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Abstract 

Antibiotic resistance (AR) is a growing public health threat worldwide, and the aquatic 

environment is recognized as a reservoir and a vehicle for the transmission of antibiotic 

resistance bacteria (ARB) and antibiotic resistance genes (AGRs). Treated effluent from 

wastewater treatment plants (WWTPs) is often discharged into aquatic environment, 

where it can come into contact with natural microbial communities and promote the 

dissemination of AR. It has been well recognized that antibiotics could stimulate the 

dissemination of AR through horizontal gene transfer (HGT). However, the pathways of 

acquisition and transmission of ARB and ARGs in wastewater treatment processes and 

their dissemination in aquatic environments, including rivers, remain poorly understood. 

The aim of this thesis was to conduct a three-part experiment to investigate the prevalence 

of AR E. coli under aerobic conditions, residual ESBL-resistant E. coli/coliforms during 

treatment and then flow into the receiving river, and the potential spread of ESBL-

producing E. coli from the effluent transfer AR to STEC bacteria in the river. The 

surviving AR E. coli predominantly included MRD and ESBL-producing E. coli strains 

of phylogroup B2. Throughout the treatment process, the numbers of E. coli and coliforms 

were significantly reduced, while ESBL-producing E. coli and coliforms were detected 

in each treatment process (even after chlorination). In addition, ESBL-E. coli that persists 

in effluent from WWTPs, can potentially disseminate resistance to STEC bacteria in 

rivers, even at low concentrations. The results confirm that WWTPs serve as reservoirs 

of ARB and ARGs and pose a potential risk to human. Further research is needed to 

identify the specific mechanisms underlying the spread of ARB and ARGs in the 

environment and to develop targeted interventions to prevent the transmission of AR and 

safeguard public health. 

 

Keywords 

Water environment; Escherichia coli (E. coli); coliforms; extended-spectrum β-
lactamases (ESBLs); antimicrobial resistance (AMR); antibiotic resistance (AR); 
antibiotic resistance genes (ARGs); horizontal gene transfer (HGT); conjugation.  
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Chapter 1. Introduction  

1.1 Background 

1.1.1 Occurrence and issues of antibiotic resistance 

Human beings have been plagued by a variety of diseases over the course of history, 

whether it was malaria caused by hunting, influenza caused by animal breeding, or even 

cholera caused by trade after the Great Voyage. Infectious diseases have accompanied the 

development of mankind from the pre-historic period to modern society, and they have 

accounted for a large proportion of the illnesses of mankind. The discovery and 

introduction of antimicrobial agents in the last century has made a tremendous influence 

on the human health. With the discovery of penicillin, the establishment of serotherapy 

and many other treatments for infectious diseases, the number of deaths from infectious 

diseases has decreased globally. 

Antimicrobial agents cover a wide range of pharmaceutical products (antibiotics, 

antivirals, antifungals, antimalarials) which are used against bacterial, viral, fungal and 

parasitic infections 1, 2. Antimicrobial resistance (AMR) refers to the acquisition of 

Figure 1.1 The total deaths projected by 2050 attributable to antimicrobial resistance 
(AMR) every year compared to other major causes of death 4. 
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resistance by previously susceptible microorganisms through various routes, which may 

lead to the failure of antimicrobials to be effective as time goes on, causing infections to 

be more difficult to treat and increasing the risk of disease spread 3. The emergence and 

spread of AMR pose a serious threat to animal and human health, as antimicrobial 

resistant bacteria cause around 700,000 deaths worldwide annually, and it is estimated 

that up to 10 million people will probably die from AMR each year by 2050 (Figure 1.1) 
4. While the large number of antibiotics in clinical, veterinary and agricultural areas 

relevant to human livelihoods have accumulated overloads of antibiotic pressure on 

bacteria, resulting in an increased occurrence of antibiotic resistance (AR). In 

consequence, the infections caused by multidrug-resistant (MDR) bacteria have been 

reported to cause 23,000 annual deaths in the United States 5, and 25,000 annual deaths 

in European Union 6, respectively. Despite the absence of reliable data on the number of 

deaths caused by antibiotic-resistant bacteria (ARB) in Japan, 8,000 deaths were 

confirmed in 2017 due to two representative types of ARBs: typical gram-positive 

bacteria (GPB) methicillin-resistant Staphylococcus aureus (MSRA), gram-negative 

bacteria (GNB) fluoroquinolone-resistant Escherichia coli (FQREC) 7. In consideration 

of these serious circumstances, in 2017, the World Health Organization (WHO) listed 

Escherichia coli (E. coli), Shigella, and Salmonella in the Enterobacteriaceae family as 

ARB that pose serious threats to human health and released survey data to warn the global 

population of the potential severity. Enterobacteriaceae are the pathogens that related to 

gastrointestinal infections, urinary tract infections and various other intestinal infections 
8, 9, among which E. coli is the most important bacteria of the intestinal flora of humans 

and animals. Generally, most E. coli do not carry pathogens, but there are also E. coli that 

contain pathogens. The main cause of many foods poisoning, diarrhea and abdominal 

pain in our living life is the pathogen E. coli 10. 

As a result of the inappropriate use of a large number of antibiotics in clinical, 

agricultural or veterinary, the bacterium may become ARB through self-adaptive 

mutation 11. From a genetic point of view, when AR spreads as new generations of bacteria 

acquire antibiotic resistance gene (ARG), known as vertical gene transfer (VGT), and 
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when bacteria exchange genetic information with other bacteria, known as horizontal 

gene transfer (HGT) 12, 13. However, the HGT, which can transfer ARGs between various 

species, plays a more major role in the spread of ARGs than the VGT 14. The transfer of 

genetic information from one cell to another can occur by 3 mechanisms: transformation, 

conjugation, and transduction (Figure 1.2) 15. Transformation is the second mechanism 

for gene transfer which is the direct uptake of naked DNA fragments into bacteria 16. Most 

bacteria exchange genetic information via direct contact of the sex pili, and this process 

is called conjugation 17. Transduction is the third pathway, which is the phage-mediated 

DNA transfer into bacteria 18. 

 

1.1.2 The widespread antibiotic resistance in the environment 

In contrast to other world concerns such as the Greenhouse Effect and the 

Desertification of Land, resistance in the environment is a potential risk that could lead 

to the next pandemic if ignored. Although antibiotics have brought great positive benefits 

to human health as well as to agriculture and livestock husbandry, the potential 

environmental risks associated with the overuse or misuse of antibiotics have received 

Figure 1.2 The 3 mechanisms of HGT, known as transformation, conjugation, and 
transduction. 
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increasing attention in the last century 19. The Nature published an article in 2014 stating 

that the resistance of the bacteria is increasing which causes many antibiotic agents to be 

ineffective 20. In Japan, the National Action Plan on Antimicrobial Resistance (AMR) 

2016-2020 and relevant activities has been established and efforts are being made to 

prevent and control resistant bacteria in various fields 21. In the healthcare and livestock 

sectors, testing for MDR bacteria in humans and animals (livestock, aquatic animals and 

pets) is published once a year to provide information to the public 22. ARB are not only 

found in healthcare facilities 23, livestock farms 24 and aquaculture 25 where antibiotics 

are commonly used, but also in our living environment, including food 26, drinking water 
27 and aquatic environments 28.  

A purposed transfer pathway of ARB and ARGs which might occur in the environment 

is shown in Figure 1.3. First, the use of antibiotics allows them to enter the human gut 

and improper use may destroy the homeostasis of the intestinal flora 29, posing a threat to 

human health. Humans and animals that consume antibiotics may produce ARB in their 

Figure 1.3 An illustration of the spread of antibiotic resistance in the environment. 



16 
 

intestines. These ARB have the potential to be transferred from person to person in a 

community or from animal to human during food consumption. However, antibiotics are 

difficult to metabolize in the internal tract 30, which results in a highly biologically active 

for a long time in the natural environment. ARB and ARGs contamination in human or 

animal populations may then accumulate in wastewater treatment plants (WWTPs) that 

receive wastewater from domestic, hospital and slaughterhouse sources. As a result of 

antibiotic misuse and overuse, antibiotic contamination in the receiving environment may 

select for surviving ARB 31. More importantly, HGT can even overcome barriers between 

different bacterial species, allowing ARGs transfer from non-pathogenic ARB to 

pathogens 14 and thus enhancing the potential emergence of AR pathogens. In the current 

study, aquatic environments are one of the most abundant hotspots and reservoirs for 

ARGs transfer in different natural and engineered environments 32 as they are frequently 

affected by anthropogenic activities 33. For example, different mixtures of antibiotics, 

nutrients, and other pollutants, ARB and ARGs can accumulate in the aquatic 

environment through treated and untreated domestic wastewater 34, hospital wastewater 
35, aquaculture discharges and agricultural runoff 36, 37. In particular, WWTPs, as 

reservoirs and hotspots, represent an important site for AR dissemination 38. This is 

because the WWTPs environment is an ideal environment for the growth and 

transmission of ARGs, which includes high levels of organics 39, selection pressure from 

toxic compounds 40 and high bacterial diversities 41. Thus, these favorable conditions can 

increase the frequency of HGT and opportunities for microbial interactions by 

transmitting ARB and ARGs to other organisms via HGT 14, 15. Consequently, WWTPs 

are hotspot for the occurrence and transfer of ARB and ARGs in urban water systems, 

and possibly even in the broader environment 33. 

 

1.1.3 Significant bacteria in the water environment 

Water quality environment standards have been established for more than half a 

century and have improved the water environment tremendously in many countries. 
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There are various standards and regulations related to water environment that have been 

established by different organizations and governments around the world. Some examples 

the WHO's Guidelines for Drinking-water Quality 42, and the International Organization 

for Standardization's ISO 14001 Environmental Management System standard 43. These 

standards and regulations aim to protect and improve the quality of water resources and 

the surrounding environment, and they often cover a range of issues such as water quality, 

wastewater treatment, water usage, and environmental management. Escherichia coli (E. 

coli), is a type of bacteria that is commonly used as an indicator of water quality because 

it is found in the intestines of warm-blooded animals, including humans. Its presence in 

water indicates that fecal contamination may be present, which could lead to the 

transmission of harmful pathogens and diseases 44. It is used internationally as a discharge 

standard to test the effluent standard of WWTPs. The presence of E. coli in treated 

wastewater can indicate the presence of other harmful pathogens and fecal material that 

may be present in the water. In many countries, the discharge standard for WWTPs is 

based on the concentration of E. coli in the treated wastewater. 

While most strains of E. coli are harmless and play a beneficial role in the gut 

microbiome, certain strains can cause illness and even be life-threatening 45. Treated 

wastewater is a potential source of E. coli contamination in water environments. While 

wastewater treatment plants are designed to remove harmful bacteria and pollutants from 

wastewater, E. coli and other coliforms can survive the treatment process and spread 

through the effluent into rivers and other aquatic environments. In recent years, strains of 

E. coli resistant to innovative and effective antimicrobial agents, such as third and fourth-

generation cephalosporins and carbapenems, have been detected in the natural 

environment 46, 47, 48. In Europe, the detection rate of strains producing ESBLs that are 

resistant to third-generation cephalosporins has steadily increased 49. Multidrug-resistant 

and ESBL-producing E. coli have been detected at relatively high concentrations in both 

treated and untreated wastewater samples 50, 51. Furthermore, antibiotic-resistant E. coli 

has been reported in rivers and other aquatic environments 52, 53, 54. Since E. coli can 

survive in wastewater treatment systems, it is critical to track the source of antibiotic-



18 
 

resistant strains in aquatic environments, especially multidrug-resistant and ESBL-

producing bacteria, which pose a grave threat to public health 55, 56, 57, 58. In addition, one 

of the best-known pathogenic strains is E. coli O157:H7, a Shiga toxin-producing E. coli 

(STEC). This strain can cause serious, even life-threatening complications such as 

hemolytic uremic syndrome (HUS) 59, 60, which can lead to kidney failure and other 

serious health problems. E. coli O157:H7 and other STEC strains are commonly 

associated with foodborne illness outbreaks 61, but they can also be spread through 

contaminated water sources. In water environments, E. coli can enter the water from a 

variety of sources, including sewage overflows 62, agricultural runoff 63, and stormwater 

runoff 64. The ability of E. coli and coliforms to develop resistance to antimicrobial agents, 

including ESBLs, is a significant public health concern and highlights the importance of 

effective monitoring and control measures to prevent the spread of these harmful bacteria 

in water environments. 

 

1.1.4 Characteristic of antibiotic agents used in this thesis  

 Ampicillin (AMP, ABPC) 

Ampicillin is a class of penicillin β-lactam antibacterial antibiotic agent classified as 

broad-spectrum semisynthetic penicillins. It reacts with cross-linking enzymes present in 

the cell membrane to catalyze the linkage of pentapeptides and pentaglycans in the cell 

wall, thereby inhibiting the synthesis of solid cell walls. Its antibacterial spectrum against 

gram-positive bacteria is similar to that of penicillin G, but it has strong antibacterial 

activity against enterococci and listeria. Ampicillin also adds an amino group to penicillin 

G that allows it to penetrate the outer membrane of gram-negative bacteria, thus extending 

its antibacterial activity to gram-negative bacteria, such as E. coli and Salmonella. 

However, it should be noted that it is not effective against bacteria that produce 

penicillinase, which degrades penicillin 65. 
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 Amoxicillin (AMO) 

Amoxicillin is a penicillin β-lactam antibiotic agent and a semisynthetic modifier of 

ampicillin. They exert their bactericidal action by inhibiting the biosynthesis of bacterial 

cell wall peptidoglycans. It has a broad antibacterial spectrum and therefore exhibits 

antibacterial activity against gram-negative and gram-positive bacteria. It also has 

superior antibacterial activity against Salmonella compared to ampicillin, which has 

superior activity against Shigella dysenteriae 65. 

