterial species (Raza et al., 2021). 

This has culminated in a grave and intricate health crisis, emerging as a 



   

 

3 

 

prominent global cause of mortality (Mancuso et al., 2021; Altayb et al., 

2022).  

There was once a belief that the issue of antibiotic resistance could be 

resolved through the continuous creation of novel antibiotics. Nonetheless, 

as bacteria have evolved various resistance mechanisms, complications 

have arisen in developing new potent molecules (Mancuso et al., 2021). 

Therefore, with the shortage of new antibiotics and other effective 

therapies and the lack of promising prevention measures, an urgent need 

has been suggested to propose alternative strategies to combat the spread 

of antibiotic resistance by establishing protocols that entail new bioactive 

materials (Frieri et al., 2017). 

To overcome the crisis of antibiotic resistance, careful use of the available 

antibiotics, which should be prescribed by professionals, the use of 

antibiograms that show microbes' susceptibility to different antibiotics, and 

the development of new effective compounds to fight resistant microbes 

are required (Arsene et al., 2022). Among the alternative strategies being 

investigated, there is a substantial effort to find non-antibiotic antibacterial 

agents and unconventional techniques, which may show a promising 

solution to fight antibiotic-resistant organisms and treat the infections they 

cause. 

Medicinal plants have been used for thousands of years in the treatment 

and protection from a wide range of diseases and infections worldwide 

(Almeida et al., 2013). Plant-derived substances are natural bioactive 

compounds in plants that act as a defence mechanism to protect from 

diseases. As the majority of these compounds are not well studied, the 

plant-derived compounds attract researchers’ interest to investigate their 

antimicrobial activity as an alternative method to fight the antibiotic-

resistant bacteria (Almeida et al., 2013). 
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Nanotechnology is one of the modern technologies that can provide new 

strategies in novel clinical applications and the treatment of infections. 

Nanoparticles (NPs) possess unique physical and chemical properties that 

are not known by the defence mechanisms of bacteria, thus show 

substantial antimicrobial effects to inhibit bacterial growth (Makabenta et 

al., 2021). 

Bacteriophages, the bacterial viruses, have been used in the treatment of 

bacterial infections for a long time. Bacteriophages are non-conventional 

and natural antibacterial agents that can complement the conventional 

antibiotics. Their special characteristics of high specificity in their 

bactericidal effect, low toxicity and self-multiplication within their host 

cells allow them to be a good choice as an alternative strategy to combat 

antibiotic resistance (Ling et al., 2022).  

1.2. Research Problem 

Typically, antibiotics serve as agents to control bacterial growth. 

Nevertheless, the indiscriminate application of these antibiotics leads to the 

emergence of resistance mechanisms within bacteria, which subsequently 

disseminate across bacterial populations through genetic transfer. 

Consequently, numerous antibiotics have forfeited their efficacy against 

these bacteria. Antibiotic resistance represents a substantial challenge to 

both global health and the economy.  

Studies revealed increased percentages of antibiotic resistance in the 

effluents of treated wastewater (Huang et al., 2012). Unlike developed 

countries, environmental studies about antibiotic resistance in the Middle 

East, typically in Bahrain, are few (Light et al., 2022). Antibiotic resistance 

can develop and spread through wastewater treatment plants, where human 

and animal pathogens, antibiotics, agricultural waste, and many other 
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agents are received through sewage. Therefore, it creates an effective 

environment for the bacteria to transfer and exchange their genetic 

material, which leads to mutated multidrug-resistant bacterial strains 

(Uddin et al., 2021; Dai et al., 2022).  

1.3. Research Questions 

- What varieties of bacteria are typically present in treated wastewater 

in Bahrain and exhibit antibiotic resistance? 

- Among the plant species under examination in this research, which 

demonstrates the highest antibacterial effectiveness against antibiotic-

resistant bacteria? 

- Which nanoparticles slated for investigation in this study exhibit the 

most potent antibacterial properties against antibiotic-resistant bacteria? 

- What types of phages are present in sewage and can infect antibiotic-

resistant bacteria?  

1.4. Research Objectives 

The primary objective of this study is to conduct a comparative and 

analytical examination of the antimicrobial efficacy of three alternative 

approaches -plants, nanoparticles, and bacteriophages- against antibiotic-

resistant bacteria in wastewater. The main objectives of this study are: 

- To identify bacteria in wastewater samples that show resistance to 

multiple antibiotics. 

- To determine the antimicrobial activity of plant extracts and 

nanoparticles against antibiotic-resistant bacteria. 

- To detect bacteriophages that possess antimicrobial activity against 

antibiotic-resistant bacteria. 
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1.5. Research Significance 

This study addresses a significant research gap in Bahrain, where limited 

studies on antibiotic resistance have focused primarily on clinical 

examinations. By shifting the focus to the environment, specifically 

wastewater, this study fills a significant knowledge gap and expands our 

understanding of antibiotic resistance dynamics in the region. This study 

holds particular significance for Bahrain as it investigates the efficacy of 

alternative methods to antibiotics using locally available sources. 

Understanding the potential of these alternative approaches to combat 

antibiotic-resistant bacteria is of great importance for the region, as it offers 

the opportunity to develop sustainable and locally relevant strategies for 

addressing the growing challenge of antibiotic resistance. 

1.6. The Study’s Setting 

The study was conducted at the Department of Biology, College of 

Science, University of Bahrain, from October 2023 to April 2024. 

Wastewater samples were obtained from the Tubli Water Pollution Center 

(WPCC), Bahrain's largest wastewater treatment plant (WWTP), and from 

the effluent discharge area in Tubli Bay. All the experimental parts were 

performed at the College of Science laboratories, except for the bacterial 

identification part, which was done by ExpressMED laboratories, Bahrain. 

The study's timeframe is shown in Figure 1. 
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Figure 1: Timeframe of the study. 

 

1.7. Research Terminologies 

- Antibiotics: Compounds produced naturally by living organisms or 

chemically synthesized that have antimicrobial activity by either 

killing the microbe or inhibiting its growth. Antibiotics are used as 

medicines to fight bacterial infections in humans and animals (Lewis 

2020). 

- Antibiotic resistance: The inability of antibiotics to kill or inhibit the 

growth of bacteria because they evolve different resistance 

mechanisms against these antibiotics and become unresponsive to their 

effect. Unlike antimicrobial resistance, a broad term for all 

microorganisms, antibiotic resistance describes bacterial resistance 

against antibacterial agents (Arsene et al., 2022). 

- Antibiotic-resistance genes: Genes that express the products 

(enzymes, protein pumps, etc.) that allow antibiotic resistance of the 

bacteria (Lerminiaux & Cameron, 2019).    

- Bacteriophages (phages): A diverse group of viruses that specifically 

infect bacterial cells and use their machinery to replicate and multiply 

(Sieiro et al., 2020). 
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- Horizontal gene transfer: A non-reproductive method of gene 

transfer among bacterial cells, as the genetic information moves 

between bacteria that might be related (Tao et al., 2022).   

- Minimum inhibitory concentration: The lowest concentration of an 

antimicrobial agent that causes complete inhibition of the bacterial 

growth (Parvekar et al., 2020).  

- Multidrug resistance: Acquired non-susceptibility of microbes to at 

least one in three or more classes of antibiotics, based on the Clinical 

and Laboratory Standard Institute guidelines (Light et al., 2022). 

- Nanoparticles: Particles with a size range of 1 to 100 nm possess 

unique physical and chemical properties (Murugaiyan et al., 2022).  

- Phage therapy: The involvement of bacteriophages in the treatment of 

bacterial diseases (Sieiro et al., 2020). 

- Penicillin-binding proteins: Enzymes involved in the bacterial cell 

wall synthesis and development of the peptidoglycan layer 

(Murugaiyan et al., 2022). 

- Raw sewage: Domestic wastewater that mainly contain human waste 

(faecal matter) and other human practices waste such as laundry, 

kitchen, bathing, and other household activities (Chahal et al., 2016). 

- Selective pressure: Pressure exerted by environmental stress factors 

that either reduce or enhance the survival of an organism (Holmes et 

al., 2016). 

- Wastewater: Used water that has contaminants, can be domestic, 

commercial, industrial, agricultural, or rainwater that runoff from the 

surfaces of urban areas (Chahal et al., 2016).  
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Theoretical Framework and Literature Review 

2.1. Antibiotic resistance and current issues 

Antibiotic resistance of pathogenic bacteria is a global health challenge due 

to its association with high morbidity and mortality. As bacteria develop 

multidrug-resistant (MDR) patterns against the standard antibiotics, they 

cause untreatable infections or those that are difficult to treat by these 

antibiotics (Frieri et al., 2017). The World Health Organization (WHO) 

listed up to 12 bacterial families that cause significant health problems to 

humans (Mulani et al., 2019), and due to its severe implications for human 

health, antimicrobial resistance has become one of the top ten health threats 

globally (World Health Organization [WHO], 2019). Reports by the WHO 

(WHO, 2019) estimated difficulties treating some serious bacterial 

infections, such as pneumonia, tuberculosis, salmonellosis, and gonorrhea, 

if the disease-causing microbes become resistant to the conventional 

antibiotics used to treat these diseases (WHO, 2019). Such issues will result 

in extended hospitalization, medical costs, and increased mortality rates 

(Uddin et al., 2021; Arsene et al., 2022). 

The antibiotic-resistant bacteria are categorized as critical, high, and 

medium priority by the WHO; based on their resistance pattern and the 

severity of infections they cause (De Oliveira et al., 2020). Bacterial 

pathogens, including Pseudomonas, Acinetobacter, Klebsiella 

pneumoniae, Escherichia coli, and Enterobacter spp. from the 

Enterobacteriaceae family, are among the critical priority group of 

pathogens. They cause severe infections such as pneumonia and infections 

related to the bloodstream and are resistant to multiple antibiotics, thus 

requiring urgent solutions to combat their infections. Other high-priority 

infectious bacteria, such as Enterococcus faecium and Staphylococcus 
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aureus, and medium-priority bacteria, including Streptococcus 

pneumoniae and Shigella, show resistance to some antibiotics and require 

serious attention (Breijyeh et al., 2020; Abdelaziz et al., 2021).  

The resistance incidence rates of pathogenic bacteria and their implications 

have raised concern about the health problems over the years. Over two-

thirds of known pathogenic bacteria resist at least one antibiotic in a short 

time (Economou & Gousia, 2015). Yearly, over 700,000 deaths occur due 

to resistant bacterial infections worldwide, and millions of deaths are 

expected by 2050 if this issue is not resolved correctly (Subramaniam & 

Girish, 2020). In 2019, the Center for Disease Control (CDC), reported by 

WHO, showed more than 2.8 million infections annually and more than 

35000 deaths caused by antibiotic-resistant bacteria in the United States 

(WHO, 2022). Also, in 2019, Data reported in the Global Antimicrobial 

Surveillance System (GLASS) by WHO indicated bloodstream infections 

of methicillin-resistant S. aureus (MRSA) and E. coli in 25 and 49 

countries, respectively (WHO, 2020). S. aureus developed resistance 

against penicillin after just one year of its discovery and against methicillin, 

a semi-synthetic antibiotic related to penicillin, within less than a year of 

its discovery (Dodds, 2017). In India, bacterial resistance to antibiotics 

causes one death among children every nine minutes and more than 50000 

fatalities of newborns due to sepsis, an improper body response to bacterial 

infections (Subramaniam & Girish, 2020). These reports indicate the extent 

of antibiotic resistance and the urgent need for action for the containment 

of this global threat. 

Bacterial resistance to antibiotics is a natural process; however, the 

inappropriate use of antibiotics caused the uncontrolled spread of bacterial 

resistance to antibiotics and led to such public health concerns. Several 

factors, collectively called socioeconomic determinants, lead to the 
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prevalence of antibiotic resistance. Such factors include inappropriate and 

overuse of antibiotics via inaccurate diagnosis or self-medication, poor 

sanitation and hygiene, poor hospital environment and clinical procedures 

to control infection, and extensive use of antibiotics in agriculture, food, 

and animal industries (Collignon & Beggs, 2019). These factors lead to the 

accumulation of antibiotics in the environment and raise public health 

concerns. 

2.2. Molecular mechanisms of antibiotic resistance 

2.2.1. Antibiotics mode of action 

Antibacterial activity of antibiotics varies according to their chemical 

structure, composition, and type of the target microbe. Five major classes 

of antibiotics are identified based on their mechanism of action on the 

bacteria. Such mechanisms include inhibition of (i) bacterial cell wall 

synthesis, (ii) bacterial nucleic acid synthesis, (iii) different bacterial cell 

protein synthesis, (iv) specific cellular metabolic pathways, and (v) 

bacterial cell membrane and its deterioration (Uluseker et al., 2021).  

The mechanism of bacterial cell wall synthesis inhibition involves specific 

interaction with its major components that leads to improper cell walls and, 

thus, damaged cells that cannot survive. As it is well known that the 

bacterial cell wall is composed of peptidoglycan, a rigid protective 

envelope that covers the bacterial cell, and it is composed of linear sugar 

chains cross-linked with peptides (Irazoki et al., 2019). β-lactam 

antibiotics, which are characterized by the 4-membered lactam molecule, 

block the last step of the peptidoglycan biosynthesis by acylating the 

enzymes (also known as penicillin-binding proteins (PBP)) that are 

involved in the assembly of the peptidoglycan chains, thus, the cell lyses 

due to osmotic pressure (Bush & Bradford, 2016). Glycopeptides are 
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another group of antibiotics inhibiting cell wall synthesis; however, they 

act on the peptide linkers by hindering its expansion (Wang et al., 2018).  

The inhibition of bacterial protein synthesis is another mechanism of 

antibiotic action. The ribosomes are the main cellular structures involved 

in protein synthesis, where the genetic code carried in the messenger RNA 

(mRNA) is translated to the appropriate amino acids sequence of the 

protein, which is carried by the transfer RNA (tRNA) (Byrgazov et al., 

2018). The 70S bacterial ribosome consists of ribosomal RNA (rRNA) and 

proteins, which form two subunits, the 30S and 50S subunits (Byrgazov et 

al., 2018). Antibiotics that act on the 30S subunit include aminoglycosides 

and tetracyclines. Aminoglycosides cause improper reading of the mRNA 

codons; thus, incorrect amino acids are added, which leads to improper 

synthesis of the proteins (Krause et al., 2016). Tetracyclines, on the other 

hand, bind to the tRNA binding site at the 30S subunit of the ribosome, 

preventing the addition of the amino acids to the expanding protein chain 

and thus stopping its synthesis (Grossman, 2016). Other antibiotics act on 

the 50S subunit of the ribosome, such as macrolides, chloramphenicol, and 

oxazolidinones (Uddin et al., 2021). Macrolides inhibit the protein 

translocation step during its synthesis; thus, incomplete protein chains are 

released (Parnham et al., 2014). Chloramphenicol inhibits the formation of 

peptide bonds between the amino acids, while oxazolidinones prevent the 

ribosomal assembly of the two subunits during translation initiation (Dinos 

et al., 2016; Papich, 2016).  

The inhibition of bacterial nucleic acid synthesis is another method of 

action of antibiotics. Bacterial genetic information is encoded in DNA, and 

its expression is aided by the different RNA molecules (Holmes & Jobling, 

1996). Fluoroquinolones and aminocoumarins act on the DNA gyrase that 

functions in the negative supercoiling of the DNA prior to replication, and 
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topoisomerase IV that segregates the daughter DNA strands after 

replication, thus hindering DNA synthesis (Helgesen et al., 2021; Nainu et 

al., 2021). RNA synthesis can also be inhibited by rifamycin, as it binds to 

the RNA polymerase enzyme that synthesizes RNA strands during 

transcription and blocks its elongation (Saito et al., 2017).  

Bacterial metabolism, including the intracellular anabolic and catabolic 

processes, is crucial for bacterial cell growth and survival. Antibiotics such 

as sulfonamides and trimethoprim interfere with these metabolic processes 

by inhibiting the metabolic enzymes by competing with their substrates or 

functioning against the metabolites produced (Fernández-Villa et al., 2017; 

Wróbel et al., 2019; Akter et al., 2020).  

The last group of antibiotics targets the bacterial cell membrane, such as 

polymyxins and daptomycin (Levin & Angert, 2015). The cytoplasmic 

membrane is one of the essential components of the bacterial cell. These 

antibiotics interfere with the lipopolysaccharides that make the cell 

membrane. Cell membrane disruption eventually causes cell lysis and 

death (Helgesen et al., 2021).  

2.2.2. Antibiotic resistance mechanisms 

Naturally, bacteria can develop resistance to antibiotics, either by 

frequently expressing the resistance genes available within the bacteria or 

by activating them only when mediated by certain antibiotics (Reygaert, 

2018). However, bacteria can obtain resistance through specific genetic 

mutations or by attaining antibiotic resistance genes (ARGs) from their 

surroundings (Lerminiaux, & Cameron, 2019). Genetic mutations 

responsible for resistance can transfer to the bacterial generations via 

vertical inheritance through reproduction. Alternatively, bacteria can 

acquire resistance genes via horizontal gene transfer (HGT) (Tao et al., 

2022). This method is effective and fast in disseminating ARGs among 
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different bacterial species. HGT is a non-reproductive method, as the 

mobile genetic elements (MGEs), such as plasmids and transposons, are 

transferred into the bacterial cells (Levin, & Angert, 2015; Tao et al., 

2022). HGT can occur in three ways: conjugation, transformation, and 

transduction. First, in conjugation, the genetic material, usually plasmids, 

is transferred between two bacterial cells through cell-to-cell contact. 

Second, in transformation, the cell takes up external genetic material, 

usually from dead cells, and is incorporated into its genome. Last, the 

transduction method requires bacteriophages, the viruses that infect and 

reproduce in bacteria, as they replicate inside resistant bacterial cells and 

then carry the host DNA segments with their genome and transfer them to 

another cell while infecting it (Martínez et al., 2015).   

Acquiring the ARGs allows the bacteria to develop several cellular 

mechanisms to withstand the presence of these drugs. These mechanisms 

include (i) reduced permeability of antibiotics, (ii) antibiotic efflux, (iii) 

cellular target modification, and (iv) antibiotic inactivation (Levin, & 

Angert, 2015; Martínez et al., 2015).  

The mechanism of minimizing the intracellular concentration of antibiotics 

can be achieved by reducing its permeability to enter the cell or by ejecting 

it outside the cell. Most of the hydrophilic antibiotics enter the bacterial 

cell via porins, the water channel proteins; therefore, mutations in the 

porins alleles, their downregulation to reduce their expression, or 

substitution with more selective channels can reduce the penetration of 

these antibiotics, such as β-lactams, tetracyclines, and fluoroquinolones 

(Uddin et al, 2021). Recent studies have identified this mechanism in 

several Enterobacteriaceae bacteria, Pseudomonas, and Acinetobacter 

bacteria (Iredell et al., 2016).  
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The excretion of antibiotics to the outside of the cell is another resistance 

mechanism. Some bacteria, such as Salmonella, Klebsiella, and 

Pseudomonas, develop this mechanism using efflux pumps (Blair et al., 

2015). A group of efflux pump families has been identified and classified 

according to their structure and energy requirements. The five efflux pump 

families include ATP-binding cassette (ABC), small multidrug resistance 

(SMR), multidrug and toxic compound extrusion (MATE), resistance 

nodulation cell division (RND), and major facilitator superfamily (MFS) 

(Reygaert, 2018; Uluseker et al., 2021). Some of these pumps are specific 

to certain antibiotics, while others are multidrug. For example, 

tetracyclines are ejected by the specific Tet efflux pump (Grossman, 2016). 