 

 Gentamicin (GEN) 

Gentamicin is an aminoglycoside antimicrobial antibiotic agent, the composition of 

which is an amino sugar. Among the components of the aminoglycoside antimicrobial 

agents produced by the actinomycetes Micromonospora purpurea and Micromonospora 

echinospora, substances in group C of gentamicin are antimicrobial agents and show 

excellent antimicrobial activity against bacteria. Gentamicin binds irreversibly to the 30S 

ribosomal subunit of the cell, inhibiting protein synthesis and exhibiting bactericidal 

action. It is an effective antibacterial agent against gram-negative bacteria such as 

Pseudomonas aeruginosa, Serratia marcescens and Aspergillus. It is also effective 

against streptomycin-resistant bacteria, as it shows higher antibacterial activity than 

streptomycin, which belongs to the same family 65. 

 

 Cefazolin (CFZ) 

Cefazolin is a cephalosporin antibiotic agent and is classified as a first generation 

cephalosporin. It is classified as a β-lactam antibacterial antibiotic in the same class as 

penicillin and other drugs. They inhibit the biosynthesis of peptidoglycan in the bacterial 

cell wall. They exhibit antibacterial activity against gram-positive bacteria other than 

Staphylococcus aureus and Enterococcus, as well as gram-positive bacteria such as 

Escherichia coli and Klebsiella pneumoniae 65. 
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 Cefotaxime (CTX) 

Cefotaxime is a cephalosporin antibiotic agent and is classified as a third generation 

cephalosporin. It is classified as a β-lactam antibacterial antibiotic in the same category 

as penicillin and other antibiotic. They strongly inhibit the formation of peptidoglycan 

crosslinks in bacterial cell walls. Due to their good outer membrane passage, they are 

resistant to β-lactamases and therefore exhibit bactericidal activity against bacteria. It is 

an antimicrobial agent with a broad antibacterial spectrum, showing antibacterial activity 

against gram-positive and gram-positive bacteria, but not against Pseudomonas 

aeruginosa 65. 

 

 Ceftazidime (CAZ) 

Cefotaxime is a cephalosporin antibiotic agent and is classified as a third generation 

cephalosporin. It is classified as a β-lactam antibacterial antibiotic in the same category 

as penicillin and other antibiotics. They inhibit the synthesis of bacterial cell wall 

peptidoglycan and have a bactericidal effect on bacteria. They are also β-lactamase 

stabilized antibacterial agents. It is an antibacterial agent with a broad antibacterial 

spectrum, with antibacterial activity against Staphylococcus aureus, Serratia marcescens 

and even Pseudomonas aeruginosa. It is very effective in the cephalosporin class of 

antibiotics and shows better activity against Pseudomonas aeruginosa than the 

aminoglycoside antibiotics 65. 

 

 Tetracycline (TC, TET) 

Tetracycline is a class of tetracycline antibacterial antibiotic agent, produced by several 

species of actinomycetes. They bind to subunits on the bacterial 30S ribosome and 

interfere with protein synthesis. As a result, they control bacterial growth (bacteriostatic). 

It is also selectively toxic as it does not act on animal ribosomes. It has an extremely 

broad antibacterial spectrum, with antibacterial activity against gram-negative bacteria, 
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gram-positive bacteria, Mycoplasma, Chlamydia, Rickettsia and some Protozoa. 

However, their effectiveness is considerably reduced in modern times when tetracycline-

resistant bacteria have proliferated 65. 

 

 Imipenem (IPM) 

Imipenem is a carbapenem β-lactam antibiotic agent with a configuration in which 

sulfur, normally present in β-lactam antibiotics, is replaced by carbon. They specifically 

inhibit the synthesis of peptidoglycans in bacterial cell walls and exhibit bactericidal 

activity and are very stable antimicrobial agents against β-lactamases, the enzymes that 

hydrolyze β-lactam antibiotics. It is also the antibacterial agent with the broadest 

antibacterial spectrum, exhibiting antibacterial activity against gram-positive, gram-

negative and anaerobic bacteria 65.  

 

 Ciprofloxacin (CIP) 

Ciprofloxacin is a new class of quinolone antibacterial antibiotics agent. They are a 

group of synthetic and developed drugs based on a quinolone structure with a fluorinated 

chemical structure. They adsorb to the DNA gyrase of gram-negative bacteria and to the 

DNA topoisomerase IV complex of gram-positive bacteria, inhibiting DNA replication. 

It is an antibacterial agent with a broad antibacterial spectrum (exhibiting antibacterial 

activity against both gram-positive and gram-negative bacteria) and particularly good 

activity against gram-negative bacteria. It is also very effective against third generation 

cephalosporins and carbapenems in cases where these are ineffective 65. 

 

 Cefepime (CPM) 

Cefepime is a cephem antibiotic agent and is classified as a fourth-generation 

cephalosporin. It is classified as a β-lactam antibacterial antibiotic on a par with penicillin 

and others. They inhibit the synthesis of bacterial cell wall peptidoglycans and exert 
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bactericidal action on bacteria. They are also β-lactamase stable antimicrobial agents. It 

is an antibacterial agent with a broad antibacterial spectrum, exhibiting antibacterial 

activity against Staphylococci, Serratia and even gram-negative bacteria, including 

Pseudomonas aeruginosa and Enterobacteriaceae. They are less likely to induce 

resistance in gram-negative bacteria and exhibit antibacterial activity against other 

antibiotic-resistant bacteria 65.  

 

 Chloramphenicol (CHL) 

Cefepime is a cephem antibiotic agent and is classified as a fourth-generation 

cephalosporin. It is classified as a β-lactam antibacterial drug on a par with penicillin and 

others. They inhibit the synthesis of bacterial cell wall peptidoglycans and exert 

bactericidal action on bacteria. They are also β-lactamase stable antimicrobial agents. It 

is an antibacterial agent with a broad antibacterial spectrum, exhibiting antibacterial 

activity against Staphylococci, Serratia and even gram-negative bacteria, including 

Pseudomonas aeruginosa and Enterobacteriaceae. They are less likely to induce 

resistance in gram-negative bacteria and exhibit antibacterial activity against other 

antibiotic-resistant bacteria 65.  

 

 Clavulanic acid (CVA) 

Clavulanic acid is a β-lactamase inhibitor (clavulanic acid, sulbactam, tazobactam) 

that irreversibly inhibits β-lactamases and can therefore be used in combination with β-

lactam antibiotics to enhance their antibacterial activity. Ceftazidime and ceftazidime 

have been tested by the CLSI against ESBL-producing Escherichia coli and suspected 

ESBL-producing Klebsiella pneumoniae with clavulanic acid against suspected ESBL-

producing Escherichia coli and Klebsiella pneumoniae 65. 
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 Meropenem (MEP) 

Meropenem is a carbapenem β-lactam antibiotic agent with a strong affinity for 

penicillin-binding proteins (PBPs) and a specific inhibition of bacterial cell wall 

peptidoglycan synthesis. Lactamase, the enzyme that hydrolyses β-lactam antibiotics. It 

is also the antimicrobial agent with the broadest antibacterial spectrum, with antibacterial 

activity against gram-positive, gram-negative and anaerobic bacteria 65. 

 

 Nalidixic acid (NA)  

Nalidixic acid is an ancient quinolone, chemically synthesized antibacterial antibiotic 

agent. Nalidixic acid inhibits the activity of bacterial DNA gyrase (topoisomerase I), 

thereby blocking DNA replication. As a result, bacteria are unable to synthesize proteins. 

It remains highly sensitive to gram-negative rods and shows antibacterial activity against 

gram-positive bacteria such as Escherichia coli and Shigella dysenteriae as well as typical 

bacteria such as Vibrio parahaemolyticus 65. 

 

 Rifampicin (RFP)  

Rifampicin is a semi-synthetic antibacterial agent derived from rifamycin produced by 

the actinomycete Streptomyces Mediterranean. It binds to the DNA-dependent RNA 

polymerase of bacteria, inhibits mRNA transcription and exhibits antibacterial activity 

against bacteria. On the other hand, it does not inhibit RNA polymerase in animal cells. 

It is an important anti-tubercular agent, showing antibacterial activity against 

Schistosomiasis and Schistosomiasis tuberculosis. It also shows potent antibacterial 

activity against Neisseria, Haemophilus and Legionella 65. 

 

1.1.5 Characteristic of reference strain used in this thesis  

 E. coli strain ATCC 25922 
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The E. coli strain ATCC 25922 is a gram-negative bacterium. This strain has a fully 

sequenced genome and nucleotide sequence accession number is available in GenBank 

under accession No. CP009072 66. It belongs to serotype O6 and single biotype. ATCC 

25922 is susceptible to most antibiotics commonly used in clinical practice, including β-

lactams, (such as penicillin, cephalosporins, and carbapenems), aminoglycosides (such as 

gentamicin), fluoroquinolones (such as ciprofloxacin), tetracyclines, and trimethoprim-

sulfamethoxazole. And it doesn’t carry any clinically relevant antibiotic resistance genes. 

 

1.2 Thesis objectives 

E. coli must develop AR in the water environment in which wastewater is discharged 

by which transmission mechanism and the current research must clarify the "WWTPs 

where bacteria accumulate in the living environment". There is little information on the 

types of bacteria that survive in the water discharged from WWTPs and their AR, and the 

survival of the released resistant bacteria in the environment is unclear. It is also assumed 

that ARGs that cannot be removed during the treatment process are released into the 

environment so that non-resistant bacteria present in the environment acquire resistance 

genes to make AR. Therefore, we verified the persistence of ARB in WWTPs by 

simulating aerobic treatment processes and by detecting the resistance in the whole 

wastewater treatment process with a small possibility of effluent inflow into rivers. In 

addition, we constructed an experimental system if natural-source E. coli develops AR in 

the river into which treated wastewater flows and establish a pathway for AR expression 

in antibiotic-sensitive E. coli and antibiotics transmission. Then in practical applications, 

verify the effectiveness of the clarified paths and transmission mechanisms. 
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1.3 Thesis organization 

This thesis is consisted of five chapters. 

Chapter 1 provided a general introduction to the background, objectives and 

organization of the thesis.  

Chapter 2 discussed the survival of E. coli in wastewater and changes to the 

relationships between each phylogroup and AR profiles of E. coli isolates from 

wastewater were investigated under aerobic conditions for 14 days via batch experiments. 

Chapter 3 discussed the prevalence of ESBL-producing E. coli and coliforms during 

the wastewater treatment process (influent wastewater, biologically-treated wastewater 

which before chlorination), and efferent which after chlorination) in an urban WWTP 

(oxidation ditch system) during different seasons.  

Chapter 4 discussed the possibility that the ESBL bacteria that remain in the effluent 

water after chlorine disinfection may transfer genetic factors to sensitive STEC bacteria 

in the receiving river.  

Chapter 5 provided a conclusion that resistance is enhanced in wastewater plants as 

the bacterial count decreases, especially as ESBL-producing bacteria remain in the 

effluent water after chlorine disinfection then are released into the receiving rivers. When 

the ARB and ARGs associate with the bacteria in the river, which increase the AR of the 

bacteria in the river. 

The graphical organization of this thesis is shown in Figure 1.4.  
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Figure 1.4 The organization structure of this thesis. 
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Chapter 2. Persistence of antibiotic resistant E. coli strains under aerobic 

conditions 

2.1 Introduction 

E. coli is a GNB that is endemic in the intestinal tracts of thermostatic animals, 

including humans 1. It is therefore ubiquitous in aquatic environments where wastewater, 

treated wastewater and wild animal feces enter the waterways, and is used as an indicator 

bacterium for fecal contamination to assess water quality in aquatic environments 2. In 

the past, the presence of AR-E. coli was primarily limited to specific facilities such as 

medical institutions 3 and livestock farms 4. The overuse and misuse of antibiotics in these 

facilities have led to the development of ARB, including E. coli. Moreover, these bacteria 

are now also being detected in the environment, such as soil and aquatic environments 5. 

MDR- and ESBL-producing E. coli have been detected at relatively high concentrations 

in both treated and untreated wastewater samples 6, 7. Furthermore, antibiotic-resistant E. 

coli has been reported in rivers and other aquatic environments 8-10. Since E. coli can 

survive in wastewater treatment systems, it is critical to track the source of antibiotic-

resistant strains in aquatic environments, especially multidrug-resistant and ESBL-

producing E. coli, which pose a grave threat to public health 11-14. 

Based on gene structure and sequence data, E. coli is commonly classified into four 

major phylogenetic groups (A, B1, B2, and D), which exhibit differences in ecological 

specificity 15. Since host and environmental factors impact the diversity and abundance 

of E. coli, the source of the host and the pathogenicity of E. coli strains can be 

distinguished by gene sequencing technology 16-19. In general, E. coli strains of 

phylogroups A and B1 are most likely to inhabit the intestinal tracts of humans and 

animals. Symbiotic strains isolated from humans mainly belong to phylogroup A 17, while 

most strains isolated from animals belong to phylogroup B1 20 and strains isolated from 

wastewater systems mainly belong to phylogroups B2 and D 21. However, there is a little 

information about the relationship between phylogroups and antibiotic-resistant E. coli in 

municipal wastewater 22, especially for processing of wastewater. Hence, the aim of the 
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present study was to investigate changes to the relationship between each phylogroup and 

antibiotic-resistant profiles of E. coli isolates from municipal wastewater under aerobic 

mixing conditions for 14 days via batch experiments. 

 

2.2 Materials and Methods 

2.2.1 Sampling and water quality analysis 

Wastewater samples were collected from WWTPs A and B. Plant A treats sewage from 

a population of approximately 10,000 people with an average daily flow volume of 6,600 

m3. Plant B treats sewage from a population of approximately 163,000 people with an 

average daily flow volume of 92,500 m3. Samples were collected from plants A and B on 

January 24, 2018, and January 15, 2019, respectively, stored in sterile 5-L polyethylene 

bottles, and immediately transported for microbial and water quality analyses, which were 

conducted within 4 h. 

The pH value, electrical conductivity, and turbidity were determined using a pH meter 

(HM-30G; DKK-TOA Corporation, Tokyo, Japan), conductivity meter (CM30S; DKK-

TOA Corporation), and turbidity meter (SEP-PT-706D; Mitsubishi Chemical Corporation, 

Tokyo, Japan), respectively. In addition, the concentrations of total organic carbon (TOC) 

in the samples were determined as the state of aerobic decomposition of organic 

substances using a TOC analyzer (TOC Analyzer Wet Oxidation/Non-Dispersive Infra-

Red Method Model; Shimadzu Corporation, Kyoto, Japan). 

 

2.2.2 Batch mixing experiment and isolation of E. coli 

Under batch aerobic conditions (in the dark at 20°C), the wastewater was stirred and 

mixed (200 rpm) for two weeks and samples were collected on days 0, 7, and 14. In case 

of high concentrations of E. coli in the inflowing water, the samples were diluted with 

sterilized physiological saline. All samples were filtered through a sterile cellulose ester 

membrane (pore, 0.45 µm; diameter, 47 mm; Toyo Roshi Kaisha, Ltd., Tokyo, Japan) and 
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incubated on CHROMagar™ ECC plates (CHROMagar, Paris, France) at 37°C for 24 h. 

Afterward, mean numbers of colony-forming units (CFUs) of coliform bacteria and E. 

coli in each sample were determined from three replicates. Bacterial counts are expressed 

as CFU/100 mL. On CHROMagar™ ECC plates, colonies of E. coli and coliform bacteria 

are blue and mauve, respectively. One hundred E. coli isolates were collected from each 

sample on days 0, 7, and 14, thus 300 samples were collected from plant A and 300 from 

plant B. For confirmation, all E. coli isolates were streaked on brain heart infusion (BHI) 

agar plates (1.5% agar; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and 

incubated at 37°C for 24 h. 

 

2.2.3 Identification of E. coli by MALDI-TOF MS 

The E. coli-positive isolates were pre-incubated on nutrient liquid BHI agar medium 

at 37°C for 18 h. The species were identified by matrix assisted laser desorption 

ionization-time of flight mass spectrometry (MALDI-TOF MS) 23. An aliquot (1.0 mL) 

of the template was spotted directly into the wells of a 384-well stainless-steel target plate 

(MTP 384; Bruker Daltonics, Billerica, MA, USA), air-dried for 10 min, and then overlaid 

with 1.0 mL of matrix solution. All samples were analyzed using an autoflex® III 

TOF/TOF system (Bruker Daltonics) operated in the linear positive mode within a mass 

range of 2,000–20,000 Da, according to the manufacturer’s instructions. For database 

construction and validation, measurements were obtained in the auto-execute mode using 

flexControl 3.0 software (Bruker Daltonics) with the follow parameters: linear positive, 

3–20 kDa; detector gain, 1,900 V; laser shots, 500–1,000; and laser power, 30%. The 

instrument was calibrated using a Bruker bacterial test standard (part no. 8255343; Bruker 

Daltonics). 

Recorded mass spectra were processed with the MALDI Biotyper Compass microbial 

identification system (Bruker Daltonics) using standard settings. The MALDI Biotyper 

output is a log score value in the range of 0.000 to 3.000, representing the probability of 

correct identification of the isolate computed by a comparison of the peak list for an 
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unknown isolate with the reference spectrum in the database. E. coli was identified by a 

log score value greater than 2.000. 

 

2.2.4 Classification of phylogroups of E. coli by multiplex PCR 

DNA samples were extracted from E. coli isolates using the DNeasy Blood & Tissue 

Kit (QIAGEN, Valencia, CA, USA). The phylogroups (A, B1, B2, and D) were 

determined according to the multiplex PCR method reported by Clermont et al. 24, which 

is widely adopted as a simple but reliable E. coli phylotyping method 25. 

The PCR reaction was conducted using the Kapa Taq extra PCR kit (Kapa Biosystems), 

primers for detection of three genes (arpA, chuA, and yjaA), and one DNA fragment 

(TspE4.C2), as presented in Table 2.1. Each 20-µL reaction consisted of 4.3 µL of 

sterilized distilled water, 4.0 µL of 5 × KAPA Extra Buffer, 0.1 µL of Taq polymerase, 

0.4 µL of deoxynucleoside triphosphates (dNTPs), 1 µL of each primer, and 2 µL of the 

DNA template. The PCR reaction was performed using a SimpliAmp™ Thermal Cycler 

(Thermo Fisher Scientific, Waltham, MA, USA) with the following reaction conditions: 

denaturation at 94°C for 4 min, followed by 30 cycles at 94°C for 5 s and 59°C for 20 s, 

and a final extension step at 72°C for 5 min. After the PCR reaction, 5 μL of the PCR 

product and 1 μL of 6 × loading buffer (Takara Bio, Inc., Shiga, Japan) were mixed, 

loaded into the wells of 2% agarose gels, and separated with the Mupid®-One 

electrophoresis system (Nippon Genetics Co., Ltd., Tokyo, Japan) at 100 V for 40 min. 

After electrophoresis, the agarose gel was stained with ethidium bromide solution (0.05 

Table 2.1 Design of primers sequence for detection of phylogroups of E. coli isolates. 

Primer name Target Primer sequences PCR product (bp)
chuA.1b F: 5’-ATGGTACCGGACGAACCAAC-3’
chuA.2 R: 5’-TGCCGCCAGTACCAAAGACA-3’
yjaA.1b F: 5’-CAAACGTGAAGTGTCAGGAG-3’
yjaA.2b R: 5’-AATGCGTTCCTCAACCTGTG-3’
TspE4C2.1b F: 5’-CACTATTCGTAAGGTCATCC-3’
TspE4C2.2b R: 5’-AGTTTATCGCTGCGGGTCGC-3’
AceK.f F: 5’-AACGCTATTCGCCAGCTTGC-3’
ArpA1.r R: 5’-TCTCCCCATACCGTACGCTA-3’

arpA 400

chuA 288

yjaA 211

TspE4.C2 152
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µL/mL) for 10 min and then shaken in distilled water for 10 min to confirm the PCR 

amplification products. This method is based on the classification of amplification 

patterns of four primers (arpA, chuA, yjaA, and TspE4.C2) into each phylogroup. E. coli 

ATCC 25922 was used as a positive control for the PCR reaction.  

 

2.2.5 Antimicrobial susceptibility testing 

The minimum inhibitory concentration (MIC) of each antimicrobial agent was 

determined on Mueller–Hinton (MH) agar using the agar dilution method in accordance 

with the Clinical and Laboratory Standards Institute (CLSI) guidelines 26. E. coli isolates 

were cultured at 37°C for 18 h in MH broth (Becton, Dickinson and Company, Sparks, 

MD, USA) and then diluted to a final concentration corresponding to the 0.5 McFarland 

turbidity standard with fresh MH broth. The E. coli isolates were then inoculated on the 

surface of 1.5% MH agar containing graded concentrations of each antimicrobial in the 

wells of a microplate (Sakuma Co., Tokyo, Japan). Following incubation of the plates at 

37°C for 18 h, the MICs were determined. MIC breakpoints for resistance were based on 

the CLSI criteria. 

The antimicrobials used in the current study included ampicillin (AMP; graded 

concentrations of 4–64 µg/mL), gentamicin (GEN; 2–32 µg/mL), cefazolin (CFZ; 1–16 

µg/mL), cefotaxime (CTX; 0.5–8 µg/mL), ceftazidime (CAZ; 2–32 µg/mL), tetracycline 

(TET; 2–32 µg/mL), imipenem (IMP), ciprofloxacin (CIP; 0.5–8 µg/mL), cefepime 

(CPM; 4–64 µg/mL) (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and 

chloramphenicol (CHL; 4–64 µg/mL) (Sigma-Aldrich Corporation, St. Louis, MO, USA). 

Each of the tested agents was dissolved in distilled water or other appropriate solvents in 

accordance with the CLSI recommendations. The E. coli reference strain ATCC 25922 

was used for quality control. 

 

2.2.6 ESBL genotypes of E. coli by multiplex PCR 
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DNA was extracted by the same method as described above. The ESBL genotypes 

(TEM, SHV, CTX-M-1, CTX-M-2, and CTX-M-9) of the E. coli strains were determined 

by multiplex PCR as described elsewhere 27, 28. Five primer of ESBL genotypes were 

shown in Table 2.2. 

The primers for all the genes. Each 50-µl reaction consisted of 29.75 µl of sterilized 

distilled water, 0.25 µl of Takara Taq HS (Takara Bio Inc., Shiga, Japan), 5 µl of 10 × 

KAPA Extra Buffer (Takara Bio Inc., Shiga, Japan), 5 µl of deoxynucleoside triphosphate 

Mix (dNTP Mix) (Takara Bio Inc., Shig  a, Japan), 1 µl of each primer, and 1 µl of the 

DNA template. The PCR reaction was performed using a SimpliAmp™ Thermal Cycler 

(Thermo Fisher Scientific, Waltham, MA, USA) with the following reaction conditions: 

denaturation at 94°C for 2 minutes, followed by 30 cycles at 94°C for 1 minute, 55°C for 

1 minute, and 72°C for 90 seconds, and a final extension step at 72°C for 5 minutes. After 

the PCR reaction, 5 μl of the PCR product and 1 μl of 6 × loading buffer (Takara Bio, 

Inc., Shiga, Japan) were mixed, loaded into the wells of 2% agarose gels, and separated 

using the Mupid®-One electrophoresis system (Nippon Genetics Co., Ltd., Tokyo, Japan) 

at 100 V for 40 minutes. After electrophoresis, the agarose gel was stained with ethidium 

bromide solution (0.05 µl/ml) for 10 minutes and then shaken in distilled water for 10 

minutes to confirm the PCR amplification products. 

2.3 Results and Discussion 

Table 2.2 Design of primers sequence for detection of ESBL-producing genotypes of 
E. coli isolates. 

β-Lactamase(s) genotypes Primer sequences PCR product (bp)
F: 5’-CCGTGTCGCCCTTATTCC-3’
R: 5’-AGGCACCTATCTCAGCGA-3’
F: 5’-ATTTGTCGCTTCTTTACTCGC-3’
R: 5’-TTTATGGCGTTACCTTTGACC-3’
F: 5’-GCTGTTGTTAGGAAGTGTGC-3’
R: 5’- CCATTGCCCGAGGTGAAG-3’
F: 5’-ACGCTACCCCTGCTATTT-3’
R: 5’- GCTTTCCGCCTTCTGCTC-3’
F: 5’- GCAGATAATACGCAGGTG-3’
R: 5’-CGGCGTGGTGGTGTCTCT-3’

CTX-M-2-type 779 or 780

393CTX-M-9-type

TEM-type 824

SHV-type 1051

CTX-M-1-type 516
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2.3.1 Changes to TOC concentrations and number of E. coli colonies under 

aerobic conditions  

Changes to the TOC concentrations and number of E. coli colonies in wastewater 

under aerobic conditions are shown in Figure. 2.1-(a). The other parameters of water 

quality and the number of bacteria is presented in Table 2.3. The TOC concentration 

gradually decreased after 14 days under aerobic conditions. The TOC concentrations of 

wastewater samples collected from plants A and B decreased from 55.4 to 11.0 mg/L and 

53.5 to 12.7 mg/L after 14 days, respectively, while turbidity decreased from 102.4 to 

59.1 and 114.8 to 53.2. These findings confirmed the decomposition of organic matter in 

wastewater under aerobic conditions for 14 days. 

 The number of E. coli CFUs in the wastewater samples collected from plants A and 

B decreased from 6.9 × 106 and 7.3×106/100 mL on day 0 to 2.6×104 and 9.3×104/100 

mL on day 14, respectively, under aerobic conditions (Figure. 2.1-b). Under aerobic 

mixing conditions, the removal efficiency of E. coli from the samples collected from 

plants A and B was 99.6% and 98.7%, respectively. The decreases in E. coli content 

confirmed successful biological treatment of the wastewater under aerobic conditions. 

 

2.3.2 Identification of E. coli 

In the batch mixing experiment, MALDI-TOF MS was used to identify E. coli in all 

600 wastewater samples collected from plants A and B (days 0, 7, and 14). Of the 300 

Table 2.3 The parameters of water quality and the number of bacteria in each sample 
from plant A and B.  

pH EC Turbidity TOC

(-) (μs/cm) (ppm) (mg∙C/L) Total
coliforms

Escherichia
coli

Enterococci

0 day 8.036 0.487 102.40 55.36 1.2×107 6.9×106 4.2×106

7 days 6.649 0.589 74.14 20.21 1.4×105 5.5×104 3.7×104

14 days 5.483 0.480 59.10 10.99 1.2×105 2.6×104 1.9×104

0 day 7.286 1.640 144.76 53.50 1.2×107 7.3×106 2.1×106

7 days 6.891 1.723 50.60 16.29 9.0×105 5.0×105 2.5×104

14 days 5.752 1.675 60.30 12.66 4.0×104 9.3×104 1.0×102

EC, Electrical conductivity; TOC, Total Organic Carbon; N, no data

Bacteria (CFU/100 mL)

Plant A

Plant B

Mixed
batch time

Sample
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samples collected from plant A, 296 (98.7%) were positive for E. coli, while three were 

positive for Enterobacter cloacae and one for Citrobacter braakii. Meanwhile, all 300 

samples collected from plant B were positive for E. coli. These results confirm that E. 

coli, but not pseudo-positive strains, were prevalent in wastewater collected from plants 

A and B. 

 

2.3.3 Changes to the composition of E. coli phylogroups 

Changes to the composition of E. coli phylogroups occurred over time in municipal 

wastewater samples collected from plants A and B under aerobic conditions (Figure. 2.2). 

In the samples collected from plants A and B, 94.3% (279/296) and 82.3% (247/300) of 

isolates, respectively, were identified as the major phylogroups (A, B1, B2, and D). 

Figure 2.1 Changes to the TOC concentrations (a) and number of E. coli colonies in 
plant A wastewater (b-1) and plant B wastewater (b-2) under aerobic conditions. 
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Before aerobic treatment, the most dominant phylogroup was B2 in samples collected 

from both plants. Interestingly, after aerobic treatment, although the abundances of the 

major phylogroups other than B2 were considerably decreased in both plant samples, the 

abundance of phylogroup B2 was constant in the samples collected from plant B and had 

increased in those from plants A (Figure. 2.2). These results indicate that the survival rate 

of strains belonging to phylogroup B2 was much higher than that of strains belonging to 

the other major phylogroups in municipal wastewater samples under aerobic conditions. 