In addition, macrolides such as erythromycin are ejected through efflux 

pumps encoded by the mef genes (Munita, & Arias, 2016).  

Changing the antibiotic target is another mechanism of antibiotic 

resistance. Upon antibiotic entry into the bacterial cell, it specifically binds 

to its target molecule, thus inhibiting bacterial growth and survival. As the 

target molecule's structure is modified to keep its normal function, it will 

prevent binding to the antibiotic and, therefore, ineffective action on the 

bacteria. Several studies discussed examples of target modification, which 

either takes place through gene mutations or target protection (Blair et al., 

2015; Harris et al., 2023). In MRSA, the mecA gene encodes penicillin-

binding protein (PBP2a) that are alternatives to the native PBPs that 

function in the cell wall synthesis but are insensitive to the β-lactam 

antibiotics (Harris et al., 2023). In addition, the ermB gene encodes a 

methyltransferase that methylates the 50S ribosomal subunit, thus 

changing the binding site of the antibiotics, such as macrolides (Harris et 

al., 2023). Moreover, the qnr genes encode proteins that help release 
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topoisomerase from the complex formed by the quinolones, thus 

reactivating them (Vetting et al., 2011).  

In addition to their targets, bacteria can modify the antibiotics themselves 

in another mechanism of antibiotic resistance. Such modification may 

occur by hydrolyzing the antibiotic molecules or transferring some 

chemical groups from their molecules (Blair et al., 2015). A wide range of 

enzymes are involved in the degradation of different classes of antibiotics. 

Following the early β-lactamases, extended-spectrum β-lactamases 

(ESBLs) which are encoded by the CTX-M genes, and a range of 

carbapenemases such as imipenemase (IMP), Verona integron encoded 

metallo β-lactamase (VIM), K. pneumoniae carbapenemase (KPC), 

oxacillinase (OXA), and New Delhi metallo β-lactamase (NDM) have been 

identified in different bacteria around the world (Blair et al., 2015). As the 

β-lactam ring of the antibiotic is destroyed, its ability to bind to the PBP 

during cell wall synthesis is inhibited (Bush & Bradford, 2016). Other 

enzymes can chemically modify the antibiotics by altering their structure, 

thus preventing their binding to their target. For example, the 

aminoglycoside modifying enzymes can covalently alter the hydroxyl or 

amino groups of the aminoglycoside antibiotics, thus inactivating them 

(Munita & Arias, 2016). Chemical alteration of antibiotics can also involve 

other methods, such as acetylation, phosphorylation, and adenylation (Lin 

et al., 2015).  

2.3. Environmental antibiotic resistance 

Antibiotics are naturally produced by many organisms in the environment 

as a defence mechanism against other pathogenic organisms. However, due 

to the human impact in the massive production and use of antibiotics and 

improper release to the environment, the imbalanced situation has led to 

the involvement of the environment in the antibiotic resistance crisis 
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(Larsson & Flach, 2022). When certain environmental conditions gather, 

the microbe can survive and develop novel characteristics by undergoing 

genetic modifications, in a condition called selective pressure (Uddin et al., 

2021). An intense selective pressure on a microbe occurs when it occurs 

inside a human or animal body and is treated with antibiotics, leading to 

mutations and, thus, developing resistance (Uddin et al., 2021). Although 

the external environment is less likely to contribute to the resistance 

evolution, some environmental bodies, particularly those that have been 

polluted with antibiotics, can play some role (Larsson & Flach, 2022). The 

environment receives antibiotics through human and animal excretions and 

their inappropriate disposal in the waste from municipal sewage, hospital 

effluents, or drug industrial sites (Larsson & Flach, 2022). Wastewater, 

including domestic, commercial, agricultural, industrial, or stormwater in 

urbanized areas, contains many different materials such as organic and 

inorganic materials, nutrients, metals, animal and plant waste, oil 

compounds, and other dirt particles (Chahal et al., 2016). In addition, 

varieties of pathogenic and non-pathogenic bacteria prefer growing in 

wastewater. Domestic sewage mainly contains fecal material, a significant 

source of human pathogenic microbes. In addition, waste from agriculture 

and livestock industries can be a source of animal microbes that cause 

zoonotic infections (Chahal et al., 2016). These combinations provide 

suitable conditions to perform selective pressure for microbial antibiotic 

resistance. Thus, studying antibiotic resistance in wastewater is of great 

significance, as it is one of the main sources of antibiotics spreading into 

the environment.  

Monitoring antibiotic resistance in the environment, particularly 

wastewater, plays a vital role in large-scale surveillance efforts. It 

complements clinical surveillance by allowing the screening of a vast 
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number of bacteria present in a small sewage sample (Tiwari et al., 2022). 

As sewage receives diverse inputs, including fecal bacteria, agricultural 

waste, and other sources, it provides valuable insights into the prevalence 

and dynamics of antibiotic resistance in a population, and it reflects the 

mixed microbiome community of a population (Tiwari et al., 2022). 

Several studies highlighted the surveillance of antibiotic resistance using 

different methodologies, bioinformatics, and through opinions, critical or 

systematic reviews, and meta-analyses (Hendriksen et al., 2019; Huijbers 

et al., 2019; Pruden et al., 2021; Zaatout et al., 2021; Chau et al., 2022; 

Miłobedzka et al., 2022). They noted the different challenges and 

limitations. In a review paper, Larsson and Flach (2022) compared clinical 

resistance surveillance and sewage-based resistance surveillance through 

different attributes. Compared to gene-based methods, isolate-based 

sewage monitoring surveillance is better at identifying resistance 

phenotypes, rare resistance types, and multi-resistance patterns and linking 

resistance to specific species (Larsson & Flach, 2022). Furthermore, it is 

of low cost, requires no ethical issues with sampling, and simple sampling 

techniques, in which a single sample can reflect the resistance situation of 

the whole community because it contains bacterial pools from large 

populations; therefore, fewer resources are required (Larsson & Flach, 

2022). 

The prevalence of antibiotic resistance in the environment can be evaluated 

by different methods, which can be culture-dependent for phenotypic 

analysis, culture-independent for the analysis of ARGs, or shotgun 

metagenomics (Grehs et al., 2021). Each method has several advantages; 

the culture-based methods allow studying the viable cells and their 

phenotypic characteristics, while the culture-independent, or the 

polymerase chain reaction (PCR)-based methods permit the study of 
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specific genes and mutations and the abundance quantification in the 

environment. Metagenomics is a powerful and high throughput tool that 

provides a broader overview of the resistance trend in complex microbial 

communities and allows the identification of novel ARGs and other 

biomolecules (Grehs et al., 2021). In China, multiple antibiotic-resistant 

bacteria were isolated from the secondary effluents of a municipal WWTP, 

and their susceptibility was evaluated against six different antibiotics. The 

results show that three isolates (Aeromonas, Enterobacter, and 

Escherichia) were resistant to all the tested antibiotics (Huang et al., 2012). 

A study in Sweden showed that E. coli resistance rates from municipal 

sewage, although about half of the rates measured in primary health care, 

were strongly correlated. They were also more stable, suggesting a low-

cost sewage-based surveillance system for antibiotic resistance (Hutinel, et 

al., 2019). Another study involved seven European countries, where 229 

resistance genes and 25 mobile genetic elements of antibiotic resistance 

were analyzed by parallel quantitative PCR. This surveillance showed that 

the antibiotic resistance profiles from urban WWTP could mirror those 

observed in the clinical surveillance (Pärnänen et al., 2019). A recent study 

combined the culture-based methods for resistance pattern identification 

and molecular screening techniques for ARGs determination in 

wastewater. The most common resistance was against tetracycline and 

ampicillin, and the genes responsible for antibiotic resistance were present 

(Godinho et al., 2024). These studies reveal the prevalence of antibiotic 

resistance in wastewater, which various methods and techniques can 

determine.  

2.3.1. Antibiotic resistance in the Middle East 

In Europe and Central Asia, antibiotic resistance regional surveillance 

systems were established progressively as the problem arose. However, the 
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situation differed in low and middle-income countries, such as Africa and 

the Middle East (Truppa & Abo-Shehada, 2020). Recently, investigators 

conducted a group of studies to evaluate the prevalence of antibiotic 

resistance in this region. A systematic review studied the available data on 

the epidemiology of the resistant S. pneumoniae in the Middle East. It 

indicated the prevalence of antibiotic resistance over time in some 

countries, while no surveillance reports were found in other countries (El 

Moujaber et al., 2017). Another systematic review analyzed the 

epidemiology along with the genomic and microbiological characteristics 

of MDR P. aeruginosa in the Middle East and North Africa (MENA) 

region and revealed a wide variation in its antimicrobial characteristics, as 

well as an increase in its prevalence in most of the countries (Al-Orphaly 

et al., 2021). A recent retrospective study analyzed the prevalence of 

antibiotic resistance in E. coli and the other ESKAPE pathogens (E. 

faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and 

Enterobacter species) in the Arabian region during the last 20 years. It 

reported its occurrence in 19 out of the 22 countries and indicated a 

significant increase in the resistance rates to various classes of antibiotics 

(Nasser et al., 2020). Another recent study included nine Arabian countries 

(Saudi Arabia, Bahrain, Kuwait, Qatar, United Arab Emirates (UAE), 

Oman, Iraq, Jordan, and Yemen). It showed that more than half of the 

mortalities from MDR infections were caused by A. baumannii, M. 

tuberculosis, and S. aureus in these countries (Borgio et al., 2021). A study 

in the Gulf Cooperation Council (GCC) countries indicated a high 

prevalence rate of MDR bacteria from Enterobacterales, particularly 

among intensive care unit patients and those with urinary tract infections 

(Hadi et al., 2023).  



   

 

22 

 

All the previously mentioned studies have covered the clinical surveillance 

of antibiotic resistance to evaluate its prevalence; however, information on 

environmental surveillance is limited in the Middle East. The inappropriate 

use and dispensing of antibiotics are shared every day in the Middle East, 

and many developing countries (Al Romaihi et al., 2018), so microbial 

resistance to antibiotics in the environment is expected. In 2022, a marine 

monitoring program was established to assess antibiotic resistance in the 

GCC region by analyzing seawater samples from high-risk areas of the 

Gulf countries (Light et al., 2022). High percentages of antibiotic resistance 

were detected against many different antibiotics, and the whole genome 

sequencing of the bacterial isolates revealed the presence of qqnrS1 and 

blaCTX-M-15 genes that correlate with antibiotic resistance (Light et al., 

2022). The importance of this study lies in establishing an environmental 

antimicrobial resistance surveillance system that involves the marine 

environment and using genome-based analysis techniques to monitor the 

antibiotic resistance patterns in the region (Light et al., 2022). 

Moreover, another study identified antibiotic-resistant bacteria isolated 

from different locations on the Red Sea coast in Jeddah, Saudi Arabia 

(Alsalmi & Altayb, 2023). In Kuwait, sediment samples were collected 

from a coastline near the effluent discharge areas and recreational beaches 

and tested for antibiotic-resistant E. coli strains. Results showed resistance 

in 98% of the tested isolates detected in all the selected sites (Al-Sarawi et 

al., 2022). Such studies contribute to a broader understanding of antibiotic 

resistance and its extent in the environment. 

In recent years, GCC region investigators have focused on determining 

antibiotic resistance in wastewater and WWTP. In UAE, culture-based 

methods and multiplex PCR techniques detected the occurrence of ESBL-

producing bacteria in non-clinical sources like food and wastewater (Khan 
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et al., 2020). Also, in another study in UAE, both quantitative PCR and 

metagenomics shotgun sequencing methods were used to detect and 

quantify ARGs in wastewater, suggesting the possibility of establishing a 

more robust surveillance system to monitor ARGs in wastewater (Elbait et 

al., 2024). In Saudi Arabia, MDR clinically significant bacteria were 

isolated from hospital and municipal wastewater. In addition, different 

ARGs were detected, which indicated the presence of ESBL and 

carbapenemases-producing bacteria at significant rates (Irfan et al., 2023). 

These studies show that the Middle East and the GCC region are not an 

exception, and antibiotic resistance is also highly prevalent in this region, 

which is clearly documented.  

2.3.2. Antibiotic Resistance in Bahrain 

The Kingdom of Bahrain is a small archipelago composed of more than 33 

islands with a dense and rapidly growing population (Al-Zubari et al., 

2018; Janahi et al., 2020). In Bahrain, most studies have investigated 

antibiotic resistance in clinical isolates. Recent research has identified a 

cluster of bacteria within urinary pathogens exhibiting resistance to 

commonly used antibiotics. This finding underscores the presence of the 

problem within the local community. (Al Romaihi et al., 2018; Mohammed 

et al., 2022). Other studies also analyzed the prevalence of different 

antibiotic-resistant bacteria in clinical isolates, such as P. aeruginosa, K. 

pneumoniae, and A. baumannii; their susceptibility was tested against 

different antibiotics via automated microbiological systems, and several 

resistance gene markers were identified (Joji et al., 2019; Shahid et al., 

2022; Al-Rashed et al., 2023).   

The environmental surveillance of antibiotic resistance in Bahrain is 

minimal. The main and largest WWTP is located in Tubli, which receives 

and processes most of the municipal wastewater. The treatment process 
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involves primary, secondary, and tertiary treatment stages, where the 

screening of the influent, chlorination, and ozonation processes take place, 

respectively (Aleisa & Al-Zubari, 2017). Currently, this WWTP produces 

secondary-treated effluent of nearly 150 million liters daily, of which only 

one-third is further processed through tertiary treatment, and the remaining 

is discharged into Tubli Bay (Abuhassan, 2017). Tubli Bay is a shallow, 

semi-enclosed bay located south of Manama, the capital city of Bahrain. It 

suffers from severe pollution due to the excessive and continuous discharge 

of wastewater effluents over the years (Naser, 2014).  

In a study conducted in the GCC region involving Bahrain, seawater 

samples obtained from Tubli Bay and Nabih Saleh -areas close to the 

effluent discharge of the municipal WWTP- were tested against 14 

different antibiotics, and antibiotic resistance phenotypes were elicited. 

Results show that Tubli Bay was one of the points where the highest 

percentages of MDR bacteria were detected (Light et al., 2022). In 

addition, another study in the Kingdom of Bahrain showed a high amount 

of fecal bacteriological indicators in the effluent samples of Tubli WWTP, 

such as E. coli, Salmonella spp., and Shigella spp. (Janahi et al., 2020). 

During the last few years, a densely populated residential area has been 

located along the coastline of Tubli Bay and near the wastewater discharge 

area, posing a serious health risk of being exposed to the microbes that 

would accumulate in this area, mainly if they were resistant to 

antimicrobials.   

2.4. Alternative strategies to combat antibiotic 

resistance 

One Health is an approach that recognizes the interconnection between 

human, animals, plants and the environment. Antimicrobial resistance is 
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one of the common health issues that threaten the health of people, animals 

and the environment (CDC, 2024). Bacteria develop antibiotic resistance 

in human and animal bodies and spread into the environment (soil or 

water), which then reach human and animals back from the shared 

environment. The control of this public health threat can be achieved by 

collaborating expertise in human, animal and environmental health, to 

determine the level of prevalence of antibiotic resistance. In addition, the 

use of environment-friendly alternatives to antibiotics as promising 

solutions to this problem, implementing the One Health approach.  

Besides discovering new conventional antibiotics, the non-traditional 

strategies have attracted much of the researcher's interest. Alternative non-

traditional approaches to combating microbial antibiotic resistance involve 

various innovative methods that are safe, efficient, and environmentally 

friendly methods. Such methods include antibodies, antimicrobial 

peptides, vaccines, cytokines, probiotics, plants, nanoparticles, and phage 

therapy (Uddin et al., 2021; Arsene et al., 2022). In addition, combinations 

of different strategies, along with the use of bioactive molecules, provide 

novel hybrid methods that result in promising integrated treatment 

solutions (Murugaiyan et al., 2022). These strategies can contribute to 

treating bacterial infections and limit the consequences of resistance. The 

following part reviews three alternative methods: plants, nanoparticles, and 

bacteriophages.  

2.4.1. The use of plants 

Using plant-derived compounds to control bacterial infection is one 

alternative method to tackle antibiotic resistance. Plants and medicinal 

herbs are essential in traditional therapeutics to treat and prevent various 

diseases and bacterial infections (Arsene et al., 2021). Of approximately 

374,000 plants available, 28187 plant species are used for medicinal 
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purposes (Vaou et al., 2021). In addition, more than 1340 plants showed 

effective antimicrobial activity and are sources of more than 30000 

antimicrobial compounds (Vaou et al., 2021).  

As many bioactive compounds from plant extracts still need to be well 

studied, researchers move toward isolating and identifying new bioactive 

molecules that act against antibiotic-resistant bacteria. Recent studies 

showed the efficient antibacterial activity of plants, such as Cymbopogon 

citratus, Lawsonia inermis, and Azadirachtin India, against various types 

of bacteria (Nyamath & Karthikeyan, 2018; Pour & Farahbakhsh, 2020; 

Altayb et al., 2022). Several studies reveal that plant-derived bioactive 

compounds and phytochemicals possess antibacterial activity via different 

mechanisms, such as the destruction of bacterial cell membranes, 

inhibition of proteins and DNA synthesis, and inhibition of several 

enzymes involved in bacterial cell survival (Moloney, 2016; Barbieri et al., 

2017; Vaou et al., 2021). Such compounds include alkaloids, phenolic 

compounds, sulfur-containing compounds, coumarins, and terpenes (Vaou 

et al., 2021). In a recent study, the in-silico analyses indicated high binding 

affinities between major plant bioactive compounds and some bacterial 

enzymes involved in different cellular functions (Aouf et al., 2022). These 

plant-derived antimicrobials are naturally available, safer than synthetic 

drugs, cost-effective, and easily administered; therefore, they offer a 

valuable alternative to treating antibiotic resistance (Vaou et al., 2021). 

Plants can be used as a whole or a part of it, such as leaves, stems, roots, 

or flowers (Arsene et al., 2022). Different methods, such as maceration, 

infusion, and Soxhlet extraction, can extract plant-derived compounds 

(alkaloids, phenolics, flavonoids, and others). In addition, different 

alcoholic and organic solvents can be used based on the type of compounds 

to be extracted, such as methanol, ethanol, chloroform, or acetone 
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(Abubakar et al., 2020; Hikmawanti et al., 2021). In a study, crude ethanol 

extracts from Pimenta pseudocaryophyllus were obtained by cold 

maceration, and its antimicrobial activity was determined by agar well-

diffusion method against different bacterial strains (de Paula et al., 2009). 