Among various pathotypes of pathogenic E. coli, extraintestinal pathogenic E. coli 

(ExPEC) causes various human infections, including life-threatening sepsis and neonatal 

meningitis, thereby posing a significant public health concern 29. ExPEC strains mostly 

belonged to phylogroup B2 30, 31. In this study, phylogroups B2 strains were the most 

predominant in the wastewater samples collected from both treatment plants at different 

areas within the same city and exhibited the greatest tolerance among all E. coli strains to 

aerobic treatment of wastewater. From a public health point of view, survival of 

phylogroup B2 strains in treated wastewater poses serious public health concerns. E. coli 

phylogroups D and B2 are dominant in WWTPs in subtropical regions 21, 32. However, 

since the population structure of E. coli strains in wastewater is greatly affected by various 

Figure 2.2 A bar chart of the cumulative percentage wastewater from plants A and B 
in phylogenetic groups A, B1, B2, and D. 
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factors, such as temperature, treatment processes, and sampling regions, further research 

in this field is required to support our findings. 

In this study, among the strains identified as E. coli by MALDI-TOF MS, 48 were 

actually E. albertii, as determined by the phylotyping method developed by 24. Although 

E. albertii strains are often misidentified as E. coli by routine phenotyping methods and 

even MALDI-TOF MS 33, several studies have supported the classification of E. albertii 

as a distinct species in the genus Escherichia 34-37. More importantly, E. albertii was 

recently recognized as an emerging human pathogen, which encodes a type III secretion 

system and to a lesser extent, Shiga toxin, and causes outbreaks of gastroenteritis as well 

as sporadic infections 38. In the wastewater samples, especially those collected from plant 

B, the abundance of E. albertii was extremely elevated after aerobic treatment (Figure. 

2.2), suggesting that E. albertii can survive in municipal wastewater. Hence, further 

studies are warranted to investigate the release of E. albertii from wastewater plants into 

aquatic environments. 

 

2.3.4 Antibiotic susceptibility of E. coli 

All 596 E. coli isolates were tested for susceptibility to 11 antibiotics to assess changes 

to the prevalence of antibiotic-resistant E. coli in wastewater samples collected from 

plants A and B over a 2-week period under aerobic conditions. Here, prevalence was 

defined as the percentage of isolates from each sample that were resistant to one or more 

antibiotics. Although the abundance of E. coli was relatively lower in the samples 

collected from plant A, (Figure. 2.1-b), the prevalence of antibiotic-resistant E. coli 

isolates increased from 14% (14/99) on day 0 to 44% (44/99) on day 14 (Figure. 2.3). In 

contrast, the prevalence of antibiotic-resistant E. coli isolates in the samples collected 

from plant B increased from 69% (69/100) on day 0 to 79% (79/100) on day 7 and then 

decreased to 48% (48/100) on day 14. In the wastewater samples from plant B, the 

abundance of E. albertii had increased under aerobic conditions by 16% from day 0 to 
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day 14. Notably, 14% and 69% of the isolates in wastewater samples collected from plants 

A and B, respectively, were resistant to at least one of the 11 antibiotics. In contrast, 79% 

and 48% of the isolates in wastewater samples collected from plant B were resistant to at 

least one antibiotic on day 7 and 14, respectively. In a previous study, 44% of E. coli 

isolates in urban wastewater were resistant to at least one of the nine tested antibiotics 39. 

Changes to the prevalence of isolates resistant to each tested antibiotic over the 14-day 

period are shown in Figure. 2.4. The prevalence of isolates from plant A resistant to any 

of the 11 antibiotics had increased with time, especially those resistant to AMP, CFZ, CIP, 

and TET had increased by more than 30% on day 14. The significant increase in the 

prevalence of antibiotic-resistant isolates was responsible for the overall increase in 

Figure. 2.4. In contrast, the prevalence of isolates in wastewater samples collected from 

plant B resistant to AMP, CFZ, and CTX was relatively high on day 0 and then 

significantly decreased on day 14. The rapid increase in the abundance of TET-resistant 

isolates on day 7 was responsible for the overall increase in prevalence in Figure. 2.4. 

Figure 2.3 A bar chart of the cumulative percentage of E. coli isolates from plants A 
and B that were resistant to 1, 2, and 3 or more antibiotics. 
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The E. coli isolates in two wastewater samples collected from plants A and B were 

susceptible to IMP.  

The E. coli isolates in wastewater samples collected from plants A and B were highly 

resistant to AMP, CFZ, CTX, TET, and CIP. However, there was no significant increase 

in the prevalence of resistant isolates in wastewater samples collected from plant B over 

the 14-day experimental period. According to the 2018 “National Action Plan on 

Antimicrobial Resistance” 40, the prevalence of E. coli isolates resistant to the penicillin 

antibacterial, AMP and piperacillin had increased from 2011 to 2017 and remained greater 

than 40% for 6 consecutive years. In addition, approximately 20% of E. coli isolates are 

resistant to cephalosporins. The antibiotic susceptibility results of E. coli in this study 

were consistent with the trends described in the Nippon Antimicrobial Resistance One 

Health Report. 

Information on multidrug-resistant bacteria is extremely important from a public 

health perspective. The prevalence of multidrug-resistant strains in wastewater samples 

collected from plants A and B is shown in Figure. 2.4. By day 14, the prevalence of 

multidrug-resistant E. coli strains increased to 35% (35/99) in the plant A samples but 

decreased to 22% (22/100) in the plant B samples. E. coli strains resistant to five 

antibiotics were also detected in wastewater samples collected from both plants A and B, 

but the prevalence was six-fold greater in samples from plant B as compared to those 

Figure 2.4 Changes to the prevalence of isolates resistant to each tested antibiotic over 
the 14-day period. 
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from plant A. The prevalence of multidrug-resistant isolates in wastewater samples 

collected from plant A had increased under aerobic conditions, while more than 10% of 

the isolates from plant B were resistant to five or more antibiotics. These findings suggest 

that the prevalence of antibiotic-resistant E. coli isolates differs among wastewater 

samples and is increased under aerobic conditions. 

 

2.3.5 Relationship between phylogroups and ESBL-producing E. coli isolates 

The relationship between phylogroups and AR of E. coli was evaluated based on 

phylogroup analysis and antibiotic-resistance profiling (Figure. 2.5). The prevalence of 

AR was highest in phylogroup B2. Furthermore, the prevalence of AR increased with 

time from 8% on day 0 to 39% on day 14 among the isolates in wastewater samples 

collected from plant A. Similarly, among the wastewater sample collected from plant B, 

AR was highest among isolates classified as phylogroup B2. In the plant B samples, 

although there was no increasing trend in the resistance rate, isolates classified as 

phylogroup B2 were the most prevalent on day 14 under aerobic conditions. Further 

evaluation of the relationship between phylogroups and AR found that E. coli isolates 

classified as phylogroup B2 were most capable to survive under aerobic conditions for 14 

days. Previous studies have reported that members of phylogroup B2 are more pathogenic 

than members of the other phylogroups 41, 42. Based on gene structure and sequencing 

data, E. coli strains of phylogroup B2 differ from other strains and are more likely to 

cause parenteral infections 41, 43, 44. Following biological treatment of municipal 

wastewater, although the abundance of E. coli had decreased by about 2log, the 

prevalence of AR increased due to the survival of members of phylogroup B2, which were 

the most resistant to the tested antibiotics. 

Testing for ESBL-producing genes in multidrug-resistant bacteria showed that 25 

(8.4%) of 296 and 51 (17%) of 300 isolates in wastewater samples collected from plants 

A and B, respectively, were ESBL-producing E. coli. The relationship between 

phylogroups and ESBL-producing E. coli was also evaluated based on the phylogroup 
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analysis and ESBL-production profiles (Figure. 2.5; Table 2.5). While E. coli counts 

gradually decreased with time under aerobic conditions, the prevalence of ESBL-

producing E. coli accounted for 23% of surviving E. coli isolates in wastewater samples 

collected from plant A on day 14. The prevalence of ESBL-producing E. coli had 

increased in the wastewater samples collected from plant A, but not plant B, from day 0 

to day 14. Most of the ESBL-producing isolates were classified as phylogroup B2, while 

one was classified as phylogroup B1. The CTX-M-9 type was dominant among the 

isolates in wastewater samples collected from plant A. In contrast, the prevalence of 

ESBL-producing E. coli under aerobic conditions for 14 days did not increase in the 

samples from plant B, of which the SHV and CTX-M-9 types (29 and 22 isolates, 

respectively) were predominant, as determined by PCR analysis. All five phylogroups 

were identified in samples collected from plant B and were almost evenly divided among 

phylogroups B2, B1, A, and D, and to a lesser extent, in phylogroup F (24, 10, 7, 7, and 

3 isolates, respectively). The phylogroups of isolates from plant B were more complex 

and diverse as compared to those from plant A. The survival rate of phylogroup B2 

isolates carrying beta-lactamase genes was relatively high under aerobic conditions. 

A previous study reported a significant increase in the abundance of CTX-M-

producing E. coli, which is also a potential pandemic genotype 45. The presence of clonal 

strains from patient isolates of phylogenetic group B2 that can produce CTX-M may be 

responsible for the spread of ESBL resistance 46. As a collection and storage site for 

pathogenic bacteria and pathogenic genes, wastewater plants provide an invaluable venue 

for the growth and spread of ARB, which is undoubtably increased by the constant 

agitation and flow of wastewater. Although bacteria gradually weaken and die during the 

wastewater treatment process, antibiotic-resistance genes can be acquired by bacteria 

with stronger survival capabilities. Municipal WWTPs can promote the spread of multiple 

ARB that are potentially harmful to human health and the environment. Hence, continued 

monitoring of ARB in WWTPs and sewage systems is needed. 
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2.4 Conclusions 

Batch-type agitation and mixing experiments were conducted to monitor changes to E. 

coli strains and antibiotic-resistant profiles in wastewater samples under aerobic 

conditions. The survival rate of E. coli in phylogroup B2, accounting for approximately 

73% of the isolates, was the highest in aerobically treated wastewater in plant A after 14 

days. In addition, B2 was the dominant phylogroup of antibiotic-resistant E. coli isolates 

at the end of the 14-day experimental period. Under aerobic conditions, the survival of 

bacteria in wastewater samples significantly differed among strains and the prevalence 

antibiotic-resistant E. coli had increased. Hence, the behavior of members of phylogroup 

B2, which is the major phylogroup of E. coli, should be closely monitored. 

 

Isolates from 
plant A 

ESBL types by the following PCR type Phylogroup TEM SHV CTX-M-1 CTX-M-2 CTX-M-9 
A-7 days-91 N N N N Y B2 

A-7 days-100 N N N Y Y B2 
A-14 days-5 N N Y N N B2 
A-14 days-7 N N N Y N B2 
A-14 days-8 N N N N Y B2 
A-14 days-9 N N N N Y B2 

A-14 days-21 N N N Y Y B2 
A-14 days-23 N N N N Y B2 
A-14 days-42 N N N N Y B2 
A-14 days-54 N N N N Y B2 
A-14 days-59 N N N N Y B2 
A-14 days-62 N N N N Y B2 
A-14 days-71 N N N N Y B2 
A-14 days-73 N N N N Y B2 
A-14 days-80 N Y N N N B2 
A-14 days-82 N Y N N N B2 
A-14 days-83 N N Y Y N B2 
A-14 days-84 N N Y Y N B2 
A-14 days-85 N N Y N N B2 
A-14 days-86 N N N N Y B2 
A-14 days-87 N N N N Y B2 
A-14 days-88 N N N N Y B2 
A-14 days-92 N N N N Y B2 
A-14 days-94 N N N N Y B2 
A-14 days-100 N Y N N N B1 
Strains (%) 0 (0) 3 (12%) 4 (16%) 5 (20%) 17 (68%) total: 25 strains 

  

Table 2.4 The detection of phylogroups and ESBL-producing E. coli isolates. 
 * Y (yes) or N (no) to indicate whether it is an ESBL genotype. 
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Isolates from  
plant B 

ESBL types by the following PCR type Phylogroup TEM SHV CTX-M-1 CTX-M-2 CTX-M-9 
B-0 day-1 N N N N Y B2 
B-0 day-2 N N N N Y D 
B-0 day-3 N N N Y N B2 
B-0 day-4 N Y N N N B2 

B-0 day-12 N N N N Y D 
B-0 day-13 N Y N N N D 
B-0 day-14 N N N N Y F 
B-0 day-23 N N N N Y B2 
B-0 day-24 N N Y N N B2 
B-0 day-25 N N N N Y B2 
B-0 day-26 N Y N N N A 
B-0 day-38 N N N Y Y B2 
B-0 day-39 N Y N N N B1 
B-0 day-43 N Y N N N A 
B-0 day-60 N N N Y Y B2 
B-0 day-62 N Y N N N B2 
B-0 day-64 N Y N N N B2 
B-0 day-65 N Y N N N A 
B-0 day-66 N Y N N N A 
B-0 day-85 N N N N Y D 
B-0 day-86 N Y N N N B1 
B-0 day-87 N N N N Y B2 
B-0 day-88 N Y N N N F 
B-0 day-89 N Y N N N B2 
B-7 days-17 N N N Y N B2 
B-7 days-18 N Y N N N B1 
B-7 days-19 N N Y N Y B1 
B-7 days-20 N Y N N Y F 
B-7 days-26 N Y N N Y D 
B-7 days-40 N Y Y N N B2 
B-7 days-45 N Y N N Y B2 
B-7 days-46 N Y N N Y B2 
B-7 days-47 Y Y N N N A 
B-7 days-48 N Y N N N D 
B-7 days-49 N N N Y N B2 
B-7 days-50 N N N N Y A 
B-7 days-51 N Y Y N N A 
B-7 days-53 N Y N N N B1 
B-7 days-58 N N N N Y D 
B-7 days-67 N N N N Y B2 
B-7 days-68 N N N N Y B2 
B-7 days-69 N N N Y Y B1 
B-7 days-70 N Y Y N N B1 
B-7 days-71 N N N N Y B1 
B-7 days-84 N Y N N N B2 
B-7 days-88 N Y N N N B2 
B-7 days-91 Y Y N N Y B2 

B-14 days-27 N Y N N N B2 
B-14 days-28 N N N Y N B1 
B-14 days-30 N Y N N N B1 
B-14 days-37 N N N Y Y B2 
Strains (%) 2 (4%) 28 (55%) 5 (10%) 8 (16%) 23 (45%) total: 51 strains 
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Chapter 3. Prevalence of antibiotic resistant bacteria and antibiotic resistant 

genes in a whole wastewater treatment plant 

3.1 Introduction 

Antibiotics have been widely utilized as the most popular form of chemotherapy due 

to their effectiveness in killing bacteria and inhibiting bacterial proliferation 1. With the 

increasing use of antibiotics, the emergence of MDR bacteria has been observed 

worldwide 2-4. Nosocomial infections caused by ARB with deaths due to the lack of 

therapeutic options for affected individuals have been reported worldwide, and they pose 

the most serious human health risk worldwide 5, 6.  

Identified ARBs have been reported to be resistant to not only conventional effective 

antibiotics but also to newer antibiotics such as fourth-generation cephalosporins, 

ampicillin, carbapenems, and vancomycin, which is another problem 7-9. In particular, 

ESBL-producing bacteria, which are regarded as major contributors to nosocomial 

infections, have become the most critical challenge. ESBLs have been identified as β-

lactamase-producing genes (TEM-, SHV-, CTX-M-types, etc.) encoded on transmissible 

plasmids (R-plasmids) carried by bacteria such as E. coli and coliforms, as well as β-

lactamase-producing genes that also degrade third-generation cephalosporins 10-12. 

Nowadays, much information and findings on the prevalence, transmission, and 

dissemination of ESBL-producing E. coli and coliforms have been reported, covering 

human living environments and diverse activity areas, including hospital facilities, 

livestock, and aquaculture farms 13-15. 

WWTPs are the infrastructure facilities of utmost priority for the efficient collection 

and purification of human excreta. WWTPs can be a hot spot for bacteria survival because 

they provide an ideal environment for the bacteria to grow and thrive. WWTPs receive 

huge quantities of raw wastewater containing E. coli and coliforms, which are removed 

via various treatment processes and discharged into rivers or coastal public water bodies 

after being disinfected. Therefore, several research studies have investigated the 

prevalence of ARB (including E. coli and coliforms) contamination throughout WWTPs 
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in various countries 16-19. It has already been reported that ESBL-producing E. coli and 

coliforms are released from human excreta through WWTPs into rivers, possibly 

increasing the prevalence of ARBs contamination 20, 21. However, there is insufficient 

information on changes in the disappearance and prevalence of ESBL-producing E. coli 

and coliforms passing the treatment process of WWTPs. There is little information on the 

changes in the microbiota of ESBL-producing coliforms and their survival in each 

treatment process. However, the presence of bacteria in the influent (i.e., the raw 

wastewater that enters the WWTP) can make it difficult to remove the bacteria completely. 

Furthermore, WWTPs can also be a source of ARB. This is because antibiotics are often 

used to treat bacterial infections in humans and animals, and these antibiotics can end up 

in the wastewater. The presence of antibiotics in the wastewater can create a selection 

pressure for ARB to survive and thrive, including E. coli. 

Therefore, in this study, we investigated the changes in bacterial disappearance and the 

prevalence of ESBL-producing bacteria in each process in the WWTP. In addition, 

changes in the microbiota of ESBL-producing coliforms were followed. Furthermore, we 

identified the types of antibiotic-resistance genes harbored by ESBL-producing E. coli 

and coliforms. 

 

3.2 Materials and Methods 

3.2.1 Sampling and water quality analysis 

Influent wastewater, biologically-treated wastewater (before chlorination), and 

efferent (after chlorination) samples were collected from an urban WWTP (oxidation 

ditch system) that treats wastewater from a town with a population of approximately 

14,000 people. The average daily flow through the plant is 6,300 m3. The survey was 

conducted over a total of three sampling dates, between June, September, and November 

of 2021. There was no rainfall on the day before and on the day of sampling. Water 

samples were collected from the surface layer into polyethylene bottles using a ladle. 
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These samples were brought back to the laboratory immediately after collection, and the 

bacterial counts of E. coli and coliforms, as well as general water quality parameters, were 

measured. A benchtop pH/water quality analyzer (LAQUA, Horiba) was used to measure 

the pH and electrical conductivity (EC). Turbidity (TU; based on the kaolin standard) was 

determined using a turbidity meter (PT-200, NittoSeiko Analytech, Japan). The amount 

of residual chlorine was determined via the diethyl-p-phenylenediamine method 

(DR2800, HACH). The concentrations of total organic carbon (TOC) were determined 

using a TOC analyzer (TOC-V Model, Shimadzu, Japan). 

 

3.2.2 Enumeration and isolation of bacteria 

E. coli and coliforms were enumerated using CHROMagar ECC (CHROMagar, 

France). In brief, 10−5 to 100 ml of water samples were filtered through a sterile 0.45-μm-

pore mixed cellulose membrane filter (47 mm diameter, Advantec, Japan). The membrane 

filters were incubated on CHROMagar ECC agar plates at 37 ± 0.5 °C for 24 hours. 

Afterward, mean numbers of CFUs of E. coli and coliforms in each sample were 

determined from three replicates. Bacterial counts are expressed as CFU/100 mL. On 

CHROMagar™ ECC plates, blue colonies were counted as E. coli while mauve colonies 

were counted as other coliforms. For isolation and preservation of bacteria, all E. coli and 

coliforms isolates were streaked on BHI agar plates (1.5% agar; Becton, Dickinson and 

Company, Franklin Lakes, NJ, USA) and incubated at 37 ± 0.5 °C for 24 h. 

 

3.2.3 Screening for ampicillin-resistant bacteria 

In order to identify potential ESBL-producing E.coli/coliforms in this study, pre-

selection was carried out with ampicillin (ABPC) antibiotics in the target WWTP. Filters 

passing through the samples were attached to ABPC-screening ECC agar plates (ABPC 

screening plates) supplemented with ABPC at 32 µg/ml 22 and incubated at 37 ± 0.5°C 

for 24 hours. Positive colonies of E. coli and coliforms formed on ABPC screening plates 
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were counted. The ABPC resistance rate was calculated as the ratio (%) of the number of 

bacteria on ABPC screening plates to the number of bacteria on regular ECC agar plates. 

After counting, a total of 60 positive colonies of E. coli and coliforms on each of the three 

ABPC screening plates were randomly isolated. The isolated colonies were applied to 

BHI agar plates and incubated at 37 ± 0.5°C for 24 hours. After incubation, single colonies 

were collected as ABPC-resistant strains. 

 

3.2.4 Bacterial identification by MALDI-TOF MS 

The method is the same as the one used in previous publications 23, 24. Positive isolates 

of E. coli and coliforms were incubated at 37 ± 0.5 °C for 18 hours. Samples were spread 

directly into 384-well stainless-steel target plates (MTP 384; Bruker Daltonics, Billerica, 

MA, USA) and then covered with 1.0 ml of matrix solution. All samples were analyzed 

for the probability of correct isolates using the autoflex® III TOF/TOF system (Bruker 

Daltonics) and the MALDI Biotyper Compass microbial identification system (Bruker 

Daltonics, version 4.1.60.2) per the manufacturer's instructions. E. coli and coliforms 

were identified by a logarithmic score of >1.700. 

 

3.2.5 Screening for ESBL-producing bacteria 

ABPC-resistant isolates identified from each species of E. coli and coliforms were 

further screened for ESBL-producing strains using the CHROMagar-ESBL-selective agar 

medium (Kanto Chemical, Tokyo, Japan). Pre-culture was performed on the BHI agar 

medium (37 ± 0.5°C for 18 hours); thereafter, growing colonies were suspended in 3 ml 

of sterile saline to achieve McFarland 0.5 bacterial concentration. The suspension of each 

strain was inoculated onto a CHROMagar-ESBL-selective agar plates (ESBL-selective 

plates) for the ESBL-producing bacteria screening test. After incubation at 37 ± 0.5°C for 

24 hours, ESBL-producing bacteria were identified based on their color (red colonies for 

E. coli and blue colonies for other coliforms), and all positive colonies were isolated and 
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stored. 

3.2.6 Confirmation test of ESBL-producing bacteria 

Confirmation tests were performed on positive isolates after screening for ESBL-

producing bacteria. The confirmation test was determined by the inhibition circle for 

ceftazidime (CAZ) (30 mg, Becton Dickinson, Tokyo, Japan), ceftazidime/clavulanic 

acid (CAZ/CVA) (30 mg/10 mg, Eiken Chemical, Tokyo, Japan), cefotaxime (CTX) (30 

mg, Becton Dickinson, Tokyo, Japan), and cefotaxime/clavulanic acid (CTX/CVA) (30 

mg/10 mg, Eiken Chemical, Tokyo, Japan) per the disk diffusion method (CLSI, 2017). 

The positive strains screened with ESBL-selective plates were pre-cultured on the BHI 

agar medium, and the bacterial concentration was adjusted to the Macfarlane 0.5 standard 

as described above. Then, the adjusted bacterial solution was applied to Mueller Hinton 

(Becton Dickinson, Tokyo, Japan) agar medium within 15 minutes. Discs of four 

antibiotics (CAZ, CAZ/CVA, CTX, and CTX/CVA) were stamped on an agar medium 

using a Sensi-Disc dispenser (Becton Dickinson, Tokyo, Japan). After incubation at 37 ± 

0.5°C for 18–24 hours, ESBL-producing bacteria were identified by an inhibition circle 

with a minimum diameter of 5 mm in CAZ and CAZ/CVA or CTX and CTX/CVA. 

 

3.2.7 ESBL genotypes of E. coli and coliforms by multiplex PCR analysis 

DNA samples were extracted from ABPC-resistant E. coli and ABPC-resistant 

coliforms isolates using the DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA, USA). 

The five ESBL genotypes (TEM, SHV, CTX-M-1, CTX-M-2, CTX-M-9) were 

determined according to the multiplex PCR technique 25. 

The primers for all the genes. Each 50-µl reaction consisted of 29.75 µl of sterilized 

distilled water, 0.25 µl of Takara Taq HS (Takara Bio Inc., Shiga, Japan), 5 µl of 10 × 

KAPA Extra Buffer (Takara Bio Inc., Shiga, Japan), 5 µl of deoxynucleoside triphosphate 

Mix (dNTP Mix) (Takara Bio Inc., Shiga, Japan), 1 µl of each primer, and 1 µl of the 

DNA template. The PCR reaction was performed using a SimpliAmp™ Thermal Cycler 
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(Thermo Fisher Scientific, Waltham, MA, USA) with the following reaction conditions: 

denaturation at 94°C for 2 minutes, followed by 30 cycles at 94°C for 1 minute, 55°C for 

1 minute, and 72°C for 90 seconds, and a final extension step at 72°C for 5 minutes. After 

the PCR reaction, 5 μl of the PCR product and 1 μl of 6 × loading buffer (Takara Bio, 

Inc., Shiga, Japan) were mixed, loaded into the wells of 2% agarose gels, and separated 

using the Mupid®-One electrophoresis system (Nippon Genetics Co., Ltd., Tokyo, Japan) 

at 100 V for 40 minutes. After electrophoresis, the agarose gel was stained with ethidium 

bromide solution (0.05 µl/ml) for 10 minutes and then shaken in distilled water for 10 

minutes to confirm the PCR amplification products. The E. coli strain, ATCC 25922, was 

used as a positive control for the PCR reaction.  

 

3.2.8 Statistical analysis 

Continuous data are presented as mean values and their respective standard deviations. 

The means of the ARBs prevalence data for each sampling site were statistically 

compared using the independent samples t-test to determine significant differences (p < 

0.05). The chi-square test was also used to check the independence of ARB prevalence in 

each sample with a statistical significance threshold of p<0.05 to determine whether there 

was a significant association between the two categorical variables. Based on the 

proportions of coliforms species, the Bray-Curtis distances between ABPC-resistant 

coliforms species were determined for each sampling period. Arbitrary distance matrices 

were visualized for the bacterial component species by Non-metric Multidimensional 

Scaling (nMDS) using the vegan package (R version 3.6.3) metaMDS function. The 

individual ESBL-generating genes from the wastewater samples were normalized to the 

data using the Z score in the originlab program, and then hierarchical clustering heatmaps 

were performed using the heatmap package. 
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3.3 Results and discussion 

3.3.1 Quality of water samples 

The determination of general water quality parameters is shown in Table 3.1. The pH 

varied within a narrow neutral range of 6.69–7.39 at each point from influent to effluent. 

No decrease in pH was observed during the biological treatment process, suggesting that 

the reaction up to ammonia nitrification was not in progress. The EC decreased slightly 

as the treatment process progressed. The turbidity of the influent varied widely from 94.1 

TU to 158.8 TU during the months of sampling. The turbidity components were removed 

via the biological treatment process, and the turbidity of the final effluent decreased below 

2.4 TU in all sampling data. The TOC, the main objective of the WWTP, ranged from 

94.2 mg-C/L to 100.4 mg-C/L in the influent during the survey, indicating that the organic 

load to the treatment process at the WWTP was stable. The TOC in the effluent was 

maintained below 20 mg-C/L, and the removal efficiency was 80.4%. Based on the results 

of the above general water quality parameters, the samples collected in this study were 

assumed to have been routinely treated at the WWTP. 

 

 

 

Table 3.1 The determination of general water quality parameters. 

pH EC Turbidity TOC
(-) (μs/cm) (ppm) (mg∙C/L)

Influent 6 7.39 514 158.80 100.36
Influent 9 6.88 554 94.10 95.96
Influent 11 7.12 567 112.34 94.18
Biological treated water 6 6.97 401 2.23 17.60
Biological treated water 9 7.01 459 1.44 19.91
Biological treated water 11 6.69 505 2.62 20.98
Effluent 6 7.02 457 2.39 18.17
Effluent 9 7.19 465 1.36 19.63
Effluent 11 7.01 437 1.30 19.16

Collection
days (month)Sample
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3.3.2 Changes in bacterial counts of E. coli and coliforms during the treatment 

process 

Figure 3.1-(a) shows the changes in E. coli counts in each sample during the three 

sampling events in June, September, and November. The number of E. coli in the influent 

was 1.2 ± 0.6 × 107 CFU/100 ml. In the biologically-treated water, the E. coli count was 

5.3 ± 0.1 × 104 CFU/100 ml and was removed at a high proportion of 99.7% by the 

biological process. In the effluent, the E. coli count was 5.7 ± 0.5 CFU/100 ml, confirming 

that through the treatment process, 6 logs (99.9999%) of E. coli in the influent water were 

removed. Figure 3.1-(b) shows the changes in the number of coliforms in each sample 

during the three sampling events in June, September, and November. The coliforms count 

was 2.0 ± 0.1 × 108 CFU/100 ml in the influent, one order of magnitude higher than the 

E. coli count. In the biologically-treated water, it was 1.8 ± 0.10 × 106 CFU/100 ml, with 

a 99.1% reduction obtained through the biotreatment process. The coliforms count was 

reduced to 2.4 ± 0.01 × 102 CFU/100 ml in the effluent after chlorination, showing that 5 

logs of coliforms were removed throughout the treatment process.  