In another study, a microdilution assay tested methanolic extracts of 

Callistemon viminalis against different gram-positive and gram-negative 

bacteria (Salem et al., 2013). Overall, the different extraction protocols and 

the use of different solvents allow for obtaining a variety of plant bioactive 

compounds, which show significant antimicrobial activity.  

2.4.2. The use of nanoparticles 

Nanoparticles (NPs) are another promising alternative antibacterial agent 

against antibiotic-resistant bacteria. These smaller than 100 nm particulate 

substances show distinct characteristics, such as high surface area to 

volume ratio, multivalent interactions, and unique physical and chemical 

properties (Makabenta et al., 2021; Arsene et al., 2022). In addition, these 

synthetic agents are foreign to bacteria, thus able to avoid bacterial 

resisting mechanisms (Raza et al., 2021). Studies indicated the antibacterial 

activity of several metallic and metal oxide nanoparticles (Zain et al., 2014; 

Ikram et al., 2020; Mureed et al., 2021). A study revealed the antibacterial 

activity of silver nanoparticles (Ag NPs) against S. aureus at a minimum 

inhibitory concentration (MIC) of 0.625 mg/mL (Parvekar et al., 2020). In 

another recent study, copper-silver bimetallic nanoparticles (Cu: Ag NPs) 

were developed and tested against different bacterial strains (Mureed et al., 

2021). The in-silico analyses indicated a possible inhibitory action of these 

bimetallic NPs against different bacterial enzymes (Mureed et al., 2021). 

Interestingly, NPs can be produced via green synthesis methods, a cost-

effective and eco-friendly technique that uses living organisms and 
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biological extracts and has an acceptable yield and stability (Singh et al., 

2020).  

The ability of NPs to target multiple cellular pathways at a time, destroy 

cellular compartments, and inhibit DNA synthesis due to their easy 

penetration into the cell, allows to reduce the chance for bacteria to develop 

resistance mechanisms against them (Singh et al., 2020; Makabenta et al., 

2021). The free silver ions released from Ag NPs act on the cell membrane 

disruption and DNA damage. In contrast, the copper ions from Cu NPs can 

produce reactive oxygen species (ROS) that destroy different amino acids 

and DNA synthesis processes. In addition, zinc and titanium ions from zinc 

oxide (ZnO) and titanium dioxide (TiO2) NPs also cause the generation of 

ROS and damage to bacterial cell membranes (Hajipour et al., 2012; Miller 

et al., 2015; Gupta et al., 2019). This could provide viable and economical 

active therapeutic agents that are an alternative to conventional antibiotics 

in combating antibiotic resistance. 

2.4.3. The use of bacteriophages 

Bacteriophages, or phages, represent an environment-friendly solution to 

antibiotic resistance. Bacteriophages are ubiquitous viruses found 

abundantly in the environment as natural antibacterial agents. They 

specifically infect the target bacteria and use the bacterial cell machinery 

to replicate and release to the environment, destroying the host cell in their 

lytic cycle to infect another bacterial cell (Sieiro et al., 2020). On the other 

side, some bacteriophages integrate their genome after infection into the 

bacterial genome and remain there while the bacterial cell multiplies the 

viral genome along with its own genome until the lytic cycle is induced 

again to allow phage progeny propagation and release, leaving the bacterial 

cell destroyed (Sieiro et al., 2020). Due to its ability to destroy bacterial 

cells, phages can be a promising alternative to antibiotic resistance.  
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Phage therapy is the utilization of phages to treat bacterial diseases. It is 

not a new strategy; a century ago, these viruses that infect bacteria showed 

good efficacy as therapeutic agents to treat different bacterial infections. 

With the emergence of antibiotics, the researchers' interest in 

bacteriophages declined; however, it is currently regaining with the 

growing problem of antibiotic resistance and limitations of new antibiotic 

discovery (Sieiro et al., 2020; Raza et al., 2021; Ling et al., 2022). In 

addition, the availability of high throughput methods to screen large 

amounts of samples and the lower cost of modern techniques such as whole 

genome sequencing, compared to the past, allow the ability to characterize 

the phage's antibacterial effects and follow up the clinical investigations 

correctly (Kortright et al., 2019). Several studies reported isolating novel 

phages against drug-resistant bacteria (Mattila et al., 2015; Lehman et al., 

2019; Ramadoss et al., 2022; Vera-Mansilla et al., 2022). In addition, 

studies reported the use of phage therapy in the treatment of different 

bacterial infections, such as those in the inner ear (Wright et al., 2009), 

urinary tract (Leitner et al., 2021), and multidrug-resistant bacteria (Aslam 

et al., 2020). Moreover, phage therapy can potentially make valuable 

contributions to veterinary medicine, the food industry, and bio-

disinfection procedures (Raza et al., 2021; Garvey, 2022). 

Compared to traditional antibiotics, phages have several advantages in 

treating antibiotic resistance. First, phages are naturally abundant 

everywhere in the environment. They can be rapidly isolated, mainly where 

the target pathogen is mostly available, such as in hospital wastewater and 

sewage effluents, fecal material, and the gastrointestinal tracts of humans 

and animals (Makabenta et al., 2020). Second, phages are host-specific; 

they target specific bacterial species or strains according to the cellular 

receptor they recognize for attachment and entry. Due to that, the typical 
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microbial community can be saved, unlike the antibiotics that damage a 

wide range of bacteria and cause further complications (Nobrega et al., 

2015). In addition, phage can multiply inside the host cell, so a small dose 

is required for treatment. Furthermore, phages that recognize multiple 

cellular receptors can still infect bacteria that develop resistance by altering 

a specific cellular receptor (Silva et al., 2016).  

The specificity of phages in targeting their host bacteria by recognizing 

specific receptor molecules on their cell surface is significant. 

Interestingly, phages that use cell receptors responsible for bacterial 

virulence or antibiotic resistance are very effective in phage therapy. For 

example, some phages use specific components of the bacterial capsules 

that cause bacterial virulence. To develop resistance against these phages, 

bacteria reduce the capsule formation, thus reducing its virulence by itself 

(Kortright et al., 2019). Similarly, other bacterial components that cause its 

virulence, such as pilli, adhesive, and secretive cell compartments, can be 

targets for phages as receptors, which cause reduced severity by reducing 

its expression to resist such phages and simultaneously reduce its 

pathogenicity (Kortright et al., 2019). 

Similarly, phages can also use other cell compartments that bacteria 

express to resist antibiotics as receptors. For example, some phages 

recognize specific efflux pumps that expel antibiotics outside the cell. As 

the bacteria develop resistance against these phages by lowering or altering 

the efflux pump expression, they will also become sensitive to the 

antibiotics (Kortright et al., 2019). The latter is the main attractive situation 

for the researchers to implement in fighting antibiotic resistance. 

The specificity of the phage to target its host is an essential factor in phage 

therapy and combating antibiotic resistance. Instead of using a single phage 

that recognizes one pathogen among the numerous bacteria that co-exist, 
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investigators apply phage cocktails, several phages to destroy several 

bacterial hosts, or polyvalent phage, a single phage that recognizes multiple 

bacterial hosts (Zhao et al., 2019; Brives & Pourraz, 2020). A study 

compared polyvalent phages and cocktails against antibiotic-resistant 

bacteria in soil systems. Data revealed that phage cocktails were more 

effective than polyvalent phages, and both were more effective than host-

specific phages in reducing the abundance of the targeted pathogenic 

bacteria and their ARGs (Zhao et al., 2019). In another study, a polyvalent 

phage was isolated from slaughterhouse sewage and efficiently infected E. 

coli O157:H7, Salmonella spp., and Shigella spp., suggesting a suitable 

biocontrol against pathogenic bacteria is food (Kim et al., 2021). Such 

investigations suggest eco-friendly methods of using phages to control 

antibiotic resistance in the environment. 

From the literature review demonstrated above, it is concluded that 

antibiotic resistance is a critical health problem that requires serious 

attention and urgent actions to minimize its implications worldwide, 

particularly in the Middle East and the Kingdom of Bahrain. The 

prevalence of antibiotic resistance is high, not only clinically but also 

environmentally. Antibiotic resistance is widely detected in wastewater 

effluents and WWTPs, which need regular screening and monitoring. 

Since antibiotics inhibit bacterial growth via different methods of action, 

antibiotic-resistant bacteria develop a variety of mechanisms to resist their 

action as well. Investigators tried a range of antibiotic alternatives to treat 

antibiotic-resistant bacterial infections. The diverse bioactive compounds 

in the plant extracts, the uniquely acting nanoparticles, and the 

bacteriophages that specifically infect bacteria are among those methods 

examined against antibiotic resistance bacteria and showed promising 

results to combat antibiotic resistance.  
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In the present study, a wide range of antibiotic-resistant pathogens are 

expected to be detected in the wastewater effluents. Therefore, the 

literature revealed the main culture-based methods for the isolation and 

detection of antibiotic-resistant bacteria and their specific bacteriophages 

and the differentiation of antibiotic-resistant bacteria from susceptible 

ones. Also, it explained methods of testing plant extracts and nanoparticles 

to determine their MIC and their inhibition pattern. Furthermore, it 

explained the efficiency of phages that specifically target their MDR-

bacterial hosts as an alternative solution to antibiotic resistance.  
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Methods and Procedures 

 

3.1. Study methodology  

Laboratory-based analysis of antibiotic resistance is one of the main 

components of antibiotic resistance surveillance systems. It involves 

receiving the samples, isolating bacteria, and performing antibiotic 

susceptibility tests (Amin et al., 2022). In this study, antibiotic resistance 

was investigated in wastewater. Tubli Water Pollution Control Center 

(WPCC), the main WWTP that receives around 70% of the wastewater in 

Bahrain, was selected as the source of wastewater samples. Although 

antibiotic resistance in raw sewage can represent its spread among the 

population (Larsson et al., 2023), secondary and tertiary treated wastewater 

was selected for investigation in this study because the marine environment 

mainly receives treated wastewater. Therefore, the secondary and tertiary 

treated water samples were obtained from the WWTP. In addition, 

wastewater samples discharged to the sea and seawater samples from areas 

about 500 m away from the discharge point were also examined. However, 

raw sewage was used as a source of bacteriophages infecting antibiotic-

resistant bacteria. 

Diverse and numerous bacterial strains were expected to be detected in 

wastewater. Therefore, in addition to the general media, different selective 

and differential culture media were used for bacterial isolation, including 

eosin methylene blue (EMB) agar medium, xylose lysine deoxycholate 

(XLD) agar medium, and mannitol salt agar (MSA) medium. The EMB 

agar medium differentiates lactose-fermenting from non-lactose 

fermenting coliforms and faecal coliforms with the use of two dyes, eosin 

and methylene blue. The color of these dyes changes due to the formation 

of dark purple products by the acids from lactose fermentation, 
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differentiating vigorous lactose fermenters (green metallic sheen color), 

and slow fermenters (dark color) from non-lactose fermenters (pink to 

translucent color) (Lal and Cheeptham, 2007). The XLD medium is used 

for Salmonella spp., Shigella spp. and other species of the 

Enterobacteriaceae family. The MSA medium mainly used for 

Staphylococcus spp. and other salt-tolerating Gram-positive bacteria, as it 

contains 7.5% sodium chloride (Shields and Tsang, 2006). 

Usually, the antibiotic resistance test for phenotypic characterization of 

antibiotic resistance involves the disc diffusion method and broth 

microdilution method (McLain et al., 2016). Although many advanced 

methods have been evolved to determine antibiotic resistance, these 

conventional methods allow for determining viable antibiotic-resistant 

bacteria and quantitatively analyzing antibiotic resistance, for example, by 

determining the MIC (Oniciuc et al., 2018). This study used Kirby Bauer's 

disc diffusion method to screen and qualitatively determine antibiotic-

resistant bacteria (Bauer et al., 1966). The selection of antibiotics was 

based on their mode of action from different antibiotics classes commonly 

used in clinical settings, so variable resistance mechanisms would be 

detected. The operating laboratory procedures should be standardized 

based on the guidelines provided by the standard organizations, such as the 

Clinical and Laboratory Standard Institute (CLSI) and the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) (Amin et 

al., 2022).  

Quality control should be implemented in the phenotypic antibiotic 

susceptibility methods. To ensure this, the test was performed properly and 

in control of all the variables, efficient antibiotic activity occurred, and no 

contamination occurred, reference bacterial strains were used in line with 
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the environmental isolates, one representing Gram-negative bacteria (E. 

coli) and one representing Gram-positive bacteria (S. aureus). 

After excluding the sensitive and intermediately sensitive bacteria and 

those resistant to less than three antibiotics, the remaining MDR strains that 

showed resistance to three or more classes of antibiotics were selected for 

further experimentation. An automated system was used to perform the 

microdilution method for antibiotic resistance testing against a broader 

range of antibiotics and to phenotypically identify the MDR bacterial 

species. Furthermore, these MDR bacteria were used to test the efficiency 

of the alternative antimicrobial agents investigated in this study.  

In the current study, the antibacterial activity of three alternative methods 

to antibiotics was examined against the identified MDR bacteria. These 

methods include plant extracts, nanoparticles, and bacteriophages. The 

plants adopted in this study were selected based on their ability to grow 

locally, their availability, and their medicinal applications reported in the 

literature. The leaves of perennial plants can be a good and eco-friendly 

source of numerous bioactive compounds that could possess antimicrobial 

activity. Many different perennial plants require annual pruning, in which 

branches bearing leaves are removed for better renewal of the stems and 

leaves, while the removed branches and leaves are wasted 

(Chandrashekara, 2007). The bioactive compounds in the plant leaves were 

extracted using absolute ethanol as solvent, which is safe and effective in 

dissolving several molecules (Hikmawanti et al., 2021). Regarding the 

nanoparticles, pure metal, and metal oxide nanoparticles were examined 

for their antimicrobial activity at different concentrations.  

Bacteriophages can be found widely in the environment. As mentioned, 

raw sewage was used as the source of phages infecting the wastewater-

inhabiting bacteria. Here, two of the most popular methods in phage 
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experimentation were used: the spot test and plaque assay. One of the most 

accurate viral quantification and isolation methods is the plaque assay. The 

phages form plaques, the dead zones of bacterial cells, due to phage lysis 

(Baer & Kehn-Hall, 2014). Unlike the spot test that only determines the 

presence of phage, plaque assay can be used to determine the phage 

concentration or titer and to isolate pure phage since each plaque represents 

a single pure strain (Hyman, 2019).  

The following flowchart demonstrates the workflow of the research 

protocol (Figure 2). 

 

Figure 2: Flowchart of the research protocol. 
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3.2. Isolation of MDR bacteria from wastewater 

3.2.1. Sample collection 

The wastewater sampling process was done in November 2023. Triplicate 

wastewater samples (200 mL) at different treatment stages were obtained 

from Tubli WPCC, Bahrain (secondary and tertiary treated water). In 

addition, effluent wastewater samples (200 mL) from the area were 

collected just before discharge to the sea and from the seawater of Tubli 

Bay, which was close to the discharge area (500 m distant from the effluent 

discharge point). The locations of the Tubli Bay and the sampling points 

are shown in Figure 3. The geographical coordinates of the effluent 

discharge point and the Tubli Bay seawater sampling point were 

(26°11'45.9"N 50°33'51.6"E) and (26°11'59.3"N 50°34'01.9"E) 

respectively. Wastewater samples were collected in sterile sampling 

bottles, kept on ice during transportation, and processed within four hours 

of the collection time. 
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Figure 3. Satellite map images of Bahrain showing the sampling area (a) Tubli Bay and 

the location of the sampling site (b) the sampling sites (A) Tubli WPCC (B) wastewater 

discharge point (C) seawater sampling about 500 m away from the discharge point. 
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3.2.2. Bacterial screening and isolation 

Culture media 

Eosin methylene blue (EMB) agar (Sigma-Aldrich, USA) 

Xylose lysine deoxycholate (XLD) agar (Oxoid Ltd, England) 

Mannitol salt agar (MSA) (Oxoid Ltd, UK) 

Nutrient agar (Sigma-Aldrich, India) 

Nutrient broth (Merk, USA) 

Procedures 

Immediately as received, the wastewater samples were 10-fold serially 

diluted with nutrient broth medium and cultured on different general 

(nutrient agar) and selective and differential (EMB agar, XLD agar, and 

MSA) media. The plates were incubated at 37ºC for 24-48 hours. After 

that, bacterial growth was examined, and colonies were counted. In 

addition, their morphologies, shapes, colors, elevations, and margins were 

carefully observed. Different colonies were selected and sub-cultured to 

obtain pure cultures of the isolates, from which well-isolated colonies were 

picked, transferred to nutrient agar slants, and stored at 4ºC until use.  

Calculations 

The colony plate count was used to determine the viable bacterial number 

in the samples. The following formula was used to calculate the viable 

bacterial count per mL of the sample.  

𝑉𝑖𝑎𝑏𝑙𝑒 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 (𝐶𝐹𝑈/𝑚𝐿) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝐿)
  (1) 
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3.2.3. Antibiotic susceptibility test by disc diffusion method 

Culture media and reagents 

Sodium chloride (NaCl) (Sigma-Aldrich, Germany). 

Muller Hinton agar (MHA) (Oxoid Ltd, England). 

Antibiotics set (penicillin (P), kanamycin (K), streptomycin (S), 

erythromycin (E), tetracycline (TE), novobiocin (NB), and 

chloramphenicol (C)): (Carolina, USA). 

Bacterial strains 

E. coli ATCC 11775 (MediMark, France). 

S. aureus ATCC 12600 (MediMark, France). 

Procedure 

The Kirby-Bauer disc diffusion method evaluated bacterial isolates' 

susceptibility against antibiotics (Bauer et al., 1966). Saline suspensions of 

the bacterial isolates were prepared from their overnight cultures. Cell 

concentrations were adjusted to 108 colony forming units/mL (CFU/mL) 

(0.5 McFarland’s standard) by measuring the optical density at 625 nm 

(OD625) ranging from 0.08 to 0.1. Bacterial suspensions were spread on 

MHA plates, and seven different antibiotic discs were placed on the plates, 

then incubated at 37ºC for 18 to 24 hours. Detailed information about the 

antibiotics used in this test is listed in Table 1. Two reference bacteria (E. 

coli ATCC 11775 and S. aureus ATCC 12600) were used for quality 

control.  
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Table 1. The antibiotics used for the susceptibility test of the bacterial isolates 

(Hutchings et al., 2019; Helgesen et al., 2021; Uddin et al., 2021). 