The ABPC-resistant E. coli count was 1.7 ± 0.5 × 106 CFU/100 ml in the influent 

(Figure. 3.1-(a)). The number of ABPC-resistant E. coli was one order of magnitude 

Figure 3.1 Influent, biologically-treated water, and effluent samples from WWTPs in 
June, September, and November with changes in the number of E. coli and ABPC-
resistant E. coli (a). Changes in the number of coliforms and ABPC-resistant coliforms 
(b). In; influent, Bio; biologically-treated water, Ef; effluent. 
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lower than the total number of E. coli in the general population. The ABPC-resistant E. 

coli count in the influent was 1.69 ± 0.5 × 106 CFU/100 ml, and in the biologically-treated 

water, it was 1.0 ± 0.2 × 104 CFU/100 ml, with an ABPC-resistant prevalence of 16.6% 

for E. coli after biological treatment. The ABPC-resistant E. coli count in the effluent was 

1.2 ± 0.4 CFU/100 ml and the ABPC-resistant prevalence was 30.0%. ABPC- resistant E. 

coli that entered the WWTP were found to be removed in amounts equivalent to 6 logs of 

E. coli after the treatment processes until they were discharged. However, the prevalence 

of ABPC tended to increase from the influent to biologically-treated water and then to the 

effluent. In a similar phenomenon, we have reported that the prevalence of antibiotic-

resistant E. coli in batch biological wastewater increases after treatment 24. It has been 

suggested that antibiotic-resistant E. coli has a high survival rate during wastewater 

treatment. In addition, ABPC-resistant E. coli was found in the chlorinated effluent, 

although the bacterial count remained minimal (average: 1.2 CFU/100 ml). 

The number of ABPC-resistant coliforms in the influent was 2.0 ± 0.4 × 107 CFU/100 

ml, one order of magnitude lower than coliforms count. The ABPC-resistant prevalence 

of the coliforms present in the influent was 10.5%. The coliforms count in the 

biologically-treated water was 2.5 ± 0.1 × 104 CFU/100 ml, and the ABPC resistance of 

the coliforms after biological treatment was 3.9%. The number of ABPC-resistant 

coliforms in the effluent was 42.4 ± 0.1 CFU/100 ml, and the ABPC-resistant prevalence 

was 25.5%. During the three monthly time series, it was observed that ABPC-resistant 

coliforms entering the WWTP were removed through each treatment process, with 5 logs 

comparable to coliforms. However, ABPC-resistant coliforms count tended to be higher 

in the effluent than in the influent, similar to what was found with E. coli. It was also 

observed that more than 40.0 CFU/100 ml of ABPC-resistant coliforms were released 

into the effluent. The ABPC-resistant coliforms were found to have a higher load of 

bacteria in the effluent than the ABPC-resistant E. coli. The results showed that in all 

samples, the WWTP markedly reduced the number of E. coli and coliforms, whereas 

ABPC-resistant E. coli and coliforms remained viable in the effluent and were discharged 

into the water body. It has been reported that wastewater effluent discharged into rivers 
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can retain trace amounts of bacteria, leading to increased bacterial concentrations and 

altering the microbial diversity of river water 27. 

 

3.3.3 Species identification of ABPC-resistant positive strains of E. coli and 

coliforms 

 A total of 378 E. coli isolates from each sample were identified as E. coli (90.0%; 

378/420 isolates). For a total of three sampling events in the influent, biologically-treated 

water, and the effluent, the identification rate of ABPC-resistant E. coli among the E. coli-

positive strains were 93.9 ± 4.8%, 82.2 ± 8.8%, and 86.9 ± 4.0%, respectively, among the 

E. coli suspicious positive strains. The positive strains of E. coli on ABPC screening plates 

Figure 3.2 The prevalence of ABPC-resistant coliforms species from influent, 
biologically-treated water, and effluent samples of WWTPs in June, September, and 
November. In; influent, Bio; biologically-treated water, Ef; effluent. 
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ranged from 70.0% to 100%, confirming their high selectivity for screening for ABPC-

resistant E. coli. However, the identification rate of E. coli in the effluent water after 

chlorination was lower than in the influent water samples. 

Out of a total of 453 coliforms isolates, 86.1% (390/453 isolates) were identified as 

coliforms species. The identification rates of ABPC-resistant coliforms in the positive 

coliforms strains during three sampling events of the influent, biologically-treated water, 

and effluent were 87.9 ± 1.1%, 80.4 ± 13.4%, and 89.4 ± 5.4%, respectively. Changes in 

the microbiota of coliforms identified from each sample during the June, September, and 

November surveys were examined. Twenty-one species from seven bacterial genera were 

identified from ABPC-resistant coliforms (four species of the genera Klebsiella: K. 

oxytoca, K. pneumoniae, K. aerogenes, and K. variicola; one species of the genera 

Raoultella: R. ornithinolytica; seven species of the genera Enterobacter: E. asburiae, E. 

bugandesis, E. xiangfangensis, E. hormaechei, E. cloacae, E. kobei, and E. cancerogenu; 

four species of the genera Citrobacter: C. freundii, C. farmer, C. koseri, and C. 

amalonaticus; one species of the genera Serratia: S. marcescens; three species of the 

genera Cedecea: C. nateri, C. lapagei, and C. davisae; one species of the genera 

Aeromonas: A. caviae. Figure 3.2 shows the genera -level microbiota of ABPC-resistant 

coliforms changes in the influent, biologically-treated water, and effluent. In common 

with all samples, Klebsiella was the most dominant genera, with its percentage prevalence 

ranging from 36.4% to 60.7%. Enterobacter was the second dominant genera in all 

samples in June and November. In contrast, the Cedecea showed a higher dominance in 

the community in September (38.6%–68.6%) than in the other survey months, with a 

similar occupancy of Klebsiella. However, Cedecea was not detected in samples from 

June to November. The results indicated that the community microbiota of coliforms in 

wastewater varied significantly over a period of six months. Based on the findings of the 

present study, we could infer that ABPC-resistant Klebsiella, Enterobacter, and Serratia 

are constantly discharged from WWTP into receiving rivers. The highest occupancy of K. 

pneumoniae was detected up to a maximum of 66.7%. Similar to the findings of our study, 

K. pneumoniae was also detected in wastewater at an occupancy rate of 62.2% 28. K. 
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pneumoniae has also been one of the most dominant species in European countries 29, 

accounting for 11.3% of the total bacterial population. They have also been isolated from 

the wastewater environment 30. K. pneumoniae is the most abundant species of 

Enterobacteriaceae carrying the transmissible carbapenems gene 31, which is an 

important contributor to the survival and spread of multidrug-resistant bacteria by being 

discharged into the environment from WWTPs.  

The nMDS analysis was performed to evaluate the similarity of the microbiota at the 

species level of ABPC-resistant coliforms between each sample by month and wastewater 

treatment process nMDS (Figure. 3.3). The ABPC-resistant coliforms community in 

September had a smaller plot area and similar microbiota compared to the June and 

November data. In contrast, the plot positions of the effluent in June and November were 

Figure 3.3 The nMDS analysis was performed to determine the similarity of the 
ABPC-resistant coliforms at the species level between each sample by month and the 
wastewater treatment process. 
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microbiota differed significantly from those in the other samples. In this study, K. 

pneumoniae, K. aerogenes, K. oxytoca, E. asburiae, E. bugandesis, E. kobei, C. nateri, C. 

lapagei, and C. davisae were the main bacterial species that remained in the effluent. 

Stanish et al. 32 have reported alterations in the bacterial community due to chlorination, 

and it is highly probable that chlorination affects the bacterial community by leaving 

chlorine-resistant species.  

 

3.3.4 Change in the prevalence of ESBL-producing E. coli 

In the 378 isolates of ABPC-resistant E. coli, 84 isolates were positive per the ESBL-

producing bacteria screening test, and 82 isolates of them were determined to be ESBL-

producing E. coli by a confirmation test. ESBL-producing E. coli isolates were effectively 

Figure 3.4 The prevalence of ABPC-resistant E. coli and ESBL-producing E. coli 
from influent, biologically-treated water, and effluent samples of WWTPs in June, 
September, and November. In; influent, Bio; biologically-treated water, Ef; effluent. 
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selected via screening tests of ESBL-producing bacteria using the ESBL-selective plates 

(97.6%; 82/84 isolates). The prevalence of ESBL-producing E. coli in the influent, 

biologically-treated water, and effluent over the three sampling periods are shown in 

Figure. 3.4. Results of the chi-square test confirmed that the prevalence of ESBL-

producing E. coli in the influent, biologically-treated water, and effluent in the three 

samplings periods were independent at a significance level of 5%. The results suggest 

that there is no significant association between the prevalence of ESBL-producing E. coli 

in the influent, biologically-treated water, and effluent in the three sampling periods. This 

means that the prevalence of ESBL-producing E. coli is not dependent on the stage of the 

wastewater treatment process. In addition, the mean percentage prevalence of ESBL-

producing E. coli in June, September, and November were 31.7 ± 9.5%, 11.7 ± 4.9%, and 

18.6 ± 9.8%, respectively. A significant decrease in the prevalence of ESBL-producing E. 

coli was observed in the biological treatment process. In June, the prevalence of ESBL-

producing E. coli decreased from 36.7% in the influent to 18.3% in biologically-treated 

water; however, it increased again to 27.5% in the effluent. In September, the prevalence 

of ESBL-producing E. coli in biologically-treated water and the effluent increased from 

10.0% to 23.3%. Therefore, we compared the prevalence of ESBL-producing E. coli in 

biologically-treated water and the effluent in each month and found that the prevalence 

of ESBL-producing E. coli was significantly higher (p > 0.05, t-test) in June and 

September in the effluent after chlorination. This suggests that there may be seasonal 

variations in the prevalence of ESBL-producing E. coli in the WWPT, which may be due 

to factors such as changes in the environment, water temperature, organic matter in the 

water, or other variables. It has been reported that antibiotic-resistant E. coli bacteria are 

highly resistant to chlorine disinfection and survive the ensuing treatments 33.  

 

3.3.5 Change in the prevalence and microbiota of ESBL-producing coliforms 

In the ESBL screening experiment and confirmation test determination of all ABPC-

resistant E. coli isolates, there were 390 ABPC-resistant coliforms isolates in total and 
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135 positive isolates per the screening test of ESBL-producing bacteria, of which 54 

(40.0%; 54/135 isolates) were determined to be ESBL-producing coliforms via the 

confirmation test. The ESBL-producing coliforms were less selective than ESBL-

producing E. coli per the screening test, and the results of the ESBL confirmation test 

meant that 60.0% of isolates that formed positive colonies on the ESBL-selective plates 

were not confirmed as ESBL-producing coliforms. Figure 3.5 shows the changes in the 

prevalence of ABPC-resistant coliforms, the presence of positive isolates for the 

screening test of ESBL-producing bacteria and coliforms the presence of ESBL-

producing isolates in each sample. The prevalence of ESBL-producing coliforms in the 

influent, biologically-treated water, and effluent during the three sampling periods was 

independent of the chi-square test at a significance level of 5%, means that there is no 

clear correlation between prevalence at each stage of the wastewater treatment process. 

Figure 3.5 The prevalence of ABPC-resistant and ESBL-producing coliforms from 
influent, biologically-treated water, and effluent samples of WWTPs in June, September, 
and November. In; influent, Bio; biologically-treated water, Ef; effluent. 
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The average prevalence rates of ESBL-producing coliforms in the influent, biologically-

treated water, and effluent were 25.6 ± 3.3%, 4.0 ± 0.8%, and 11.4 ± 1.1%, respectively. 

This in the biological treatment process, the prevalence of ESBL-producing coliforms, as 

well as that of ESBL-producing E. coli, was found to be decreased. However, it is 

concerning that the prevalence of ESBL-producing coliforms in the effluent was still over 

11%. Upon comparing the prevalence of ESBL-producing coliforms in biologically-

treated water and the effluent, we found that the prevalence in the effluent was 

significantly higher in September and November (p < 0.05, t-test), whereas it was lower 

in effluent water in the June. This suggests that there may be a seasonal variation in the 

prevalence of ESBL-producing coliforms in the WWPT, which may be influenced by 

factors such as changes in water temperature, rainfall patterns, or other environmental 

variables. Furthermore, the lower prevalence of ESBL-producing coliforms in the effluent 

 
Figure 3.6 The prevalence of ESBL-resistant coliforms species from influent, 
biologically-treated water, and effluent samples of WWTPs in June, September, and 
November. In; influent, Bio; biologically-treated water, Ef; effluent 
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in June compared to biologically-treated water is encouraging and suggests that the 

wastewater treatment process may be more effective at removing these microorganisms 

during certain times of the year. However, more research is needed to identify the 

underlying reasons for this seasonal variation in prevalence rates. In addition, the fact that 

Klebsiella is highly resistant to chlorine disinfection, as previously reported 33, 34, may 

help explain the higher prevalence of ESBL-producing coliforms in the effluent during 

these months.  

Figure 3.6 shows the microbiota of ESBL-producing coliforms in the influent, 

biologically-treated water, and effluent in June, September, and November. Seven genera 

and 19 species (Klebsiella, Raoultella, Enterobacter, Citrobacter, Serratia, Cedecea, and 

Aeromonas) were identified among the ESBL-producing coliforms. In common with all 

Figure 3.7 The nMDS analysis was performed to determine the similarity of the ESBL-
producing coliforms at the species level between each sample by month and the 
wastewater treatment process. 
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samples from June and November, Klebsiella and Enterobacter were the dominant genera, 

with prevalence rates ranging from 11.1% to 63.2% and 29.4% to 85.7%, respectively. In 

contrast, Cedecea dominated the composition of the bacterial microbiota in September, 

unlike the other survey months, with a higher prevalence of Cedecea ranging from 82.6% 

to 100%. However, Cedecea was not detected in samples collected in June and November. 

These results suggest that the community of coliforms in wastewater varied widely over 

the six-month period. The nMDS analysis of the component species of the ESBL-

producing coliforms showed that the plots of the effluent tended to be separated from 

those of the influent and biologically-treated water (Figure. 3.7), which is in line with the 

results of the nMDS analysis of the ABPC-resistant coliforms. This suggests that the 

coliforms community in the effluent is distinct from that of the influent and biologically-

treated water and may include different species of bacteria that are more resistant to 

disinfection. The disinfection process does kill most of the bacteria, but as the number of 

bacteria decreases there is still a residue of resistant bacteria released into the receiving 

river. In reality, ESBL-producing coliforms such as K. pneumoniae, E. asburiae, E. 

bugandesis, E. kobei, C. nateri, C. lapagei, and C. davisae were discharged from the 

WWTP into the river. This is concerning because ESBL-producing bacteria are highly 

resistant to antibiotics and can cause serious infections in humans health. Moreover, 

disinfection with chlorine in WWTPs has been shown to promote the survival of ESBL-

producing bacteria, as reported by Rolbiecki et al. 35. This, coupled with the accumulation 

of antibiotics at the discharge of municipal wastewater, as reported in several studies 36, 

37, raises the possibility that ESBL-producing genes could be transmitted to non-ESBL-

producing bacteria in the environment. Therefore, it is crucial to track the behavior of 

ESBL-producing bacteria in the receiving water body to ensure that they do not pose a 

threat to public health or environmental safety.  

 

3.3.6 Possession of ESBL-producing genes 

 ESBL-producing E. coli and coliforms were classified according to their ESBL-
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producing genes (Table 3.2). The prevalence of ESBL-producing E. coli genotypes was 

as follows: TEM type: 47.2%, SHV type: 15.7%, CTX-M-1 type: 25.8%, CTX-M-2 type: 

0% and CTX-M-9 type: 62.9% (Table S3-a). The combination of TEM and CTX-M-9 

types was the most common. In June samples, CTX-M-9 was the most common type of 

E. coli in the influent (95.5%), followed by the TEM type (50.0%), and SHV and CTX-

M-2 were not detected. In the September samples, CTX-M-9 was the most abundant, 

followed by SHV and TEM, and the total gene carriage also showed an increasing trend. 

In the November samples, ESBL gene carriage in E. coli decreased, and only CTX-M-9 

was detected in the effluent. E. coli carrying multiple ESBL-producing genes, including 

the CTX-M-9 type, were identified in the samples. The prevalence of CTX-M-9 ESBL-

producing E. coli in aquatic environments in Japan has been reported in previous studies 
34, 38, which suggests that it is a common genotype in the country's water bodies. However, 

the absence of E. coli carrying the CTX-M-2 genotype in this study, which is frequently 

detected in Japan according to previous reports 39-42, suggests that the prevalence and 

diversity of ESBL-producing E. coli in aquatic environments in Japan may vary 

depending on several factors, including the location and time of sampling.   

The frequency of occurrence of the ESBL genotype in ESBL-producing coliforms is 

TEM SHV CTX-M-1 CTX-M-2 CTX-M-9
Influent 6 11/22 (50) 0/22 (0) 1/22 (5) 0/22 (0) 21/22 (95)
Influent 9 4/10 (40) 6/10 (60) 3/10 (30) 0/10 (0) 7/10 (70)
Influent 11 3/11 (27) 5/11 (45) 4/11 (36) 0/11 (0) 1/11 (9)
Biological treated water 6 5/11 (45) 0/11 (0) 5/11 (45) 0/11 (0) 6/11 (55)
Biological treated water 9 3/6 (50) 2/6 (33) 1/6 (17) 0/6 (0) 5/6 (83)
Biological treated water 11 6/14 (43) 0/14 (0) 5/14 (36) 0/14 (0) 4/14 (29)
Effluent 6 10/12 (83) 0/12 (0) 3/12 (25) 0/12 (0) 10/12 (83)
Effluent 9 0/2 (50) 1/2 (50) 1/2 (50) 0/2 (50) 1/2 (50)
Effluent 11 0/1 (0) 0/1 (0) 0/1 (0) 0/1 (0) 1/1 (100)
Influent 6 14/19 (74) 6/19 (32) 7/19 (37) 8/19 (42) 5/19 (26)
Influent 9 3/23 (13) 14/23 (61) 3/23 (13) 0/23 (0) 19/23 (83)
Influent 11 4/21 (19) 1/21 (5) 7/21 (33) 0/21 (0) 19/21 (90)
Biological treated water 6 18/27 (67) 8/27 (30) 11/27 (41) 10/27 (37) 2/27 (7)
Biological treated water 9 0/9 (0) 8/9 (89) 0/9 (0) 0/9 (0) 9/9 (100)
Biological treated water 11 0/17 (0) 2/17 (12) 0/17 (0) 1/17 (6) 0/17 (0)
Effluent 6 4/7 (57) 1/7 (14) 3/7 (43) 1/7 (4) 0/27 (0)
Effluent 9 0/5 (0) 3/5 (60) 0/5 (0) 0/5 (0) 3/5 (60)
Effluent 11 0/7 (0) 3/7 (43) 0/7 (0) 1/7 (14) 0/7 (0)

Samples sitesBacteria

E. coli

Coliforms

ESBL genetypes, identified strains, isolated strains  (%)
Month

Table 3.2 ESBL-producing E. coli and coliforms were classified according to their 
ESBL-producing genes. 
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shown in Figure. 8 as a heatmap. The TEM type (31.9%), SHV type (34.1%), CTX-M-1 

type (23.0%), CTX-M-2 type (15.6%), and CTX-M-9 type (42.2%) constituted the 

genotypes of the ESBL-producing coliforms. The CTX-M-9 type was frequently detected 

in Cedecea (20.7%), Klebsiella (14.1%), and Enterobacter (6.7%) but not in Citrobacter. 

In the TEM type, Klebsiella (17.0%) and Enterobacter (10.4%) were the predominant 

strains, while no isolates of Aeromonas were detected. Of these, K. pneumoniae (15.6%) 

was the dominant species in the TEM type. In the SHV type, Cedecea (12.6%), Klebsiella 

(10.4%), and Enterobacter (6.0%) were dominant, while Citrobacter, Raoultella, and 

Aeromonas were not detected. Of these, K. pneumoniae (9.6%) and C. nateri (7.4%) were 

the dominant species of the SHV type. In the CTX-M-1 type, Klebsiella (11.1%) and 

Enterobacter (8.1%) were predominant, with K. pneumoniae being the most dominant in 

both CTX-M-1 and CTX-M-2 types. It was found that the major bacterial species that 

composed the coliforms in the samples corrected at the WWTPs carried important ESBL-

producing genes. 

 

3.4 Conclusion 

This study aimed to investigate the prevalence of ESBL-producing E. coli and 

coliforms during the wastewater treatment process in a WWTP. The results showed that 

although the chlorination process reduced the number of E. coli and coliforms, some 

ESBL-producing E. coli and coliforms were still released into the environment through 

the effluent. The changes in prevalence of ESBL- producing E. coli compared to the total 

E. coli counts in the wastewater treatment process showed that the average prevalence 

was 4.5% in the influent, 1.9% in biologically-treated water, and 5.6% in the effluent. It 

is noteworthy that opportunistic pathogens such as Klebsiella and Enterobacter carrying 

ESBL-producing genes were detected in the effluent. Further monitoring of ESBL-

producing bacteria in the effluent is necessary to identify their transmission pathways and 

prevent the spread of resistance in the Enterobacteriaceae family, which can pose a risk 

to human health.  
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Figure 3.8 Heatmap of ESBL-producing coliforms from influent, biologically-treated 
water, and effluent samples showing hierarchical clustering of species and factors. 
Colors represent Z-scores calculated from the relative abundance of the ESBL genes 
above 3% in all classifications. Binary factors (ESBL-producing genes) are indicated in 
red for their presence (relative response of 1) or in blue for their absence (relative 
response of 0). 
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Chapter 4. Transmission of antibiotic resistance genes from ESBL-

producing E. coli to Shiga toxin-producing E. coli  

4.1 Introduction 

While most strains of E. coli are harmless, certain pathogenic strains can cause 

symptoms such as diarrhea in humans 1. These strains are highly infectious and toxic, and 

there have been reports of food poisoning and waterborne infections caused by them, not 

only in developing countries but also in developed countries 2, 3. Therefore, the WHO has 

listed pathogenic E. coli as one of the major causes of water-borne infections 4. Pathogenic 

E. coli, also known as diarrheagenic E. coli, can be classified into several types, including 

Enteropathogenic E. coli (EPEC), Enteroinvasive E. coli (EIEC), Enterotoxigenic E. coli 

(ETEC), Shiga toxin-producing E. coli (STEC), Enteroaggregative E. coli (EAEC), and 

Diffusely Adherent E. coli (DAEC) 5, 6, 7. Among these categories, STEC is particularly 

dangerous, as it can cause enteritis accompanied by bleeding and hemolytic uremic 

syndrome (HUS) 1, 3, 8. Infections caused by STEC have become a significant public 

health concern worldwide, with the WHO estimating that over 1 million people contract 

STEC each year, resulting in over 100 deaths 8. Pathogenic E. coli strains can spread 

through rivers and drainage canals, contaminating water sources that are used for 

recreation, drinking, and irrigation. In developing countries, there have been reports of 

STEC present in river water that is still used as a source of drinking water 9. This poses 

an urgent public health issue that needs to be addressed. It has been reported that E. coli 

strains with acquired resistance to antibiotics, which are commonly used to treat bacterial 

infections, are spreading in rivers 10, 11. This is a serious issue as it indicates the presence 

of drug-resistant pathogenic E. coli strains such as STEC. Therefore, the existence of 

STEC that has acquired AR cannot be denied. 

As introduced in the previous chapters, ESBL-producing bacteria, which are regarded 

as major contributors to nosocomial infections, have become the most critical challenge. 

According to the conclusions in Chapter 3, although the chlorination process reduced the 

number of E. coli, some ESBL-producing E. coli were still released into the environment 
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through the effluent. This raise concerns that the ARGs carried by these bacteria may be 

transferred to other pathogenic strains, such as STEC, which can be present in the river 

water. Horizontal gene transfer, particularly via conjugation, is a well-documented 

method for the spread of ARGs, including those encoding ESBLs 12. The success of 

conjugation is dependent on several factors, including the compatibility of the mating pair 

and the presence of restriction/ modification systems in the recipient cell 13. 

This study aims to investigate the spread of drug resistance from ESBL-producing E. 

coli, which has been isolated from treated wastewater, to STEC in rivers. Specifically, the 

study will analyze the acquisition and transmission of resistance by E. coli in the river 

water environment and quantify the rate of water-borne transmission of AR. 

 

4.2 Materials and Methods 

4.2.1 Sampling and isolation of strain  

Chapter 3 outlines the procedure used to isolate E. coli from chlorinated effluent 

obtained from a WWTP. And the STEC positive strains were collected from river water. 

River samples were collected and processed using the flocculation/foam concentration 

method and selective agar media. This enabled the recovery of STEC, even at very low 

concentrations in the river water. After foam concentration, the water was centrifuged for 

1 min at 4,000 rpm using a desktop centrifuge (H-36, KOKUSAN). The supernatant was 

then removed, and the precipitate was suspended in 1 mL of sterilized physiological saline. 

The suspended mixture was spread onto CHROMagar STEC (CHROMagar, France) 

medium, a selective medium for STEC, using a conlarge stick (SFC-1000, AS-ONE) to 

ensure even spreading. The plates were then incubated at 37±0.5°C for 24 hours. The 

purple-red positive colonies formed on the medium were subsequently counted. The 

STEC isolates were enumerated using. Formed colonies were isolated as STEC-positive 

strains by streaking on BHI agar medium (agar 1.5%, BD). A total of 10 strains of E. coli 

and 30 strains of STEC were isolated, respectively, from the treated wastewater and river 
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water samples.  

4.2.2 Bacterial identification by MALDI-TOF MS 

The method is the same as the one used in previous publications 14, 15. Positive isolates 

of bacteria were incubated at 37 ± 0.5 °C for 18 hours. Samples were spread directly into 

384-well stainless-steel target plates (MTP 384; Bruker Daltonics, Billerica, MA, USA) 

and then covered with 1.0 ml of matrix solution. All samples were analyzed for the 

probability of correct isolates using the autoflex® III TOF/TOF system (Bruker 

Daltonics) and the MALDI Biotyper Compass microbial identification system (Bruker 

Daltonics, version 4.1.60.2) per the manufacturer's instructions. E. coli and coliforms 

were identified by a logarithmic score of >1.700. 

 

4.2.3 Antimicrobial susceptibility testing 

The identified strains were subjected to the agar plate dilution method to determine 

their MIC against 13 antibiotics in accordance with the Clinical and Laboratory Standards 

Institute (CLSI) guidelines 16. The isolates were cultured at 37°C for 18 h in MH broth 

(Becton, Dickinson and Company, Sparks, MD, USA) and then diluted to a final 

concentration corresponding to the 0.5 McFarland turbidity standard with fresh MH broth. 

The isolates were then inoculated on the surface of 1.5% MH agar containing graded 

concentrations of each antimicrobial in the wells of a microplate (Sakuma Co., Tokyo, 

Japan). Following incubation of the plates at 37°C for 18 h, the MICs were determined. 

MIC breakpoints for resistance were based on the CLSI criteria. 