Antibiotic Dose/disc Antibiotic class Target 
Mode of 

action 

Penicillin 10 IU β-lactams PBPs 

Disruption of 

cell wall 

synthesis 

Kanamycin 30 µg 
Aminoglycosides  

30S 

ribosomal 

subunit 
Inhibition of 

protein 

synthesis 

Streptomycin 10 µg 

Tetracycline 30 µg Tetracyclines  

Erythromycin 15 µg Macrolides 
50S subunits 

Chloramphenicol 30 µg Chloramphenicol  

Novobiocin 30 µg Aminocoumarins DNA gyrase 

Inhibition of 

DNA 

synthesis 

 

The inhibition zones around the antibiotic discs (mm) were measured and 

recorded, and the bacterial susceptibility (S), intermediate susceptibility 

(I), or resistance (R) was determined according to the standards signified 

by the CLSI (Sarker et al., 2014; Wayne, 2020). The multidrug-resistant 

bacteria (resistant to three or more antibiotics) and those that showed 

unusual resistance pattern-stance against the tested antibiotics were 

selected for further investigations.  

3.2.4. Microdilution test for antibiotic susceptibility and 

bacterial identification 

Instrumentation 

BD Phoenix M50  

Procedure 

The MDR bacterial isolates that showed antibiotic resistance patterns 

against three and more of the tested antibiotics, and to those commonly 

effective on most of the isolates (Table 1) were identified and 

simultaneously further tested against another range of antibiotics using the 

automated BD Phoenix system (Table 2).
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Table 2. The antibiotics used for the Susceptibility test by BD Phoenix system (Walker, 

1999; Scheinfeld, 2004; Hutchings et al., 2019; Mancuso et al., 2021; Uddin et al., 

2021). 

Antibiotic Antibiotic class Target Mode of action 

piperacillin-tazobactam 

β-lactams- penicillins 

PBPs Disruption of 

cell wall 

synthesis 

 

Oxacillin 

Amoxicillin 

amoxicillin-clavulanate 

Ampicillin 

Cefazolin 

Cephalosporins 

Cefoxitin 

Cefuroxime 

Cefotaxime 

Ceftazidime 

Ceftriaxone 

Cefepime 

ceftolozane-tazobactam 

Ceftaroline 

Ertapenem 

Carbapenems Meropenem 

Imipenem 

Teicoplanin 
Glycopeptide 

Peptidoglycan 

polymerization Vancomycin 

Gentamycin 
Aminoglycoside 

30S subunit 

Inhibition of 

proteins 

synthesis 

Amikacin 

Tigecycline  Tetracyclines 

Telithromycin  Ketolides 

50S subunit 
Clindamycin  Lincosamides 

Linezolid  Oxazolidinones 

Pristinamycin  streptogramins 

Mupirocin  Monoxycarbolic acid 
Isoleucyl-transfer 

RNA 

Ciprofloxacin  

Fluoroquinolones 

DNA 

topoisomerase and 

DNA gyrase 

Inhibition of 

DNA synthesis 
Levofloxacin  

Moxifloxacin  

Rifampin Rifamycins 
DNA-dependent 

RNA polymerase 

RNA synthesis 

inhibition 

Nitrofurantoin  Azolidines 
Intracellular 

flavoproteins 
Metabolic 

pathways 

inhibition 
Trimethoprim-

sulphamethoxazole 
Sulfonamides 

Dihydropteroate 

synthase 

Daptomycin  Cyclic lipopeptides Cell membrane 
Cell membrane 

disruption Colistin Polymyxins 
Phospholipids and 

lipopolysaccharides 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/streptogramin-derivative
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In the automated microdilution method, fresh cultures of the bacterial 

isolates were suspended in the identification broth to reach the 0.5 

McFarland concentration. Then, 25 µL of the suspension was transferred 

to the antibiotic susceptibility test broth, and an indicator drop was added 

to determine the bacterial growth. Both broth suspensions were loaded in 

the corresponding micro-well panels that contained specific reagents for 

the biochemical tests and the antibiotics to be tested against. The panels 

were incubated in the device for up to 16 hours, and dedicated software 

interpreted the results.  

3.3. Plant extraction and antimicrobial activity 

3.3.1. Plant material collection 

Fresh, healthy leaves of 6 different perennial plants were collected during 

October and November 2023 from a private house garden at a time when 

plants’ annual pruning was performed. These plants include Hibiscus 

(Hibiscus rosa-sinensis), Dodonaea (Dodonaea viscosa), Lime (Citrus 

aurantifolia), Lemongrass (Cymbopogon citratus), Olive (Olea europaea) 

and Sapodilla (Manilkara zapota) (Figure 4). The plant's leaves were 

collected in sterile plastic bags and processed within 24 hours of collection. 

A botanical specialist from the Department of Biology, College of Science, 

University of Bahrain performed the Taxonomical identification of these 

plant species.  
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Figure 4. The plants involved in the study: (A) H. rosa-sinensis, (B) D. viscosa, (C) C. 

aurantifolia, (D) C. cirtatus, (E) O. europaea, (F) M. zapota. 
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3.3.2. Plant leaves crude extract preparation 

Chemicals and Reagents 

Ethanol absolute (Sigma Aldrich, USA) 

Dimethyl sulfoxide (DMSO) (BDH, England) 

 

Instrumentation 

Orbital shaker (New Brunswick Scientific Innova 43) 

Rotary evaporator (BUCHI Rotavapor® R-114, USA). 

Procedure 

The ethanol extraction of the plant leaves material was performed using 

Ferri's method as cited in de Paula et al. (2009) with some modifications. 

Firstly, the collected plant leaves were washed thoroughly by running tap 

water and distilled water to remove impurities and then air dried in the 

shade at room temperature for approximately two weeks. The leaf's weight 

was measured continually until no reduction was observed in the weight, 

indicating complete dryness. The dried leaves were ground by an electrical 

grinder into a coarse powder and collected into sterilized airtight 

containers. Subsequently, 50 grams of the prepared powder of each plant 

was soaked in absolute ethanol at a plant material-to-solvent ratio of 1:10 

w/v. Maceration was performed for 72 hours at room temperature with 

shaking at 150 rpm. After that, the residues were removed by passing 

through cheesecloth and then filtering through Whatman filter paper No. 

1. The filtrates were then further concentrated in a rotary evaporator at 

47ºC for 8 hours under reduced pressure, to remove the solvent and obtain 

thick crude extracts. The leaves crude extracts were then dissolved in 

DMSO to prepare 100 mg/mL stock concentrations and kept in a 4ºC 

refrigerator for further use.  
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Calculations 

The percentage yield of the plant's crude extracts was calculated using the 

following formula: 

% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑏𝑡𝑎𝑖𝑒𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦 𝑝𝑙𝑎𝑛𝑡
 𝑥 100  (2) 

 

3.3.3. Antimicrobial activity of plants leaves crude extracts  

Culture media and chemicals 

Nutrient broth (Merk, USA) 

DMSO (BDH, England) 

NaCl (Sigma-Aldrich, USA) 

Instrumentation 

Microplate reader (Multiskan™ FC Microplate Photometer 

(Thermoscientific ™)) 

Procedure 

The broth microdilution method used in this study was based on a new 

assay developed by Green et al. (2020) to quantify the antimicrobial 

activity by using OD to determine the bacterial growth percentage (Green 

et al., 2020). Briefly, in sterile 96-well microplates, the stock plant crude 

extract solutions were diluted at 1:1 fold in sterile water to prepare extract 

concentrations of 6.25, 3.13, 1.56, and 0.78 mg/mL. Then, 100 µL of 

nutrient broth was added to all wells. After adding 10 µL of the saline MDR 

bacterial suspensions (adjusted to 0.5 McFarland standard) to all wells, the 

microplates were covered and incubated at 37ºC for 18 hours. A plate 

reader at OD625 was used to read the microplates, and the absorbance 

readings were recorded at time zero before and after incubation. The 

minimum concentration that showed no bacterial growth was determined 
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as the minimum inhibitory concentration (MIC). The positive controls 

involved bacteria grown in DMSO without plant extracts, and the negative 

control contained plant extracts without bacteria. 

Calculations 

To determine the bacterial percentage growth for each organism at each 

plant extract and each concentration, the OD readings of the microplate 

reader were used as shown in the following formula: 

 

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 % 𝑔𝑟𝑜𝑤𝑡ℎ =
𝑂𝐷 𝑎𝑓𝑡𝑒𝑟 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛−𝑂𝐷 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑧𝑒𝑟𝑜

𝑂𝐷 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥100  (3) 

 

Negative values of the percentage growth were considered 0%, and values 

above 100% were considered normal 100% growth as the positive control 

without the presence of any antimicrobial agents.  

3.4. Antimicrobial activity of nanoparticles 

3.4.1. Nanoparticles Dissolution and Suspension 

Preparation 

Chemicals and reagents 

Nanoparticles: 

Silver nanoparticles (Ag NPs) (American Elements, USA) 

Titanium dioxide nanoparticles (TiO2 NPs) (Sigma Aldrich, USA) 

Zinc oxide nanoparticles (ZnO NPs) (Sigma Aldrich, USA) 

Instrumentation 

Biorupture sonicator (COSMO BIO CO. Ltd, Japan) 

X-ray diffractometer (Rigaku-Ultima IV) 
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Procedure 

Based on their effectiveness and antimicrobial activity in the literature, 

three different nanoparticles were selected for this study: Ag, TiO2, and 

ZnO. Before testing, the chemical compositions and crystalline phases of 

these NPs were confirmed by X-ray diffraction (XRD) analysis (Appendix 

1) to ensure their stability and purification. After that, a stock concentration 

of 4 mg/mL was prepared for each nanoparticle by dissolution in water and 

sonication in a water bath-type sonicator on the high setting for 15 minutes 

with 30 seconds on/off intervals to obtain turbid suspensions of 

nanoparticles.  

3.4.2. Broth microdilution test for antimicrobial activity  

Culture media and chemicals 

Nutrient broth (Merk, USA) 

NaCl (Sigma-Aldrich, Germany) 

Instrumentation 

Microplate reader (Multiskan™ FC Microplate Photometer 

(Thermoscientific ™)) 

Procedure 

Similar to the plant extracts microdilution test, the antimicrobial activity of 

the nanoparticles was determined by broth microdilution assay developed 

by Green et al. (Green et al., 2020). In 96-well microplates, the stock 

nanoparticle suspensions were diluted at 1:1 fold in sterile water to make 

final concentrations of 1.0, 0.5, 0.25, and 0.125 mg/mL. Then, 100 µL of 

nutrient broth and 10 µL bacterial suspensions (adjusted to 0.5 McFarland 

standard) were added to all wells. The microplates were examined for 

bacterial growth by reading them using the microplate reader at OD625 

before and after 18 hours of incubation at 37ºC. The MIC of the 
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nanoparticles was determined by observing their lowest concentration, 

which showed no bacterial growth. 

Calculations 

Similar to the plant crude extracts, the bacterial percentage growth for each 

organism at each nanoparticle and each concentration was determined by 

the OD readings of the microplate reader as shown in the following 

formula: 

 

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 % 𝑔𝑟𝑜𝑤𝑡ℎ =
𝑂𝐷 𝑎𝑓𝑡𝑒𝑟 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛−𝑂𝐷 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑧𝑒𝑟𝑜

𝑂𝐷 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥100  (3) 

 

As mentioned earlier, percentage growth values less than zero were 

considered 0%, and values above 100% were considered 100% average 

growth.  

3.5. MDR bacteria-specific bacteriophage isolation 

3.5.1. Phage enrichment and filtration 

Culture media 

Tryptone soy broth (TSB) (Oxoid Ltd, England). 

Procedure 

To enrich phages in the raw sewage samples, 5 mL of the overnight 

bacterial culture, 5 mL of TSB, and 45 mL of raw sewage were incubated 

overnight at 37ºC with shaking at 150 rpm. On the next day, the enriched 

culture was centrifuged three times at 2500 rpm for 10 minutes, and the 

supernatant was collected. Finally, the supernatant was filtered through a 

0.45 µm pore size membrane filter under vacuum, and the filtrate was kept 

in a sterile container at 4ºC for further experimentation.  
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3.5.2. Phage titer determination 

Culture media  

TSB (Oxoid Ltd, England). 

Agar (Sigma-Aldrich, Portugal) 

Nutrient agar (Sigma-Aldrich, India) 

Procedure 

The titer of the phage was determined by plaque assay. A mid-log culture 

was prepared by adding 100 µL of overnight bacterial culture to 3 mL TSB 

and measuring the absorbance at OD600 to reach 0.1. The phage filtrate was 

diluted with TSB up to 10-6. Then, to a 3 mL tube of tryptone soy soft agar 

(TSB with 0.7% agar), 100 µL of phage filtrate and 100 µL of the mid-log 

culture was added, quickly mixed, and poured on a pre-warmed nutrient 

agar plate, and then spread with circular and swirling motions. This step 

was done for each phage dilution. The plates were allowed to solidify for 

15 minutes and then incubated at 37ºC for five hours until phage plaques 

appeared on the bacterial lawn. For broth clearing assay, 100 µL of the 

mid-log culture was added to each tube of the phage dilutions and 

incubated at 37ºC for three hours, after which the clearing of the broth and 

bacterial growth turbidity was observed. After five hours of plate 

incubation, the phage dilution that gave scattered plaques was selected, and 

the plaques were counted to determine the titer.  

Calculations 

The phage titer was determined by counting the plaques on the plate and 

expressed as plaque forming units (PFU)/mL of the sample by the use of 

the following formula: 

𝑃ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟 (𝑃𝐹𝑈/𝑚𝐿) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝐿)
  (4) 
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3.5.3. Phage purification 

Culture media and chemicals 

TSB (Oxoid Ltd, England). 

Agar (Sigma-Aldrich, Portugal) 

Nutrient agar (Sigma-Aldrich, India) 

Tris Base (Sigma Aldrich, USA) 

Magnesium sulfate heptahydrate (MgSO4.7H2O) (Fluka, Switzerland) 

NaCl (Sigma-Aldrich, Germany) 

Gelatin (Fluka, Germany) 

SM buffer preparation 

In 200 mL deionized water, 5.8 g NaCl, 2.0 g MgSO4.7H2O, 50 mL of 1.0 

M tris (pH 7.5), and 5.0 mL of 2% gelatin (w/v) were dissolved. The final 

volume was brought to 1.0 L with water. 

Procedure 

From the plate that showed scattered plaques, a well-isolated plaque was 

picked by a sterile Pasteur pipette and released in a vial containing SM 

buffer (50 mM Tris-HCl, 100 mM NaCl, 8 mM MgSO4.7H2O, 0.01% 

Gelatin (w/v)). As described earlier, the phage suspension was plated 

again, with mid-log bacterial culture in tryptone soy soft agar spread on a 

nutrient agar plate and incubated until plaques appeared. Then, a well-

isolated plaque was picked again. The purification step was performed 

three times until even-sized plaques were observed, indicating pure phage.  
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3.5.4. Phage titer and volume amplification 

Culture media and chemicals 

TSB (Oxoid Ltd, England). 

Agar (Sigma-Aldrich, Portugal) 

Nutrient agar (Sigma-Aldrich, India) 

Procedure 

For further experimentations, a high volume and tittered phage was 

required; thus, it underwent a process of amplification. Briefly, the phage 

dilution, in which plaques showed a webbed pattern (plaques merged), was 

selected, and plaque assay was performed to prepare ten plates. The plates 

were incubated at 37ºC for 24 hours to allow multiple rounds of infection 

and lysis. After incubation, plates were soaked with 6 mL of SM buffer for 

four hours at room temperature, with gentle occasional swirling. Then, the 

SM buffer was collected from all the plates into centrifuge tubes, which 

were centrifuged for 25 minutes at 5000 rpm, and the supernatant was 

filtered through a 0.45 µm pore size filter membrane and kept at 4ºC until 

use. The titration step was performed for the amplified phage to determine 

the new titer by plaque assay.  

3.5.5. Phage specificity and host range determination 

A drop spot assay determined the phage’s host range among the MDR 

bacterial isolates. Overnight cultures of the 10 MDR isolates were prepared 

in nutrient broth. To the 3 mL tryptone soy soft agar tube, 100 µL of the 

overnight culture bacteria was added, mixed, quickly poured on the pre-

warmed nutrient agar plates, and allowed to solidify for 15 minutes. Next, 

drops of 10 µL phage suspension were placed on the surface of the 

solidified soft agar. Similar drops of SM buffer were added to serve as a 

negative control. The drops were allowed to absorb, and then the plates 
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were incubated at 37ºC for 24 hours. After incubation, clear zones were 

determined in the drop places to determine the phage activity.  

3.6. Statistical analysis 

The statistical data analysis was performed using the Statistical Package 

for Social Sciences (SPSS) version 21 and R version 4.2.2. Descriptive 

analyses for the inhibition zones and percentage bacterial growth values 

were presented as frequencies, percentages, and mean ± Standard deviation 

(SD). The mean difference of the antimicrobial activity between the 

antimicrobial agents at different concentrations was assessed and 

compared by One-way Analysis of Variance (ANOVA) and post hoc test 

using the Bonferroni method for the pairwise multiple comparisons, setting 

P values to less than 0.05 for statistical significance and confidence 

intervals (CI) at 95% for assessing the difference’s strength. 
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Results, Discussion, and Recommendations 

 
4.1. The study’s results 

4.1.1. Wastewater bacterial isolates 

Various bacterial species were detected in the different treated wastewater 

samples from the different treated wastewater samples. Gram-negative 

bacteria make up the majority of the isolates, as they thrive on media such 

as EMB and XLD agar, whereas Gram-positive bacteria are less common 

and grow on MSA. 

Plate count analysis showed the average number of bacteria present in each 

type of the tested treated water. As shown in Table 3, the highest bacterial 

count was observed on the nutrient agar medium, a general medium on 

which different types of bacteria can grow. The secondary treated 

wastewater showed a higher number of bacteria compared to the 

discharging effluent and seawater. Comparatively, the bacterial count on 

MSA, which is primarily preferred by gram-positive bacteria, was the 

lowest of the samples taken from Tubli Bay and the discharging effluent. 

The bacterial count on the XLD medium was higher than that on EMB 

agar. Furthermore, no Salmonella or Shigella species were determined on 

the XLD agar medium. There was no statistical difference in the bacterial 

count grown on the different growth media between the three sampling 

locations. On the other hand, bacteria from tertiary treated water were too 

little to be counted.  
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Table 3. The mean total bacterial count present in wastewater grown on different culture 

media. 

Wastewater 

Sample 

Total bacterial count (Mean ± SD) (cells/mL) 
P value* 

EMB agar XLD agar MSA Nutrient agar 

Secondary treated 3.4 x 103 ± 56.57 6.1 x 103 ± 50.91 1.9 x 103 ± 29.69 8.7 x 104 ± 32.53 

0.684 
Tertiary treated - - - - 

Discharging effluent 2.0 x 103 ± 28.28 4.0 x 103 ± 7.07 1.8 x 103 ± 25.46 1.2 x 105 ± 16.97 

Tubli Bay 1.88 x 103 ± 8.49 5.2 x 103 ± 42.43 1.58 x 103 ± 9.89 1.7 x 104 ± 22.63 

*P values < 0.05 indicates statistical significance. 

EMB: Eosin methylene blue, XLD: Xylose Lysine Deoxycholate, MSA: mannitol salt agar. 
 

 

 

4.1.2. Antibiotic susceptibility tests and bacterial 

identification 

From the various bacterial colonies cultivated on the different growth 

media, and after thorough observation of the growth colonies' 

morphologies and characteristics, 41 different bacterial isolates were 

meticulously chosen and processed for the antibiotic susceptibility test. 

The code of the isolates was assigned based on their source and the growth 

media they were isolated from, i.e. SE1 accounts for isolate 1 from the 

secondary treated water grown on EMB agar media (Table 4).  The 

antibiotic susceptibility test for the isolates was performed by Kirby Bauer 

disc diffusion method as described in the methodology against seven 

different antibiotics. Results were obtained based on the zone of inhibition 

breakpoint guidelines of the CLSI (Sarker et al., 2014; Wayne, 2020) 

(Table 4, Figure 5, Appendix 2).
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Table 4. The inhibition zone measurements of bacteria against the tested antibiotics by Kirby Bauer method. 

Isolate 

code 

Inhibition zones mean ± SD (mm)  

P10 K30 E15 S10 NB30 TE30 C30 

SE1 6 ± 0 R 17 ± 4.2  I 6.5 ± 0.7 R 6 ± 0.0 R 12 ± 1.4 I 7 ± 1.4 R 24 ± 0.0 S 

SE2 6 ± 0 R 17 ± 4.2 I 6 ± 0.0 R 15 ± 1.4 S 6 ± 0.0 R 21 ± 1.4 S 19 ± 4.2 S 

SE3 6 ± 0 R 17 ± 4.2 I 7 ± 1.4 R 12.5 ± 2.1 R 17.5 ± 3.5 S 23.5 ± 2.1 S 28.5 ± 2.1 S 

SX1 6 ± 0 R 18 ± 2.8 I 13 ± 1.4 R 14.5 ± 0.7 I 11 ± 1.4 R 26 ± 1.4 S 33 ± 4.2 S 

SX2 6 ± 0 R 18 ± 2.8 I 6 ± 0.0 R 13.5 ± 2.1 I 6 ± 0.0 R 23 ± 1.4 S 25 ± 1.4 S 

SX3 6 ± 0 R 18 ± 2.8 I 9 ± 1.4 R 10 ± 2.8 R 10.5 ± 3.5 R 26.5 ± 2.1 S 26 ± 0.0 S 

SX5 6 ± 0 R 19 ± 1.4 S 7 ± 1.4 R 13.5 ± 2.1 I 10.5 ± 3.5 R 25 ± 1.4 S 23.5 ± 2.1 S 

SX6 6 ± 0 R 17 ± 4.2 I 6 ± 0.0 R 14 ± 0.0 I 9.5 ± 2.1 R 22.5 ± 2.1 S 23 ± 1.4 S 

SN2 6 ± 0 R 15 ± 7.1 I 9 ± 4.2 R 8 ± 0.0 R 21.5 ± 19.1 S 23.5 ± 2.1 S 23 ± 1.4 S 

SM1 24 ± 1.4 I 22.5 ± 3.5 S 27 ± 4.2 S 15 ± 0.7 S 24.5 ± 0.7 S 27 ± 4.2 S 27 ± 4.2 S 

SM2 22.5 ± 3.5 I 21.5 ± 2.1 S 24.5 ± 0.7 S 12.5 ± 3.5 I 26.5 ± 2.1 S 27.5 ± 3.5 S 24.5 ± 0.7 S 

SM3 29 ±24.0  S 8 ± 0 R 6.5 ± 0.7 R 6 ± 0.0 R 23.5 ± 7.8 S 9.5 ± 2.1 R 23 ± 4.2 S 

DE1 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 13.5 ± 0.7 I 8 ± 0.0 R 21 ± 1.4 S 20 ± 0.0 S 

DE2 6 ± 0 R 19 ± 1.4 S 7 ± 1.4 R 9 ± 1.4 R 10 ± 0.0 R 6 ± 0.0 R 8 ± 0.0 R 

DE3 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 14.5 ± 0.7 I 6 ± 0.0 R 23 ± 1.4 S 22.5 ± 0.7 S 

DE4 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 16 ± 1.4 S 10 ± 0.0 R 22.5 ± 3.5 S 24.5 ± 0.7 S 

DN1 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 15.5 ± 0.7 S 10 ± 0.0 R 25.5 ± 3.5 S 22.5 ± 3.5 S 

DM1 20 ± 2.8 I 25 ±0 S 25 ± 0.0 S 18 ± 0.0 S 28 ± 0.0 S 32.5 ± 2.1 S 15 ± 1.4 I 

DM2 21.5 ± 2.1 I 22.5 ± 3.5 S 24 ±1.4 S 16.5 ± 2.1 S 23 ± 4.2 S 30 ± 0.0 S 14.5 ± 0.7 I 

DX1 6 ± 0 R 16.5 ± 2.1 I 13 ± 1.4 R 10.5 ± 0.7 R 15 ± 0.0 I 22.5 ± 3.5 S 30 ± 0.0 S 

DX4 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 14 ± 1.4 I 9 ± 1.4 R 20 ± 2.8 S 23 ± 1.4 S 

DX6 7 ± 1.4 R 20 ± 2.8 S 17 ± 1.4 I 13 ± 2.8 I 13.5 ± 2.1 I 23.5 ± 2.1 S 31 ± 1.4 S 

DX7 6 ± 0 R 19 ± 1.4 S 7 ± 1.4 R 15 ± 1.4 S 8.5 ± 3.5 R 27 ± 4.2 S 27.5 ± 0.7 S 

DX8 6 ± 0 R 18.5 ± 2.1 S 11 ± 0.0 R 6 ± 0.0 R 12.5 ± 0.7 I 24 ± 2.8 S 28 ± 2.8 S 

DX9 6 ± 0 R 19 ± 1.4 S 11 ± 1.4 R 12.5 ± 3.5 I 10 ± 0.0 R 23.5 ± 2.1 S 28 ± 0.0 S 
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Table 4. Continued. 

Isolate 

code 

Inhibition zones mean ± SD (mm)  

P10 K30 E15 S10 NB30 TE30 C30 

DX10 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 6 ± 0.0 R 9 ± 1.4 R 19 ± 1.4 S 21 ± 1.4 S 

DX12 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 15 ± 0.0 S 9 ± 1.4 R 20 ± 0.0 S 25 ± 0.0 S 

DX13 6 ± 0 R 18 ± 0 I 6 ± 0.0 R 14 ± 1.4 I 12 ± 0.0 I 20 ± 0.0 S 22 ± 2.8 S 

DX14 6 ± 0 R 20 ± 0 S 9.5 ± 0.7 R 9 ± 1.4 R 13 ± 1.4 I 26 ± 2.8 S 30 ± 0.0 S 

EE1 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 13 ± 2.8 I 10.5 ± 0.7 R 22 ± 4.2 S 23 ± 1.4 S 

EE2 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 14.5 ± 0.7 I 7 ± 1.4 R 20 ± 2.8 S 25 ± 1.4 S 

EE3 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 12 ± 0.0 I 10 ± 0.0 R 21 ± 1.4 S 24.5 ± 0.7 S 

EN1 7 ± 1.4 R 16.5 ± 2.1 I 19 ± 1.4 I 13 ± 1.4 I 13.5 ± 2.1 I 22.5 ± 3.5 S 22.5 ± 3.5 S 

EN2 6 ± 0 R 8 ± 0 R 15 ± 7.1 I 8 ± 0.0 R 35.5 ± 0.7 S 24.5 ± 0.7 S 27.5 ± 3.5 S 

EM4 6 ± 0 R 20 ± 0 S 16.5 ± 2.1 I 17.5 ± 0.7 S 20 ± 0.0 S 20 ± 0.0 S 21 ± 1.4 S 

EX1 6 ± 0 R 24 ± 0 S 6 ± 0.0 R 6 ± 0.0 R 12.5 ± 3.5 I 29 ± 1.4 S 13 ± 1.4 I 

EX2 6 ± 0 R 21 ± 1.4 S 15.5 ± 0.7 I 14 ± 0.0 I 14.5 ± 2.1 I 24 ± 1.4 S 27.5 ± 3.5 S 

EX3 6 ± 0 R 19 ± 1.4 S 10 ± 2.8 R 12.5 ± 0.7 I 6 ± 0.0 R 23.5 ± 4.9 S 29 ± 1.4 S 

EX4 6 ± 0 R 20 ± 0 S 6 ± 0.0 R 11.5 ± 0.7 I 6 ± 0.0 R 22 ± 2.8 S 24.5 ± 0.7 S 

EX5 6 ± 0 R 19 ± 1.4 S 6 ± 0.0 R 16 ± 2.8 S 15.5 ± 2.1 I 21 ± 4.2 S 25 ± 1.4 S 

EX6 6 ± 0 R 18 ± 0 S 6 ± 0.0 R 13.5 ± 0.7 I 14.5 ± 0.7 I 20 ± 0.0 S 25.5 ± 0.7 S 

E. coli 6 ± 0.0 R 18 ± 2.8 S 6 ± 0.0 R 12.5 ± 3.5 I 7 ± 1.4 R 20.5 ± 0.7 S 23 ± 4.2 S 

S. aureus 17 ±1 5.6 R 15 ± 4.2 I 23.5 ± 2.1 S 11 ± 4.2 R 26.5 ± 2.1 S 27.5 ± 3.5 S 24.5 ± 0.7 S 

R: resistant, I: intermediate sensitive, S: sensitive, P: penicillin, K: kanamycin, E: erythromycin, S: streptomycin, NB: novobiocin, TE: tetracycline, C: 

chloramphenicol.  

Isolate code Location Growth media 

 S Secondary treated E EMB agar 

 D Discharging effluent X XLD agar 

 E Environment (seawater) M MSA  

   N Nutrient agar 
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Figure 5. Heatmap showing the antibiotic susceptibility test results of all the tested isolates against the selected antibiotics. The darker color 

indicated resistance, with smaller inhibition zone diameter, while the lighter color to yellow indicates sensitivity, with larger diameter of inhibition 

zones. P10, penicillin; E15, erythromycin; NB30, novobiocin; S10, streptomycin; K30, kanamycin; TE30, tetracycline; C30, chloramphenicol. 
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According to the zones of inhibition data (Table 4, Figure 5), the majority 

of the examined bacterial isolates (73%) were resistant to three or more 

antibiotics, primarily penicillin, erythromycin, and novobiocin. Notably, 

one of the isolates found in the effluent discharged to the sea showed 

resistance to six of the seven tested antibiotics (Table 4 and Figure 6). On 

the other hand, four isolates, mainly gram-positive bacteria isolated from 

the MSA plates, showed no resistance to any antibiotics.  

 

 
 

Figure 6. The number of bacterial isolates (and its percentages) that resisted a different 

number of the tested antibiotics. The colors indicate the number of resisted antibiotics 

by the tested isolates, from zero to six. The numbers and percentages on the chart are 

for the number of isolates resisted that number of antibiotics.  

 

Table 5 shows the tested antibiotics and the number of susceptible (S), 

intermediately susceptible (I), and resistant bacteria (R). Most isolates 

showed resistance against penicillin, followed by erythromycin and 

novobiocin (87.8%, 78%, and 51.2%, respectively). The most sensitivity, 
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however, was found against tetracycline (92.7%), chloramphenicol 

(90.2%), and kanamycin (68.3%). There were no intermediately sensitive 

bacteria to tetracycline. Regarding streptomycin, most isolates (46.3%) 

showed intermediate sensitivity to it.  

 

Table 5. Number and percentage (in parentheses) of bacterial isolates that are sensitive, 

intermediately sensitive, and resistant to the tested antibiotics. 

Antibiotics  Frequency (%) of bacterial isolates 

S I R 

Penicillin 1 (2.4) 4 (9.8) 36 (87.8) 

Kanamycin 28 (68.3) 11 (26.8) 2 (4.9) 

Erythromycin 4 (9.8) 5 (12.2) 32 (78) 

Streptomycin 10 (24.4) 19 (46.3) 12 (29.3) 

Novobiocin 9 (22) 11 (26.8) 21 (51.2) 

Tetracycline 38 (92.7) 0 (0) 3 (7.3) 

Chloramphenicol 37 (90.2) 3 (7.3) 1 (2.4) 

S: sensitive, I: intermediate sensitive, R: resistant. 

 

Interestingly, nine bacterial isolates were found to exhibit a specific 

resistance profile, indicated in Table 6, as a result of the antibiotic 

susceptibility pattern among the tested isolates against the tested 

antibiotics. Those isolates that were particularly resistant to kanamycin, 

tetracycline, and chloramphenicol, in addition to streptomycin, or showed 

smaller zones of inhibition against the other antibiotics (Table 6) were 

identified and selected for further steps of identification and antibiotic 

susceptibility tests. Some showed similar resistance patterns but different 

colony morphologies, indicating a different bacterial species or a similar 

species isolated from different sampling sites (Table 4). They were also 

selected for further analysis. The further analysis involved the automated 

microdilution test for susceptibility against more of the clinically used 

antibiotics and phenotypic identification of the bacterial species. Detailed 

results of the microdilution tests are shown in Appendix 3.
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Table 6. The identification of the isolates that were selected for further experimentation and their antibiotic resistance pattern 

Isolate 

ID 

Resisted antibiotics 
Source Identification 

Disc diffusion test Microdilution test 

SE1 Penicillin, erythromycin, 

streptomycin, tetracycline 

Cefazolin, cefuroxime, ceftazidime, 

ceftriaxone, cefepime, ampicillin, trimethoprim-

sulphamethoxazole, ciprofloxacin, levofloxacin 
 

Secondary treated 

wastewater 

E. coli-1*$ 

SM3 Kanamycin, 

erythromycin, 

streptomycin, tetracycline  

Gentamycin, cefoxitin, cefotaxime, ceftaroline, 

trimethoprim-sulphamethoxazole, clindamycin, 

ciprofloxacin 
 

Secondary treated 

wastewater 

E. faecalis 

SX3 Penicillin, erythromycin, 

streptomycin, novobiocin 

Ertapenem, cefazolin, ampicillin, amoxicillin-

clavulanate, trimethoprim-sulphamethoxazole 

 

Secondary treated 

wastewater 

A. veronii-1& 

DE2 Penicillin, erythromycin, 

streptomycin, novobiocin, 

tetracycline, 

chloramphenicol 
 

Ampicillin, trimethoprim-sulphamethoxazole Discharging 

effluent 

E. coli-2$ 

DX4 Penicillin, erythromycin, 

novobiocin 
 

Ampicillin Discharging 

effluent 

K. pneumoniae 

DX10 Penicillin, erythromycin, 

streptomycin, novobiocin 
 

Ampicillin Discharging 

effluent 

E. coli-3$ 

DX14 Penicillin, erythromycin, 

streptomycin 

Ertapenem, cefazolin, ampicillin, amoxicillin-

clavulanate, trimethoprim-sulphamethoxazole 
 

Discharging 

effluent 

A. veronii-2& 

EN2 Penicillin, kanamycin, 

streptomycin 

Cefuroxime, cefepime, amoxicillin, 

clindamycin 
 

Tubli Bay Streptococcus spp. 

EX1 Penicillin, erythromycin, 

streptomycin 

Cefazolin, cefuroxime, ampicillin, amoxicillin-

clavulanate, nitrofurantoin 

Tubli Bay P. putida 

*This isolate showed an ESBL resistance marker.  
$ To differentiate between the E. coli strains, they were numbered E. coli-1, E. coli-2, and E. coli-3. 
&To differentiate between the A. veronii strains, they were numbered A. veronii-1 and A. veronii-2. 
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As shown in Table 6, the selected isolates involved different bacterial 

species that exhibit considerable resistance patterns against the tested 

antibiotics. These isolates included E. coli, K. pneumoniae, E. faecalis, A. 

veronii, P. putida, and Streptococcus spp. The automated microdilution 

test detected resistance of a group of bacterial species against a diverse 

range of antibiotics. The antibiotics resistance pattern indicated the 

presence of three strains of E. coli, and the one from the secondary treated 

wastewater sample showed an ESBL resistance marker.  

4.1.3. Antimicrobial activity of plants 

This study tested crude extracts of six different plant leaves for their 

antimicrobial activity against the selected bacterial isolates. The plants’ 

crude extracts were obtained using ethanol as solvent by cold maceration. 

Table 7 shows the crude extract yield for each plant.  

 

Table 7. The percent yield of the obtained crude plant extracts. 

Plant Extract dry weight (g) % yield 

H. rosa-sinensis 1.2 4.4 

D. viscosa 6.3 12.6 

C. aurantifolia 1.75 3.5 

C. citratus 2.35 4.7 

O. europaea 7.45 14.9 

M. zapota 5.65 11.3 

 

As shown in Table 7, the highest yield of ethanol crude extracts was 

obtained from O. europaea leaves (14.9%), while the lowest yield was of 

C. aurantifolia (3.5%). D. viscosa and M. zapota also showed high extract 

yields (12.6% and 11.3%, respectively). 

The antimicrobial activity of the crude extracts of plant leaves was 

performed using the broth microdilution method. The mean percentage of 

bacterial growth at different extract concentrations was calculated from the 
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OD625 readings. The post hoc test of multiple comparisons was used to 

determine the plant extract which showed statistical differences from the 

other samples (Table 8, Figure 7). The results show that C. citratus was 

statistically different from all tested plants except M. zapota. Three plants 

including H. rosa sinensis, D. viscosa, and C. aurantifolia showed 

statistically significant differences from the other three plants.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Post Hoc analysis of multiple comparisons of the plants crude extracts for 

the mean bacterial growth at 95% CI. No overlapping of the error bars indicates 

statistical significance.  
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Table 8. The pairwise multiple comparisons analysis of the different plant extracts 

regarding their antimicrobial activity.  

Plants Mean Difference P value* 95% Confidence 

Interval 

H. rosa 

sinensis 

D. viscosa 5.685 1.000 -9.624, 20.995 

C. aurantifulia 14.356 0.088 -0.953, 29.666 

C. citratus  -34.221 0.000 -49.531, -18.912 

O. europaea -15.200 0.053 -30.509, 0.109 

M. zapota -24.904 0.000 -40.213, -9.594 

D. viscosa 

H. rosa sinensis -5.685 1.000 -20.995, 9.624 

C. aurantifulia 8.671 1.000 -6.638, 23.980 

C. citratus -39.906 0.000 -55.216, -24.597 

O. europaea -20.885 0.001 -36.194, -5.576 

M. zapota -30.589 0.000 -45.898, -15.280 

C. aurantifulia 

H. rosa sinensis -14.356 0.088 -29.666, 0.953 

D. viscosa -8.671 1.000 -23.980, 6.638 

C. citratus -48.577 0.000 -63.887, -33.268 

O. europaea -29.556 0.000 -44.865, -14.247 

M. zapota -39.260 0.000 -54.569, -23.951 

C. citratus 

H. rosa sinensis 34.221 0.000 18.912, 49.531 

D. viscosa 39.906 0.000 24.597, 55.216 

C. aurantifulia 48.577 0.000 33.268, 63.887 

O. europaea 19.021 0.004 3.712, 34.331 

M. zapota 9.317 1.000 -5.992, 24.627 

O. europaea 

H. rosa sinensis 15.200 0.053 -0.109, 30.509 

D. viscosa 20.885 0.001 5.576, 36.194 

C. aurantifulia 29.556 0.000 14.247, 44.865 

C. citratus -19.021 0.004 -34.331, -3.712 

M. zapota -9.704 0.919 -25.013, 5.606 

M. zapota 

H. rosa sinensis 24.904 0.000 9.594, 40.213 

D. viscosa 30.589 0.000 15.280, 45.898 

C. aurantifulia 39.260 0.000 23.951, 54.569 

C. citratus -9.317 1.000 -24.627, 5.992 

O. europaea 9.704 0.919 -5.606, 25.013 

** P values < 0.05 were statistically significant.  

 

Table 9 shows the mean percentage growth of each bacterial isolate at 

different concentrations of the tested plant extracts. The growth % was 

displayed as following: - for no growth, + for 1-24%, ++ for 25-49%, +++ 

for 50-74%, ++++ for 75-99%, and +++++ for 100% growth (Table 9). 
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  Table 9. The growth percentage of the tested bacteria in the presence of different plants leaves crude extract concentrations. 

Crude extract 

concentration 

(mg/mL) 

  % growth 

E. coli-1 E. coli-2 E. coli-3 
K. 

pneumoniae 
P. putida A. veronii-1 A. veronii-2 E. faecalis 

Streptococcus 

spp. 
P value* 

H. rosa-sinensis 

6.25 - - + + - - - - - 

0.000 
3.13 - + + + - - - - - 

1.56 + + +++ +++ - - + - + 

0.78 +++ ++++ ++++ ++++ - + ++++ - ++ 

D. viscosa 

6.25 - - - - - - - - - 

0.000 
3.13 - - - - - - - - - 

1.56 + + + ++ - ++ ++ + - 

0.78 + ++ ++ ++ - +++++ +++++ ++ +++ 

C. aurantifolia 

6.25 - - + + - - - - - 

0.042 
3.13 - + + + - - - - - 

1.56 - + + + - - - - - 

0.78 ++ ++ ++ ++ - - - - - 

C. citratus 

6.25 + - - ++ ++ + + - +++ 

0.000 
3.13 + + ++ +++ ++ +++ +++ - +++ 

1.56 ++ ++ +++ ++++ +++ +++++ ++++ + +++ 

0.78 +++ +++ ++++ ++++ +++++ +++++ +++++ ++++ ++++ 

O. europaea 

6.25 - - + + - - - - - 

0.000 
3.13 - + ++ ++ + - + - - 

1.56 ++ +++ +++ +++++ + - + +++ ++ 

0.78 +++ +++ +++++ +++++ ++++ ++ +++ +++ +++ 

M. zapota 

6.25 - - + - ++ + - - ++ 

0.000 
3.13 + + ++ ++ +++ +++ + ++ ++ 

1.56 ++ ++ ++ ++++ +++ +++++ ++ ++ ++++ 

0.78 +++ ++ ++++ +++++ ++++ +++++ +++ ++ ++++ 

*P values <0.05 are statically significant. [- = 0%, + = 1-24%, ++ = 25-49%, +++ = 50-74%, ++++ = 75-99%, +++++ = 100% growth].
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All plant extracts showed a statistically significant difference (P<0.05) 

between the percentage of bacterial growth at different concentrations 

(Table 9). In all plants, the extracts’ concentration of 6.25mg/mL showed 

almost no growth of all tested bacteria. As the crude extract concentrations 

reduced, more bacterial growth was observed.  

The percentage growth of the bacteria varied among the different 

concentrations of the tested plant extracts. However, the difference was 

statistically non-significant (Table 9). The three E. coli strains showed 

variable growth patterns in the presence of the plant crude extracts. E. coli-

1 was positively grown, although reduced compared to the average growth 

of the positive control, in all concentrations of C. citratus, while the highest 

growth was in the lowest concentration of H. rosa-sinensis and M. zapota 

(72.6% and 70.3%, respectively). E. coli-2, on the other hand, showed the 

least reduced growth in all concentrations of D. viscosa compared to the 

other plants. In contrast, the E. coli-3 strain grew in all plants except in 

concentrations of D. viscosa (6.25 and 3.13 mg/mL) and C. aurantifolia 

(6.25 mg/mL).  

Unlike the E. coli strains, E. faecalis showed reduced growth in the 

presence of all plant extracts. No growth of E. faecalis was detected in the 

presence of any of the concentrations of H. rosa-sinensis and C. 

aurantifolia, and it had a maximum growth of 76% in 0.78 mg/mL of C. 

citratus. Similarly, in Streptococcus spp., no growth was detected in all 

concentrations of C. aurantifolia, and a maximum growth was found in the 

presence of 0.78 mg/mL of C. citratus.  

The most reduced growth percentage was detected for P. putida. It did not 

show growth at any concentration of the three plants, H. rosa-sinensis, D. 

viscosa, and C. citratus, but the highest growth was at 0.78 mg/mL of C. 

citratus and O. europaea.  
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Both strains of A. veronii, on the other hand, did not exhibit any growth in 

any of the tested concentrations of C. aurantifolia but it showed 100% 

growth against 0.78 mg/mL of D. viscosa and C. citratus. However, the 

growth of A. veronii-1 strain isolated from the secondary treated water was 

more affected in the presence of H. rosa-sinensis and O. europaea 

compared to the second strain of this bacteria which was isolated from the 

discharging effluent. 

The growth of K. pneumoniae was similar to that of E. coli. It showed 

growth in almost all concentrations of all plants, except in 6.25 mg/mL and 

3.13 mg/mL of D. viscosa, and also in 6.25 mg/mL of M. zapota; it showed 

no growth.  

The broth microdilution test determined the MIC values (mg/mL) for each 

plant extract. As shown in Table 9, the lowest MIC was found mainly in C. 

aurantifolia (less than 0.78 mg/mL), which was effective against more than 

50% of the tested microbes. On the other hand, C. citratus had MIC mostly 

at 6.25 mg/mL or above for all bacteria except E. faecalis. Similarly, the 

MIC of M. zapota crude extract was 6.25 mg/mL or above for all of the 

bacteria except for the first strain of E. coli. Regarding the crude extract of 

D. viscosa, the MIC was 3.13 mg/mL for most bacteria and less than 

0.78mg/mL for P. putida and Streptococcus spp. H. rosa-sinensis, 

however, had a more comprehensive range of MIC (Table 10).  
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Table 10. The MIC determined the antibacterial activity of the plant's crude extracts 

against different bacterial species. 

Bacterial isolates 

MIC (mg/mL) 

H. rosa 

sinensis 

D. 

viscosa 

C. 

aurantifolia 

C. 

citratus 

O. 

europaea 

M. 

zapota 

E. coli-1 3.13 3.13 1.56 6.25 3.13 3.13 

E. coli-2 6.25 3.13 6.25 6.25 6.25 6.25 

E. coli-3 >6.25 3.13 > 6.25 6.25 > 6.25 > 6.25 

K. pneumoniae > 6.25 3.13 > 6.25 > 6.25 > 6.25 6.25 

A. veronii-1 1.56 3.13 <0.78 >6.25 1.56 >6.25 

A. veronii-2 3.13 3.13 < 0.78 > 6.25 6.25 6.25 

P. putida < 0.78 < 0.78 < 0.78 > 6.25 6.25 > 6.25 

E. faecalis < 0.78 3.13 < 0.78 1.56 3.13 6.25 

Streptococcus spp. 1.56 < 0.78 < 0.78 > 6.25 6.26 > 6.25 

 

4.1.4. Antimicrobial activity of nanoparticles 

Like the crude plant leaf extracts, nanoparticle suspensions were also tested 

as alternative antimicrobial agents against MDR bacteria. One metal 

nanoparticle (Ag NPs) and two metal oxide nanoparticles (TiO2 NPs and 

ZnO NPs) were mixed with the bacterial cultures, and OD625 determined 

the percentage growth through the broth microdilution method.  

The pairwise multiple comparison tests indicated a statistically significant 

difference between the TiO2 NPs and the other two tested NPs, Ag and 

ZnO (Table 11, Figure 8). 
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Figure 8: Post Hoc analysis of multiple comparisons of the tested nanoparticles for the 

mean bacterial growth at 95% CI. No overlapping of the error bars indicates statistical 

significance. 

 

Table 11. Multiple comparisons between the tested NPs in regard to bacterial growth. 

NPs Mean Difference P value* 95% Confidence Interval 

Ag 
TiO2 -36.37796 0.000 -53.6491, -19.1068 

ZnO -6.06560 1.000 -23.3367, 11.2055 

TiO2 
Ag 36.37796 0.000 19.1068, 53.6491 

ZnO 30.31237 0.000 13.0412, 47.5835 

ZnO 
Ag 6.06560 1.000 -11.2055, 23.3367 

TiO2 -30.31237 0.000 -47.5835, -13.0412 

*P values < 0.05 show statistical significance. 

 

The following table (Table 12) shows the percentage growth of the 

bacterial isolates in the presence of different concentrations of NPs. As 

done for the plants extracts, the growth % was displayed as following: - for 

no growth, + for 1-24%, ++ for 25-49%, +++ for 50-74%, ++++ for 75-

99%, and +++++ for 100% growth Overall, a statistically significant 

difference was found in the bacterial growth between the tested 
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concentrations of Ag NPs, while no statistical difference was found 

between TiO2 NPs and ZnO NP concentrations. At a concentration of 1.0 

mg/mL of Ag Nps, no bacterial growth was detected for any of the bacterial 

isolates. The maximum growth observed did not exceed 88.4% of K. 

pneumoniae at 0.125 mg/mL of Ag NPs.   For TiO2 NPs, the growth of 

almost all species of bacteria was detected in all concentrations, except E. 

faecalis and A. veronii-2, which showed no growth at 1.0 and 0.5 mg/mL 

concentrations. Regarding the bacterial growth in the presence of ZnO 

NPs, growth was detected in all concentrations for most bacterial species, 

such as E. coli-1, E.coli-2, E. faecalis, P. putida, and Streptococcus spp. E. 

coli-3 strain showed no growth in all concentrations except exhibited slight 

growth at 0.125 mg/mL (24.2%). A. veronii-2 showed no growth at 1 and 

0.5 mg/mL concentrations, unlike the other strain which showed reduced 

growth at all concentrations. K. pneumoniae displayed growth in all 

concentrations except in 1.0 mg/mL. 
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    Table 12. The growth percentage of the tested bacteria in the presence of different nanoparticles at different concentrations. 

Nanoparticles 

concentration 

(mg/mL) 

% growth 

E. coli-1 E.coli-2 E. coli-3 
K. 

pneumoniae 
P. putida A. veronii-1 A. veronii-2 E. faecalis 

Streptococcus 

spp. 
P value* 

Ag NPs 

1.0 - - - - - - - - - 

0.000 
0.5 + + ++ ++ + - - ++ - 

0.25 ++ ++ +++ +++ ++ + ++ +++ ++ 

0.125 +++ +++ ++++ ++++ +++ ++ +++ +++ +++ 

TiO2 NPs 

1.0 ++ ++ ++ ++ ++++ - - - ++++ 

0.668 
0.5 ++++ +++ ++++ ++++ +++++ + - - +++++ 

0.25 ++++ ++++ ++++ ++++ +++++ + ++ + +++++ 

0.125 ++++ ++++ ++++ +++++ +++++ ++ +++++ +++ +++++ 

ZnO NPs 

1.0 + + - - + + - + + 

0.100 
0.5 + ++ - + ++ ++ - ++ ++ 

0.25 + ++ - ++ ++ ++ + ++ +++ 

0.125 +++ ++ + +++ ++++ +++ ++ +++ +++ 

*P values <0.05 are statically significant. [- = 0%, + = 1-24%, ++ = 25-49%, +++ = 50-74%, ++++ = 75-99%, +++++ = 100% growth]. 
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The MIC determined for the tested NPs is illustrated in Table 13. The MIC 

of Ag NPs was 1.0 mg/mL for all bacteria except for A. veronii and 

Streptococcus spp., which was 0.5 mg /mL. For TiO2 NPs, the MIC was in 

a concentration higher than 1.0 mg/mL for all bacterial species except for 

E. coli-2, which was 1.0 mg/mL, and lower for E. faecalis and A. veronii-

2 (0.5 mg/mL). Similarly, the MIC of ZnO was also above 1.0 mg/mL for 

most of the bacteria. However, among all tested NPs, the lowest MIC was 

found for ZnO against the E. coli-3 strain (0.25 mg/mL). 

 

Table 13. The MIC of the NPs against the bacterial species. 

Bacterial species 
MIC (mg/mL) 

Ag TiO2 ZnO 

E. coli-1 1.0 > 1.0 > 1.0 

E. coli-2 1.0 1.0 > 1.0 

E. coli-3 1.0 > 1.0 0.25 

K. pneumoniae 1.0 > 1.0 1.0 

A. veronii-1 0.5 1.0 > 1.0 

A. veronii-2 0.5 0.5 0.5 

P. putida 1.0 > 1.0 > 1.0 

E. faecalis 1.0 0.5 > 1.0 

Streptococcus spp. 0.5 > 1.0 > 1.0 

 

 

4.1.5. MDR bacteria-specific phage detection 

In this study, bacteriophage was studied as an alternative method to combat 

antibiotic resistance. A bacteriophage was isolated from a raw sewage 

sample using E. coli (ATCC 11775) as a reference host. The phage titer 

was determined to be 4.6 x 107 plaques forming units (PFU)/mL of sample. 

The broth-clearing assay initially indicated the presence of phage after 

three hours of incubation by showing a reduction of the bacterial growth 

turbidity as the concentration of the phage lysate increased.  

After purification and amplifying its volume, the isolated phage was tested 

for host range determination among the wastewater MDR bacteria.       
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Table 14 shows positive results of a precise zone formation in the plate of 

only one E. coli strain.  

 

Table 14. The specificity test of phage for host range determination. 

Bacterial species Clear zone formation* 

E. coli-1 - 

E. coli-2 + 

E. coli-3 - 

K. pneumoniae - 

A. veronii-1 - 

A. veronii-2 - 

P. putida - 

E. faecalis - 

Streptococcus spp. - 

*+, clear zone formed; -, clear zone not formed 

 

 

4.2. Discussion of results 

Environmental contamination has made a significant contribution to the 

prevalence of antibiotic resistance. Antibiotic resistance can spread in the 

environment through different human activities and improper antibiotic 

use. Studies indicated the possibility of MDR bacterial and ARG transfer 

between humans, animals, and the environment (Manaia, 2017; Oliveira et 

al., 2017). With the rising need for severe action to find solutions to combat 

antibiotic resistance, many different antimicrobial agents, techniques, and 

methods have been investigated to replace or complement conventional 

antibiotics. In this study, crude extracts of a group of plants and 

nanoparticles were tested for their antibacterial activity against MDR 

bacteria isolated from wastewater. In addition, MDR bacteria-specific 

phages were screened from raw sewage as a third alternative to antibiotics.  

The first stage of this study involved screening and isolating MDR bacteria 

from wastewater. The results show that a diverse group of gram-positive 

and gram-negative bacteria were found in the screened wastewater (Tables 
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3 and 4). The secondary treated wastewater contained various groups of 

MDR bacteria. The E. coli-1 strain detected in the secondary treated water 

showed ESBL resistance biomarkers. This isolate showed resistance to 

many tested antibiotics, including β-lactams, cephalosporins, tetracyclines, 

fluoroquinolones, and sulfonamides, indicating its possibility of acquiring 

various resistance mechanisms. In a study, culture-based methods were 

used to analyze the occurrence of ESBL-producing E. coli in urban 

community wastewater, and a bacterial load of 7.5 x 105 CFU/mL was 

detected (Brechet et al., 2014). The study demonstrated the possibility of 

the contribution of the general community to the prevalence of E. coli in 

the environment (Brechet et al., 2014). Similarly, in another study, ESBL-

encoding genes were detected in different bacterial species, including E. 

coli, which were detected in wastewater effluents (Fadare & Okoh, 2021). 

In India, a study indicated that ESBL-producing MDR E. coli is present in 

livestock farm wastewater, hospital wastewater, and natural water sources 

(Satyaprakash et al., 2024). Hospital effluents can be a source of MDR 

bacteria and can spread through WWTPs to the environment (Lépesová et 

al., 2020). E. coli is a fecal coliform that commonly inhabits the human and 

animal gastrointestinal tract, and those ESBL-producing strains are of 

clinical importance because of the possibility that this class of β-lactamases 

to hydrolyze and resist most of the β-lactam antibiotics (Fadare & Okoh, 

2021); thus infections caused by these microbes are severe and challenging 

to be treated (Schmiege et al., 2021; Satyaprakash et al., 2024).  

In addition to the ESBL-producing E. coli, other MDR bacteria were also 

identified in the secondary treated water, such as A. veronii, and E. faecalis. 

The isolated A. veronii-1 strain showed resistance to different antibiotics, 

including some from the cephalosporins and carbapenems. Drk et al. 

(2023) found similar results in a study, as several Aeromonas species were 
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isolated from hospitals and treated municipal wastewater, including A. 

veronii. In another study, A. veronii strains and their ARGs were detected 

in wastewater effluents (Skwor et al., 2020). A. veronii is a rod-shaped 

Gram-negative bacterium that is usually found in aquatic environments, 

including seawater and sewage (Drk et al., 2023). Besides being a fish 

pathogen, it is also known to cause human infections, such as blood, skin, 

respiratory, and gastrointestinal infections (Liu et al., 2022; Drk et al., 

2023). MDR A. veronii can cause global concern due to its harm to human 

health and aquaculture (Gao et al., 2020; Wang et al., 2021; Liu et al., 

2022).   

The E. faecalis resisted different antibiotics, mainly those from the 

aminoglycosides class, second-, third-, and fifth-generation 

cephalosporins, fluoroquinolones, and sulfonamides. Despite being the 

only one with penicillin sensitivity, it was one of only two isolates carrying 

kanamycin resistance and one of only three isolates with tetracycline 

resistance. This indicates the diverse combination of different resistance 

mechanisms this bacterial isolate develops. Many studies indicated the 

presence of E. faecalis in municipal wastewater (Sanderson et al., 2020; 

Velazquez-Meza et al., 2024). In a study, E. faecalis strains were isolated 

from hospital wastewater and showed resistance to tetracycline 

(Alduhaidhawi et al., 2022). In another study, kanamycin- and tetracycline-

resistant E. faecalis strains were detected in different water sources, 

indicating the presence of fecal contamination (Motina & Rao, 2021). 

These Gram-positive bacteria live in the human and animal intestines, 

cause a range of urinary tract and bloodstream infections, and are 

considered one of the bacterial indicators of fecal contamination 

(Velazquez-Meza et al., 2024).  
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The tertiary treated water showed no viable bacterial growth and, thus, was 

undetectable by the conventional method. This might indicate the 

efficiency of the treatment process in eliminating the majority of the 

bacteria in the secondary treated water. In a study by Irfan et al. (2023), no 

bacterial growth was detected in hospital-treated wastewater; however, 

Enterobacter spp. and Pseudomonas spp. were isolated from municipal-

treated wastewater (Irfan et al., 2023). In another study, different bacteria 

and ARGs were also detected in the treated wastewater (Godinho et al., 

2024). The current study did not screen dead bacterial cells, ARGs, or 

mobile genetic elements. In addition, the growth conditions, such as the 

incubation temperature and time, can affect bacterial detection. Therefore, 

as the target was human pathogenic MDR bacteria, the incubation 

temperature was set at 37ºC for a maximum of 48 hours, while other 

environmental bacteria might prefer lower temperatures and longer time to 

show visible growth, thus, they were not detected. 

Despite no viable bacteria being found in the tertiary treated wastewater, a 

diverse group of bacteria was found in the effluents discharged to the sea 

and in seawater at an area 500 m away from the effluent discharging point. 

Two E. coli strains, K. pneumoniae and A. veronii-2 strain, were identified 

in the effluent before release to the sea. The E. coli-2 strain showed more 

antibiotic resistance than the other species. Interestingly, it was the only 

species that conferred resistance to chloramphenicol among all the tested 

isolates. The other E. coli-3 strain and K. pneumoniae showed similar 

antibiotic resistance patterns, except that E. coli-3 was additionally 

resistant to streptomycin. 

A recent study by Delgado-Blas et al. (2021) identified chloramphenicol-

resistant E. coli strains in wastewater (Delgado-Blas et al., 2021). 

Karungamye et al. (2023) found antibiotic-resistant E. coli and K. 
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pneumoniae strains; the latter was predominantly detected in hospital 

wastewater effluents (Karungamye et al., 2023). Contrary to this study, 

other studies found K. pneumoniae strains that showed resistance to 

cephalosporins (Rocha et al., 2022), carbapenems (Loudermilk et al., 

2022), and many other classes of antibiotics (Surleac et al., 2020). In 

contrast, in the current study, it was susceptible to most antibiotics.  

Moreover, antibiotic resistance in seawater that receives wastewater 

effluents, different antibiotic-resistant isolates were detected, and two were 

identified: Streptococcus spp. and P. putida. The Gram-positive microbe, 

a strain of the Streptococcus genus is spherical bacteria, which resisted 

several antibiotics, including kanamycin, lincosamide, cephalosporins, and 

β-lactams. The Streptococcus genus has diverse species; some are 

pathogenic, such as S. pneumonia and S. pyogens, and many are non-

pathogenic (Al-Fahham et al., 2023). In a study, S. pyogens was detected 

and quantified in wastewater samples (Shrestha et al., 2024). In a study by 

Gufe et al., MDR Streptococcus pyogenes was detected in wastewater 

effluents (Gufe et al., 2021). In another study, ARGs of Streptococcus suis 

were detected by culture-independent methods in municipal and hospital 

wastewater (Hutinel et al., 2022).  

This study observed that P. putida is resistant to aminoglycosides, 

macrolides, first- and second-generation cephalosporins, and azolidines. 

Although P. putida, like many other Pseudomonas species, can be used in 

bioremediation processes in soil and water (John & Rajan, 2022), it can 

also cause severe infections in human and aquatic organisms. This Gram-

negative bacillus was isolated from infected seabream fish (Aboyadak et 

al., 2024). In addition, Singh et al. (2021) reported a case of rapid severe 

sepsis due to infection of P. putida in the skin and soft tissues in humans. 

Therefore, MDR strains of P. putida could pose risks of nosocomial 
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infections, particularly in immunocompromised patients. In a recent study, 

P. putida was detected in all wastewater samples, with a group of ARGs 

identified in their genomes (Butiuc-Keul et al., 2021). Another study 

identified 51% of the tested isolates as P. putida in wastewater effluent 

samples (Govender et al., 2021).  

Several researchers studied other MDR bacterial strains in the marine 

environment close to the wastewater release points. Light et al. (2022) 

studied antibiotic resistance in the GCC countries by analyzing the 

seawater samples near the wastewater effluent discharge areas. In Bahrain, 

bacterial isolates from samples from Tubli Bay showed resistance to a 

range of different classes of antibiotics, including ampicillin, azithromycin, 

cefotaxime, ceftazidime, chloramphenicol, ciprofloxacin, nalidixic acid, 

sulfamethoxazole, tetracycline, tigecycline, and trimethoprim (Light et al., 

2022). In Saudi Arabia, antibiotic-resistant bacteria were screened in 

seawater from the Red Sea coast. They found high resistance to many 

antibiotics, mainly cefotaxime, chloramphenicol, and gentamycin, 

indicating a high prevalence of antibiotic resistance in marine water, which 

serves as a reservoir for these bacteria (Alsalmi & Altayb 2023). In Kuwait, 

MDR E. coli strains were detected in marine sediments, particularly from 

areas near outfalls of local hospitals or near wastewater effluent discharge 

points, suggesting an urgent need to combat the prevalence of antibiotic 

resistance in the marine environment (Al-Sarawi et al., 2022). In another 

study in Kuwait, antibiotic-resistant E. coli strains were detected in the 

marine environment by whole genome sequencing and determination of 

ARGs, indicating the possibility of HGT of these ARGs in the marine 

environment (Al-Sarawi et al., 2023).  

Based on the preceding discussion, it is evident that antibiotic resistance is 

highly prevalent, multifaceted, and requires significant action to address 
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the antibiotic resistance challenge. As a result, the second stage of the 

current study was to take an action and search for an effective solution.  

This study evaluated the antibacterial activities of three alternative 

methods to inhibit the growth of the MDR bacteria isolated from 

wastewater. The first method involved a group of six plants, including H. 

rosa sinensis, D. viscosa, C. aurantifolia, C. citratus, O. europaea, and M. 

zapota. The antibacterial activity of their crude ethanolic extracts was 

tested, and the mean percentage growth of the wastewater MDR-bacteria 

was determined. The findings showed that all examined plants had a 

significant antibacterial activity at various doses. H. rosa sinensis crude 

extracts completely inhibited P. putida and E. faecalis growth at 6.25 

mg/mL and less than 50% at their lowest tested concentration (0.78 

mg/mL). The growth of K. pneumoniae and E. coli, two species belonging 

to the Enterobacteriaceae family, was reduced at higher concentrations 

despite their growth at low concentrations. Similar results were found in 

other studies, for example, the antibacterial activity of H. rosa-sinensis 

against several Gram-positive and Gram-negative bacteria was 

investigated by Ruban and Gajalakshmi (2012). In another study, Abate 

and Belay used H. rosa-sinensis leaves aqueous crude extracts against E. 

coli and K. pneumoniae, which showed the highest antibacterial activity 

and the highest yield of leaf extracts compared to bark and flower crude 

extracts (Abate & Belay, 2022). Nevertheless, a recent study indicated that 

ethanolic crude extracts express higher antibacterial activity than aqueous 

extracts (Udo et al., 2016). A recent study assessed the antimicrobial 

activity of H. rosa sinensis leaf extracts against MDR bacteria, including 

E. coli and K. pneumoniae, which was significant. The leaf extracts' 

phytochemical screening indicated several bioactive compounds, such as 

alkaloids, terpenoids, and flavonoids, contributing to the plant's 
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antimicrobial activity. However, these bioactive compounds were 

determined when methanol, benzene, and acetone were used as solvents 

for extraction (Neha, 2023). Another study indicated the potential 

antibacterial effect of H. rosa-sinensis leaf extracts against P. putida (Babu 

et al., 2020). Moreover, in another study, Farasayu et al. (2021) examined 

the antibacterial effect of ethanolic extracts of H. rosa-sinensis plant’s 

flower against Streptococcus spp. They indicated a significant difference 

in the different concentrations of the extracts in the growth inhibition of 

the microbe (Farasayu et al., 2021). Moreover, the antibacterial activity of 

H. rosa-sinensis crude extracts was determined against other pathogenic 

Aeromonas species (A. hydrophila), in which 50% concentration was 

found to be the most effective (Paul et al., 2016). 

 The MIC of D. viscosa for all the E. coli strains and K. pneumoniae was 

1.56 mg/mL. This plant’s extracts are considered one of the two most 

powerful plant-source antibacterial agents against the tested bacteria in this 

study, suggesting the presence of bioactive compounds with antibacterial 

activity against various bacteria. None of the tested microbes grew at a 3.13 

mg/mL concentration of D. viscosa leaf extracts. In a study by Priya et al. 

(2021), crude ethanol extracts of D. viscosa were tested against a range of 

human pathogenic bacteria. Streptococcus species showed significant 

inhibition of growth and reduced growth of other bacteria, including E. coli 

and K. pneumoniae (Priya et al., 2021). The main constituents of the 

ethanol crude extracts of D. viscosa leaves included alkaloids, flavonoids, 

terpenoids, glycosides, steroids, phenol, and tannin, which play a role in 

microbial growth inhibition and biofilm formation (Priya et al., 2021). In 

another study, D. viscosa leaf extracts were used in combination with other 

plant extracts and showed antibacterial activity against a range of bacteria, 

including E. coli and K. pneumoniae, at MIC of 16 and 8 mg/mL 



 

83 

 

respectively (Kadim & AL-Azawi, 2021), which were much higher than 

that of the current study (3.13 mg/mL). This evergreen plant’s leaves have 

been traditionally used to treat different diseases (Alghamdi et al., 2022). 

Alghamdi et al. (2022) analyzed the ethanolic leaf extracts by gas 

chromatography-mass spectroscopy and found a wide range of 

antimicrobial compounds (Alghamdi et al., 2022). However, they found 

that the methanol and chloroform extracts had higher antimicrobial activity 

(Alghamdi et al., 2022).  

Importantly, the C. aurantifulia leaf extracts exhibited significant 

antibacterial activity. Four of the tested MDR-bacterial isolates, which are 

P. putida, A. veronii, E. faecalis, and Streptococcus sp., showed complete 

inhibition at all tested concentrations. The other bacteria from the 

Enterobacteriaceae family, including E. coli strains and K. pneumoniae, 

showed reduced growth at 0.78 mg/mL, not exceeding 38% of the normal 

growth. This indicated that the bioactive compounds of C. aurantifulia 

leaves, even at a small concentration, possess a strong antibacterial effect 

against many bacteria. Among all tested plants, the lowest MIC against 

ESBL-producing E. coli was C. aurantifulia (1.56 mg/mL). Several studies 

investigated the antimicrobial activity of different Citrus species extracts 

on a diverse group of pathogenic bacteria. Similar to the present study, C. 

aurantifolia leaf extracts were tested against E. coli, indicating a significant 

inhibition of their growth (Pohan & Djojosaputro, 2021). In addition, C. 

aurantifolia peel ethanolic extracts at concentrations ranged from 6.25 to 

75% (w/v) positively inhibited the growth and biofilm formation of E. 

faecalis (Soraya et al., 2020). These concentrations were less than those 

were tested in the current study, which also indicated a MIC below 0.78 

mg/mL, showing the similarity of the antimicrobial activity of the peel 

extracts and leaf extracts against E. faecalis. 
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Moreover, the essential oil of C. aurantifolia had vigorous antibacterial 

activity against Streptococcus spp. at a MIC of 20 µg/mL (Lemes et al., 

2018) and against P. putida at MIC of 0.12 µg/mL (Pandey et al., 2012), 

which also agreed with the present study that indicated MIC at lower than 

0.78 mg/mL. The leaf extract of C. aurantifolia was also tested against 

another species of Klebsiella and showed a similar antimicrobial effect at 

all tested concentrations from 40% to 100% (Zuraidah et al., 2023). The 

main active compounds found in the leaf extracts of this plant included 

alkaloids, saponins, and steroids (Zuraidah et al., 2023). Such phenolic 

compounds can penetrate the plasma membrane and cause cell damage by 

facilitating ion entry to the cell, thus causing ion imbalance and 

intracellular disruption (Soraya et al., 2020). On the other hand, crude 

extracts from other Citrus species positively affected the growth of 

different pathogenic bacteria (Budiarto et al., 2021; Budiarti et al., 2021; 

Nendissa & Nendissa, 2021). In a study, different concentrations, from 

6.25% to 50% of methanol extracts of Citrus sp. were applied to two 

Aeromonas spp. isolated from fish samples and showed effectiveness 

against both isolates, indicating a similar effect as found against A. veronii 

in the current study (Lubis et al., 2023).  

The antimicrobial activity of the aromatic perennial grass C. citratus has 

been widely studied against various bacteria (Aćimović et al., 2019). In the 

present study, crude extracts of C. citratus showed a variable effect on 

bacterial growth. On the one hand, K. pneumoniae, P. putida, A. veronii, 

and Streptococcus spp. showed almost average growth at 0.78 mg/mL 

concentration, indicating a lower antibacterial effect than the other plants 

at the same concentration. On the other hand, no growth was found at 6.25 

mg/mL concentration of two E. coli strains and E. faecalis. Compared to 

the other tested plants, the MIC of C. citratus was the highest for almost 
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all tested bacteria. The variability of the antibacterial effect might be due 

to the extraction method; the bioactive compounds with higher 

antibacterial activity might not dissolved and extracted adequately by 

ethanol. In a similar method to this study, Ntulume et al. (2019) used 

ethanol as a solvent to obtain crude extracts from C. citratus leaves. The 

crude extracts showed antibacterial activity against Streptococcus sp. at 

MIC of 15.63 mg/mL (Ntulume et al., 2019), consistent with the current 

study, which showed MIC of > 6.26 mg/mL. In another study, Sakirigui et 

al. compared the antimicrobial activity of volatile extracts and non-volatile 

extracts of C. citratus (Sakirigui et al., 2019). The volatile extracts, the 

plant's essential oil, contained phytochemical compounds, which were not 

present in the non-volatile extracts from the powdered leaves. Notably, the 

antimicrobial activity of the volatile extracts was higher than that of the 

non-volatile ones for some microbes, particularly against E. faecalis and S. 

oralis. At the same time, the contrary was found against other microbes; 

the non-volatile extracts were more effective (Sakirigui et al., 2019). This 

indicates the participation of different compounds to develop the 

antimicrobial activity of a plant (Jantrapanukorn et al., 2017). Several 

studies evaluated the antimicrobial activity of C. citratus using its essential 

oil by applying different extraction methods or a different extraction 

solvent. Several studies have indicated effective inhibition of the growth 

of different bacteria, such as Streptococcus spp. (Almeida et al., 2013; 

Camilla et al., 2016; Toukourou et al., 2019), E. coli (Chouhan et al., 2017; 

Shendurse et al., 2021), and Aeromonas spp. (Starliper et al., 2015), E. 

faecalis and K. pneumoniae (Subramaniam et al., 2020). The 

phytochemical compounds from the secondary metabolites, such as 

tannins, alkaloids, and flavonoids, could play a role in the antibacterial 

effect of C. citratus (Nyamath & Karthikeyan, 2018).  



 

86 

 

The crude ethanolic extracts of O. europaea leaves showed significant 

antibacterial activity. All Gram-negative bacteria showed similar growth 

inhibition patterns, with no growth at the highest tested concentration and 

reduced growth up to 70% at the lowest tested concentration. In exception, 

the lowest concentration (0.78 mg/mL) did not affect E. coli-3 strain and 

K. pneumoniae. The Gram-positive bacteria also had a similar growth 

pattern: no growth at 3.13 mg/mL and above and reduced growth at the 

lowest concentration tested in the study. The antimicrobial activity of O. 

europaea leaf extracts was addressed by several studies against different 

bacteria: E. coli strains, E. faecalis, K. pneumoniae (Elnahas et al., 2021), 

Streptococcus spp. (Karygianni et al., 2019), and P. putida (Testa et al., 

2019). Some studies indicated the same MIC (6.25 mg/mL against 

Streptococcus spp.) as the current study (Karygianni et al., 2019), some at 

higher MIC (12.5 mg/mL against E. coli and E. faecalis) (Karygianni et al., 

2019) and some at lower concentrations (Elnahas et al., 2021). The leaves 

of O. europaea are an excellent source of different polyphenolic bioactive 

compounds of the same quantity and quality as those found in olive oil. 

Such compounds include oleuropein, verbascoside, rutin, tyrosol, and 

hydroxytyrosol (Sánchez-Gutiérrez et al., 2021). The antimicrobial activity 

lies in such bioactive compounds against the different MDR bacteria. The 

Oleaceae family is characterized by the presence of phenolic compounds, 

such as secoiridoids, oleuropein, demethyloleuropin, and lisuride, which 

accumulate in the leaves and fruits of this plant and are attributed to its 

antimicrobial activity (Khan et al., 2020). 

Extracts from M. zapota evergreen tree leaves showed potential 

antibacterial activity at different concentrations. It completely inhibited the 

growth of two E. coli strains, K. pneumoniae, A. veronii, and E. faecalis, 

at a concentration of 6.25 mg/mL. At lower concentrations, all the bacteria 
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showed growth; however, it was reduced compared to average bacterial 

growth. Islam et al. (2013) determined the antibacterial activity of M. 

zapota leaves against E. coli and Streptococcus spp. and screened for the 

phytochemical content, which showed the presence of alkaloids, 

flavonoids, saponins, and tannins (Islam et al., 2013). In another study, 

methanol extracts of the leaves showed antibacterial activity against E. coli 

and K. pneumoniae, at MICs of 0.5 and 1.0 mg/mL (Ngongang et al., 

2020), which were lower than those found in the present study. Usually, 

plant metabolites such as terpenoids and tannins are mainly responsible for 

the antibacterial activity against the microbes (Shahraki et al., 2023). 

Tannins are involved in the inhibition of oxidative phosphorylation, thus 

damage of the metabolic reactions, and growth inhibition (Shahraki et al., 

2023). In addition, polyphenols also can be involved in the depolarization 

of the cell membrane, DNA and RNA inhibition, and disruption of 

synthesis of other macromolecules, leading to the antimicrobial effect 

(Shahraki et al., 2023). 

The second alternative strategy to antibiotic resistance investigated in this 

study was using nanoparticles. A range of concentrations of three different 

NPs, including Ag NPs, TiO2 NPs, and ZnO NPs, were examined for their 

antibacterial activity against the MDR bacteria isolated from wastewater. 

Overall, the highest effect was detected for the Ag NPs, followed by ZnO 

and then the TiO2, which was statistically different from the other two NPs, 

indicating the difference in its effect on bacterial growth. Except for A. 

veronii and E. faecalis, which did not grow at concentrations of 0.5 mg/mL 

and above, all of the isolated bacteria had, although reduced, growth in the 

presence of TiO2 NPs at all tested concentrations. In a study using green 

synthesized TiO2 NPs, significant antimicrobial activity was exhibited 

against a group of bacteria, including E. coli, K. pneumoniae, E. faecalis, 
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and Streptococcus spp. (Subhapriya & Gomathipriya, 2018). In another 

study, green synthesized TiO2 NPs showed efficient antibacterial activity 

against E. faecalis and S. mutans, suggesting that these NPs can increase 

cell permeability by causing tiny pores in the cell walls of the bacterial cells 

(Shamly & Jayalakshmi, 2022). Although no complete inhibition was 

observed in the current study, E. coli and K. pneumoniae showed reduced 

growth at higher concentrations of TiO2 NPs. However, P. putida and 

Streptococcus spp. had higher growth percentages, generally at 

concentrations lower than 1.0 mg/mL. In a study, collagen 

nanocomposites, including TiO2, showed variable activity against P. 

putida, as some loading levels showed no activity (Staneva et al., 2020). In 

another study, the MIC of TiO2 NPs against E. coli was found at 1.0 

mg/mL, completely inhibiting growth (Khashan et al., 2021). However, 

this concentration had the best antibacterial activity among all the tested 

organisms (Khashan et al., 2021). At the same time, in the current study, 

lower MICs were determined for E. faecalis and A. veronii-2 at 0.5 mg/mL. 

The TiO2 MIC for E. coli and K. pneumoniae were found to be above 1.0 

mg/mL. This finding was consistent with another study, which found the 

MIC for E. coli and K. pneumoniae at 1.489 and 1.166 mg/mL, respectively 

(Shawkat & Chehri, 2021). Jafari & Moslemzadeh (2024) suggested that 

TiO2 NPs can inactivate bacterial cell proteins by targeting the –SH groups 

of the proteins (Jafari & Moslemzadeh, 2024). In addition, it can cause 

structural damage to the cell wall and plasma membrane and cell death, 

which is dependent on the size of the NPs (Jafari & Moslemzadeh, 2024). 

The antibacterial activity of TiO2 NPs can be affected by the 

physiochemical factors of the NPs, which are linked to the shape, size, and 

crystalline structure of the NPs (Khashan et al., 2021).  
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All the bacteria exhibited a decrease in growth when ZnO NPs were present 

at the various tested concentrations. Interestingly, the third strain of E. coli 

showed no growth even at 0.25 mg/mL concentration, the lowest MIC 

reported among all the tested NPs. The antimicrobial activity of ZnO NPs 

against different bacteria was reported in several studies. Mwafy et al. 

(2023) demonstrated the MIC of ZnO NPs against MDR E. coli at 31.3 

µg/mL. In another study, Hassan et al. (2020) found the MIC against E. 

coli at 50 µg/mL, while Rasha et al. (2021) determined the MIC at 0.7 

mg/mL against K. pneumoniae (Rasha et al., 2021), which was almost 

consistent with the current study. In different studies, the antimicrobial 

activity was assessed against different Streptococcus species (Lianga et al., 

2020; Barma et al., 2021; Fadl et al., 2021), A. veronii (Das et al., 2020), 

and against E. faecalis (Djearamane et al., 2022) as well. Kim et al. (2020) 

suggested that the negatively charged bacterial cell wall components attract 

the positively charged Zn ions, leading to oxidative stress that affects cell 

integrity (Kim et al., 2020). Ouyang et al. (2020) indicated the role of ZnO 

NP concentration in the biofilm formation of P. putida, as at higher 

concentrations, it showed an inhibitory effect, but at low concentrations, it 

enhanced biofilm formation and cell growth (Ouyang et al., 2020). The 

ZnO mechanisms of antibacterial activity can be due to the cytotoxic 

amounts of Zn ions and the production of ROS (Ouyang et al., 2020). 

Furthermore, smaller NPs can easily penetrate the cell and intracellularly 

release Zn ions that can interact with different metabolic activities, causing 

toxicity (Demissie et al., 2020). 

Compared to the TiO2 NPs and ZnO, Ag NPs showed higher antibacterial 

activity against the tested MDR bacteria. Ag NPs are well known for their 

efficient antimicrobial activity. In this study, all tested bacteria had no 

growth in the presence of 1.0 mg/mL of Ag NPs, and growth was reduced 
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even at the lowest tested concentration. The MIC for all microbes was 1.0 

mg/mL, except for A. veronii and Streptococcus spp., which was 0.5 mg 

/mL. A study reported the antibacterial effect of Ag NPs against two 

Aeromonas species (El-Shamy et al., 2023). Moreover, a study revealed 

that green synthesized Ag NPs showed complete inhibition of E. coli and 

K. pneumoniae at MICs (7.8 and 3.9 µg/mL, respectively) (Loo et al., 

2018), which are lower than the present study. In addition, biosynthesized 

Ag NPs showed effective antimicrobial activity against Streptococcus spp. 

(Enan et al., 2021; Saliminasab et al., 2022). Acharya et al. (2021) found 

that spherical-shaped Ag NPs had faster and more efficient activity against 

K. pneumoniae compared to other shapes of NPs, suggesting that the shape 

of the NPs can have different antimicrobial effects (Acharya et al., 2021). 

The antibacterial activity of Ag NPs depends on their morphology, the total 

surface area, and the amount of Ag ions they release (Cheon et al., 2019). 

Pareek et al. (2021) found that the antibacterial activity of AgNPs against 

MDR-K. pneumoniae was due to its triclosan-like action and oxidative 

stress that led to its antibacterial activity (Pareek et al., 2021). Triclosan is 

a biocide that causes damage to the cell membrane and allows cell contents 

to leak out of the cell (Carey & McNamara, 2015). Similarly, Sarkar et al. 

(2019) suggested that the inhibitory effect of Ag NPs against P. putida 

might be due to the attachment of Ag ions released from the NPs to some 

proteins in the bacterial cell wall, resulting in their denaturation and death 

of the cell (Sarkar et al., 2019).  

The third alternative method to combat antibiotic resistance was the use of 

bacteriophages. In phage therapy, bacteriophages are used to treat bacterial 

infections. Due to its efficient antibacterial effect, phage therapy can be a 

promising technique to replace or complement antibiotics to fight 

antibiotic resistance (Brives & Pourraz, 2020). In this study, MDR-
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bacteria-specific phages were screened in the raw sewage, and their 

specificity and host range were determined. As shown in the results, one 

phage was successfully isolated and purified, indicating that sewage water 

can be a good source of bacteriophages that attack MDR bacteria. The 

reference host used was E. coli. The phage’s titer was 4.6 x 107 PFU/mL, 

lower than that found in a previous study by Janahi et al. (2020), which 

was 3.2 x 1010 PFU/mL (Janahi et al., 2020). It might be due to seasonal 

changes at sampling time, as this study was conducted in cold weather. In 

summer, it is expected to get more bacteria and their corresponding phages 

(Janahi et al., 2020). The phage specificity test indicated that the isolated 

phage had a very narrow host range, as it was specific to only one strain of 

E. coli (E. coli-2), which was isolated from the discharging effluent. This 

indicates that the receptor the phage recognizes is specific to this strain, 

which the other strains do not express (Kortright et al., 2019). Studies used 

a similar method, using E. coli as a reference host, and, however, found 

phages that infect other strains and even other species. In a study, three 

phages were isolated from water samples and tested against a group of 

clinical isolates of E. coli strains and some other bacteria (Vera-Mansilla 

et al., 2020). One of the phages had a narrower host range, infecting only 

two strains, while the other two phages had a broader host range, though 

they were host-specific, not infecting other bacterial species (Vera-

Mansilla et al., 2020). In another study, an E. coli was used as indicator 

strain to isolate phages from sewage water and specifically infected up to 

12 E. coli strains; some were MDR (Fu et al., 2021). Kim et al. (2021) 

found a polyvalent phage using E. coli O157:H7 as an indicator strain, 

which was able to infect some E. coli strains, in addition to Salmonella and 

Shigella strains, suggesting it is an efficient biocontrol agent against food-

borne pathogenic bacteria.  



 

92 

 

The isolated phage was unspecific in infecting the other MDR bacteria 

involved in this study. Therefore, other phage strains would be screened 

against those MDR-bacteria, using them as the reference bacteria during 

the phage enrichment step. Several studies used this protocol to isolate 

phages that are specific to the tested bacterial strains (Fanaei et al., 2021), 

including Streptococcus species (Chepchumba et al., 2024), E. faecalis 

(Mahgoub et al., 2020; El-Telbany et al., 2021), A. veronii (Elwafai et al., 

2020), and K. pneumoniae (Peng et al., 2020; Gorodnichev et al., 2021; 

Balcão et al., 2022; Liang et al., 2022), suggesting a promising therapeutic 

tool for antibiotic resistance.  

Overall, this study concludes that antibiotic resistance is prevalent in the 

environment through wastewater. The MDR involved a diverse group of 

gram-positive and gram-negative bacteria that show a wide range of 

antibiotic resistance patterns, suggesting the acquirement of several 

resistance mechanisms. This could be a threat to public health, the 

economy, and to the environment. The plant's crude extracts showed 

significant antibacterial activity. The plant-derived compounds are active 

against a wide range of harmful bacteria, indicating a diverse mechanism 

of action to inhibit their growth. The antimicrobial activity of the plants is 

mainly due to their bioactive compound constituents, which show varied 

degrees of antibacterial activity. Similarly, nanoparticles showed excellent 

antibacterial activity at different concentrations. Finally, the phage isolated 

from the municipal sewage showed a very narrow host range, infecting 

only one strain of MDR-E. coli. In addition to using conventional 

antibiotics, the potent combination of plants, nanoparticles, and phages is 

fighting antibiotic resistance. These strategies have the potential to 

completely transform our strategy, forging a strong barrier that defeats 



 

93 

 

resistant microorganisms and ushering in a new era of medical 

advancements. 

4.3. Study’s recommendations 

The present study has a group of strengths and limitations. The study 

focused on using MDR bacteria isolated from the wastewater as an 

essential constituent of the environment. It showed the spread of antibiotic 

resistance in the environment rather than just finding it among the clinical 

cases. The environmental MDR bacteria face different parameters that 

allow them to develop mechanisms to survive. Therefore, these bacteria 

would also respond differently to the alternative methods that inhibit their 

growth, such as plants and nanoparticles, adding to the literature that 

already shows investigations of the effect of these alternative methods on 

the clinical isolates. However, the study has some limitations. Due to the 

time and resource limitations, only ten MDR isolates were identified. 

Identifying all isolates would give an idea about the most prevalent 

bacterial species available in the environment. In addition, the disc 

diffusion and agar well diffusion methods were not followed to test the 

antimicrobial activity of plant extracts and nanoparticles in this study. The 

inhibition zones were not well-formed because some plant extracts or 

nanoparticles were trapped in the discs or wells and did not diffuse in the 

agar media; thus, they did not give a clear idea about the qualitative 

determination of these agents’ antimicrobial activity. However, the 

microdilution method and the calculation of percentage growth provided 

an excellent quantitative way to detect these agents' antimicrobial activity 

precisely. Nonetheless, in the microdilution method, higher concentrations 

of plant extracts and nanoparticles than those studied were challenging to 

investigate due to their higher color intensity, which was challenging to 



 

94 

 

measure by the microplate reader. Therefore, the following points are 

recommended to be involved in the future work: 

- Widening the screening process and including as many isolates as 

possible to be identified and tested for antibiotic resistance will give 

a clear overview of the available MDR strains in the environment.  

- The involvement of more areas away from the wastewater discharge 

point to determine the extent of the spread of antibiotic resistance in 

the environment. 

- The detection of ARGs in the effluents and seawater close to the 

wastewater discharge area is done by culture-independent methods 

because the current method only detects viable cells. Dead cells and 

mobile gene elements could also be present in the area. 

- Fractionation of the crude extracts using a range of solvents. This 

would allow obtaining a wide range of plant-derived bioactive 

compounds.  

- Identification of these bioactive compounds and analyzing the type 

of their interactions with the bacterial cell compartments would 

allow a better understanding of the mechanisms of their action.  

- A more comprehensive range of nanoparticles can be tested for their 

antimicrobial activity. In addition, combining these agents or the 

antibiotics would show better antibacterial activity. 

- Isolation of a broader range of phages that infect MDR-bacteria and 

study of their characteristics to prepare cocktails that specifically 

treat a group of selected bacteria.  
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Appendix 1. XRD analysis of the nanoparticles involved in the study. 
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Sample: TiO2
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Sample: ZnO 
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Appendix 2. The CLSI guideline for the inhibition zone diameter 

interpretive standard breakpoints for determination of bacterial sensitivity 

and resistance to antibiotics. 

 

Name of antibiotics (dose) Sensitive Intermediate Resistant 

Kanamycin (30 µg/disk) ≥18 14−17 ≤13 

Streptomycin (10 µg/disk) ≥15 12−14 ≤11 

Erythromycin (15 µg/disk) ≥23 14−22 ≤13 

Tetracycline (30 µg/disk) ≥15 12−14 ≤11 

Chloramphenicol (30 µg/disk) ≥18 13−17 ≤12 

Novobiocin ≥16 12-15 ≤11 

Enterococcus spp. 

Tetracycline (30 µg/disk) ≥19 15-18 ≤14 

Penicillin ≥15 - ≤14 

Streptococcus spp. 

Erythromycin (15 µg/disk) ≥21 19-22 ≤18 

Tetracycline (30 µg/disk) ≥23 19-22 ≤15 

Chloramphenicol (30 µg/disk) ≥21 16-20 ≤15 

Penicillin ≥24 - - 
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Appendix 3. The bacterial identification and antibiotic susceptibility tests 

by BD Phoenix system. 
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 الملخص

تعتبر مقاومة المضادات الحيوية مشكلة صحية بارزة ومستمرة بالارتفاع بسبب سوء استخدام المضادات الحيوية 

متعددة. لذلك، توجد  المضادات  لإلى ظهور مجموعة متنوعة من البكتيريا المقاومة لفي مختلف القطاعات مما يؤدي  

حاجة ملحة لاقتراح استراتيجيات بديلة لمكافحة انتشار المشكلة. هذه الأساليب غير التقليدية تتضمن طرقا مبتكرة،  

آمنة، فعالة وصديقة للبيئة. في هذه الدراسة تم اختبار ثلاث من هذه الطرق لمكافحة البكتيريا المقاومة للمضادات 

. هذه الطرق تضمنت مستخلصات النباتات، الجسيمات النانوية المعالجة  مياه الصرف  الحيوية والتي تم عزلها من

 والفيروسات العاثية. 

البحر  مياه  من  وكذلك  المعالجة،  من  مختلفة  مراحل  في  الصرف  مياه  من  البكتيريا  عزل  الإجراءات  تضمنت 

الحيوية، وبعد اختيار  المضادات  البكتيريا لمجموعة من  المعالجة. تم اختبار تحسس  المختلطة مع مياه الصرف 

المقاومة منها لمضادات متعددة، تم التعرف على نوعها واختبار حساسيتها لمجموعة أكبر من المضادات الحيوية. 

النباتات وكذلك ثلاثة من الجسيمات النانوية ضد نمو هذه البكتيريا.    عالية مستخلصات أوراقبعد ذلك تم اختبار ف

،  (Dodonia viscosa)الدودونيا  ، (Hibiscus rosa-sinensis)النباتات المستخدمة شملت نبات الهايبسكس

الليمون الأخضر (Cymbopogon citratus)عشبة  الليمون   ،(Citrus aurantifolia)  الزيتون  ،           

(Olea europaea)   بوديلاوالسا(Manilkara zapota)  ،بينما تضمنت الجسيمات النانوية جسيمات الفضة ،

وثاني أكسيد التيتانيوم وأكسيد الزنك. بالإضافة الى ذلك، تم عزل نوع من العاثيات متخصص لمهاجمة تلك البكتيريا  

 المقاومة من مياه الصرف الصحي الغير معالجة.

ت أنماط مقاومة  وبين % من البكتيريا المعزولة لثلاثة مضادات حيوية أو أكثر،  73ت نتائج الدراسة مقاومة  أظهر

البكتيري هذه  من  مختلفة.  سلالات  ثلاث  شملت  كولايا  نيمونيا،   (Escherichia coli)اشيريشيا   كلبسيلا 

(Klebsiella pneumoniae)فيكالس انتيروكوكس   ،(Enterococcus faecalis)   ستربتوكوكس  ،

(Streptococcus spp.) س  فيروني  ايروموناسو(Pseudomonas putida) بيوتيدا    يدوموناس، 

(Aeromonas veronii).   كما وجد أن مستخلصات أوراق النباتات لها فعالية كبيرة ضد جميع سلالات البكتيريا

يمون الأخضر ملجم/مل. أيضا، وجد أن مستخلص أوراق الل   0.78إلى    6.26بالحد الأدنى للتركيز الذي تراوح من  

. بالإضافة وناس فيرونيوالايروم  ، الانتيروكوكس فيكالس، الستربتوكوكسبيوتيدا  يدوموناسقام بإيقاف نمو الس

ت من  تراكيزها  بجميع  الهايبسكس  أوراق  مستخلصات  تمكنت  بيوتيدا لذلك،  سيدوموناس  من  كل  نمو  ثبيط 

 بشكل كامل.  انتيروكوكس فيكالسو

.  بكتيريامن ال  مختلفةأنواع  إلى جانب ذلك، أظهرت الجسيمات النانوية بتراكيز مختلفة قدرة عالية على تثبيط نمو  

الفضة من تثبيط نمو جميع   ملجم/مل. علاوة على ذلك، تبين أن نمو    1البكتيريا بتركيز  أنواع  تمكنت جسيمات 

بفروق ذات دلالة إحصائية في التأثير على نمو  البكتيريا بوجود تراكيز مختلفة من جسيمات الفضة النانوية يتباين  

 البكتيريا. 

دة من سلالات الاشيريشا  قادرة على مهاجمة واح  العاثية  الفيروسات  من  واحدة  سلالةتم في هذه الدراسة أيضا عزل  

 ذه السلالة البكتيرية. له محدد مضيفها نطاق أن إلى يشير مماالمقاومة لمضادات حيوية متعددة،  كولاي



 

 

 

متعددة.   لمضادات حيوية  المقاومة  البكتيريا  من  متنوعة  الصرف وجود مجموعة  مياه  أظهر فحص  الختام،  في 

مستخلصات أوراق النباتات، والجسيمات النانوية والفيروسات العاثية فاعلية كبيرة للحد    أظهرتإضافة إلى ذلك،  

  البكتيريا  مكافحة  في  واعدة  تعد  الحيوية  للمضادات  محلية  بدائل  وهيمن نمو البكتيريا المقاومة للمضادات الحيوية،  

  .الحيوية للمضادات المقاومة
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