The antimicrobials used in the current study included ampicillin (ABPC; graded 

concentrations of 4–64 µg/mL), gentamicin (GEN; 2–32 µg/mL), cefazolin (CFZ; 1–16 

µg/mL), cefotaxime (CTX; 0.5–8 µg/mL), ceftazidime (CAZ; 2–32 µg/mL), tetracycline 

(TC; 2–32 µg/mL), imipenem (IMP), ciprofloxacin (CIP; 0.5–8 µg/mL), cefepime (CPM; 

4–64 µg/mL) (Wako Pure Chemical Industries, Ltd., Osaka, Japan), Amoxicillin (AMO; 

4–64 µg/mL), Meropenem (MEP; 0.5–8 µg/mL), Nalidixic acid (NA; 4–64 µg/mL), 
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(RFP) and chloramphenicol (CHL; 4–64 µg/mL) (Sigma-Aldrich Corporation, St. Louis, 

MO, USA). Each of the tested agents was dissolved in distilled water or other appropriate 

solvents in accordance with the CLSI recommendations. The E. coli reference strain 

ATCC 25922 was used for quality control. 

 

4.2.4 ESBL confirmation test 

Confirmation tests were performed on positive isolates after screening for ESBL-

producing bacteria. The confirmation test was determined by the inhibition circle for 

ceftazidime (CAZ) (30 mg, Becton Dickinson, Tokyo, Japan), ceftazidime/clavulanic 

acid (CAZ/CVA) (30 mg/10 mg, Eiken Chemical, Tokyo, Japan), cefotaxime (CTX) (30 

mg, Becton Dickinson, Tokyo, Japan), and cefotaxime/clavulanic acid (CTX/CVA) (30 

mg/10 mg, Eiken Chemical, Tokyo, Japan) per the disk diffusion method (CLSI, 2017). 

The positive strains screened with ESBL-selective plates were pre-cultured on the BHI 

agar medium, and the bacterial concentration was adjusted to the Macfarlane 0.5 standard 

as described above. Then, the adjusted bacterial solution was applied to Mueller Hinton 

(Becton Dickinson, Tokyo, Japan) agar medium within 15 minutes. Discs of four 

antibiotics (CAZ, CAZ/CVA, CTX, and CTX/CVA) were stamped on an agar medium 

using a Sensi-Disc dispenser (Becton Dickinson, Tokyo, Japan). After incubation at 37 ± 

0.5°C for 18–24 hours, ESBL-producing bacteria were identified by an inhibition circle 

with a minimum diameter of 5 mm in CAZ and CAZ/CVA or CTX and CTX/CVA. 

 

4.2.5 ESBL genotypes of E. coli by multiplex PCR analysis 

DNA samples were extracted from ABPC-resistant E. coli and ABPC-resistant 

coliforms isolates using the DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA, USA). 

The five ESBL genotypes (TEM, SHV, CTX-M-1, CTX-M-2, CTX-M-9) were 

determined according to the multiplex PCR technique 17. 

The primers for all the genes. Each 50-µl reaction consisted of 29.75 µl of sterilized 
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distilled water, 0.25 µl of Takara Taq HS (Takara Bio Inc., Shiga, Japan), 5 µl of 10 × 

KAPA Extra Buffer (Takara Bio Inc., Shiga, Japan), 5 µl of deoxynucleoside triphosphate 

Mix (dNTP Mix) (Takara Bio Inc., Shiga, Japan), 1 µl of each primer, and 1 µl of the 

DNA template. The PCR reaction was performed using a SimpliAmp™ Thermal Cycler 

(Thermo Fisher Scientific, Waltham, MA, USA) with the following reaction conditions: 

denaturation at 94°C for 2 minutes, followed by 30 cycles at 94°C for 1 minute, 55°C for 

1 minute, and 72°C for 90 seconds, and a final extension step at 72°C for 5 minutes. After 

the PCR reaction, 5 μl of the PCR product and 1 μl of 6 × loading buffer (Takara Bio, 

Inc., Shiga, Japan) were mixed, loaded into the wells of 2% agarose gels, and separated 

using the Mupid®-One electrophoresis system (Nippon Genetics Co., Ltd., Tokyo, Japan) 

at 100 V for 40 minutes. After electrophoresis, the agarose gel was stained with ethidium 

bromide solution (0.05 µl/ml) for 10 minutes and then shaken in distilled water for 10 

minutes to confirm the PCR amplification products. The E. coli strain, ATCC 25922, was 

used as a positive control for the PCR reaction. 

 

4.2.6 STEC genotypes of E. coli by multiplex PCR analysis 

The virulence genes targeted in STEC are stx1 and stx2, which are associated with the 

production of Shiga toxin, and eae, which is involved in the production of intimin 18. 

Intimin is deposited on the intestinal surface and is known to cause severe symptoms. The 

analysis targets three types of virulence genes. DNA samples were extracted from STEC 

isolates using the DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA, USA). The 

primers used for the analysis of stx1 and stx2 genes were prepared as per Cebula et al.19, 

STEC genotypes Primer sequences PCR product (bp)
F: 5’-CAGTTAATGTGGTGGCGAAGG-3’
R: 5’-CACCAGACAATGTAACCGCTG-3’
F: 5’-ATCCTATTCCCGGGAGTTTACG-3’
R: 5’-GCGTCATCGTATACACAGGAGC-3’
F: 5’-CCCGAATTCGGCACAAGCATAAGC-3’
R: 5’-CCCGGATCCGTCTCGCCAGTATTCG-3’

stx1 348

stx2 584

eae 881

Table 4.1 Design of primers sequence for detection of STEC genotypes. 
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while the eae gene primers were prepared according to Oswald et al.20. The primers for 

all the genes shown in Table 4.1.  

Each 30-µl reaction consisted of grade water, 6 µl of 5 ×KAPATaq EXtra Buffer 

(Mg2+ Free) (Takara Bio Inc., Shiga, Japan), 3 µl of MgCl2 (25 mM) (Takara Bio Inc., 

Shiga, Japan), 0.9 µl of KAPA dNTP Mix (10 mM) (Takara Bio Inc., Shiga, Japan), 0.16 

µl of KAPATaq EXtra DNA polymerase (5 U/μL), primer (Forward and Reverse), and 2 

µl of the DNA template. Primers were adjusted to final concentrations of 0.13 µM for 

stx1 and stx2 genes, and 0.27 µM for eae and uidA genes, respectively. The PCR reaction 

was performed using a SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific, 

Waltham, MA, USA) with the following reaction conditions: denaturation at 94°C for 1 

minutes, followed by 25 cycles at 94°C for 30 seconds, 58°C for 30 seconds, and 72°C 

for 1 minute, and a final extension step at 72°C for 2 minutes. After the PCR reaction, 5 

μl of the PCR product and 1 μl of 6 × loading buffer (Takara Bio, Inc., Shiga, Japan) were 

mixed, loaded into the wells of 2% agarose gels, and separated using the Mupid®-One 

electrophoresis system (Nippon Genetics Co., Ltd., Tokyo, Japan) at 100 V for 40 minutes. 

 

4.2.7 Conjugation experiment by filter matching 

ESBL-producing E. coli was confirmed based on ESBL confirmation test and the 

presence of ESBL-related genes. Six strains of ESBL-producing E. coli from the treated 

wastewater were chosen as donor strains. The STEC-specific genes were identified in 

STEC-positive strains isolated from river water using the Enterohemorrhagic E. coli test 

and Diagnosis Manual from the National Institute of Infectious Diseases 21. Furthermore, 

STEC strains were selected and applied to MacConkey medium containing 50 μg/ml 

rifampicin (RFP). The STEC strains that became resistant to RFP were classified as RFP-

resistant STEC strains, and three strains (STEC 63, STEC 4, and STEC 9) were recovered. 

These three RFP-resistant STEC strains were then used as recipient strains. 

The mating process involved combining 100 µl of the donor and recipient strains, 

which had been cultured in Luria-Bertani (LB) liquid medium, with 10 ml of 
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physiological saline. The mixture was then filtered through a membrane filter using 

suction to separate the cells from the growth medium. The filtered cells were applied onto 

LB medium and incubated at 37±0.5°C for 24 hours to allow for mating to occur. After 

24 hours of incubation, the resulting filters were suspended in 30 ml of physiological 

saline and screened on MacConkey medium containing both 32 µg/ml ABPC and 25 

µg/ml RFP. The use of both antibiotics was to select for cells that had acquired the plasmid 

containing the resistance genes for both antibiotics. The number of colonies that grew on 

the MacConkey medium was used to determine the level of AR expressed. The donor and 

recipient strains were enumerated prior to propagation onto MacConkey medium 

containing 32 µg/ml ABPC and 25 µg/ml RFP, respectively. The growth of colonies on 

the MacConkey medium indicated successful conjugation of plasmids carrying ARGs 

from the donor to the recipient strain. The conjugation frequency refers to the ratio of 

transconjugant bacteria, which are the recipient bacteria that have acquired the plasmid 

containing the resistance genes from the donor strain to the total number of recipient 

bacteria. Mathematically, it is calculated as the number of transconjugant bacteria divided 

by the number of recipient bacteria. 

Figure 4.1 Conjugation process occurs in two bacteria strain. 
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4.3 Results and discussion 

4.3.1 Resistant profile of donor strains and recipient strains 

The six ESBL-producing E. coli bacteria were used as donor bacteria in this study. The 

resistance of these bacteria to different antibiotics was indicated in Table 4.2. It was 

observed that all six donor bacteria were resistant to ABPC, CFZ, CTX, CIP, CPM, AMO, 

and NA antibiotics. Furthermore, all of them carried the CTX-M-9 ESBL-producing gene, 

which is one of the most common genes associated with ESBL production in 

Enterobacteriaceae 22, 23. In addition to the CTX-M-9 gene, the second E. coli donor 

bacterium was found to carry an extra TEM ESBL-producing gene. The TEM gene is 

another common type of ESBL gene, which is often found in combination with CTX-M 

genes in ESBL-producing bacteria 24. 

 

4.3.2 The rate of transmission 

In this study, the rate of transmission of AR on the filter was measured using a filter 

mating method. The bacterial conjugation experiments carried out on supplemented 

media containing both ABPC and RFP revealed the presence of positive colonies of E. 

coli. This suggests that the transfer of ABPC resistance from the ESBL-producing E. coli 

Table 4.2 Resistant profile of donor strains and recipient strains. 
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donor strain to the STEC recipient strain is possible. Table 4.3 displays the transmission 

rates of ABPC resistance from ESBL-producing E. coli donor strains to STEC recipient 

strains. The rate of transmission on the filter was found to range from 1.10×10-3 to 

9.77×10-7. The transmission of AR through plasmids can occur at a relatively low 

frequency. Interestingly, the same donor strain exhibited different resistance transmission 

rates when tested against different recipient strains. However, it is noteworthy that there 

were slight variations in transmission rates even when the same combination of strains 

was tested between the donor and recipient strains. This indicates the need for further 

investigation and monitoring of transmission dynamics between different bacterial strains. 

The results showed that the rate of transmission varied depending on the combination of 

donor and recipient strains. After screening trans-conjugation bacteria that showed five 

of the six donor bacteria will successfully transfer the ESBL-associated gene CTX-M-9 

into recipient after filter mating experiment (Table 4.4). The results of the conjugation 

experiment showed that the donor strain ESBL 2 was resistant to both ABPC and RIP 

antibiotics but failed to transfer the ESBL genes to recipient strains. Interestingly, the 

donor strains ESBL 1 and 3 were able to successfully transmit the CTX-M-9 gene to some 

recipients, but not to others, indicating that the conjugation process is influenced by many 

factors. The plasmid carrying the antibiotic resistance gene may have been lost during 

bacterial isolation or not successfully integrated into the recipient bacteria during the 

conjugation process, either due to exposure to external stresses or internal degradation 

Table 4.3 Transmission rates of resistance from donor strains to recipient strains. 
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mechanisms. Alternatively, the recipient bacteria may have been unable to take up the 

plasmid due to a lack of competence or a barrier to uptake. The success rate of plasmid 

transfer can depend on various factors, such as the genetic relatedness between the donor 

and recipient strains, the availability of suitable receptors on the recipient's surface, and 

the presence of restriction-modification systems in either strain that could prevent the 

transfer of foreign DNA. The observed differences in transmission rates highlight the 

complexity of AR transmission and the need for a better understanding of the mechanisms 

underlying this process. Several studies have reported that ESBL-producing E. coli 

carrying the CTX-M gene can transfer their resistance to other bacteria through horizontal 

gene transfer mechanisms, such as conjugation 25-28. The transmission of AR through 

plasmids is a major factor contributing to the spread of AR in bacteria 29. HGT is the main 

mechanism for the production and spread of ARGs and ARB in the environment. 

Plasmids conferring multidrug resistance (MDR) are often conjugative, meaning that they 

are capable of initiating their own transfer from one bacterial cell to another through direct 

cell-to-cell contact 30. In addition to their own transfer, these plasmids can also promote 

the transfer of other plasmids, further increasing the potential for horizontal transfer of 

ARGs. Further research is required to investigate the factors that influence the 

transmission of AR, including the role of plasmids in conjugation. 

 

Table 4.4 ESBL-producing gene detected from recipient strains. 
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4.4 Conclusion 

The filter-mating conjugation experiment to assess the transmission of ESBL-

producing E. coli from treated wastewater and STEC from rivers. This experiment 

confirms that ESBL-producing E. coli that persist in treated wastewater can transmit AR 

and ARG to STEC in rivers. The difference in the rate of AR transmission depending on 

the specific donor and recipient bacterial strains involved in the process was observed. 

These finding highlights the potential risk posed by the release of effluent from WWTPs, 

which may contain ARB and ARGs contribute to the spread of resistance in the 

environment. 
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Chapter 5. Conclusion  

In this thesis, a three-part experiment was conducted to investigate the increase in ARB 

under aerobic conditions, the incomplete removal of ESBL-resistant bacteria during 

treatment leading to an outflow of these bacteria into the receiving river, and the resulting 

spread of resistance from ESBL-producing E. coli in the effluent water to STEC bacteria 

in the river. Transmission of resistance has occurred through conjugation between 

different bacteria. In summary, the following conclusions can be drawn based on this 

thesis. 

 

5.1 Aerobic treatment processes in WWTP could increase resistance 

The resistance and phylogroup changes under aerobic conditions were investigated for 

E. coli. The main findings are: 

 After 14 days under aerobic conditions, the concentration of TOC exhibited a 

gradual decline, providing evidence of organic matter decomposition in the 

wastewater during the 14-day aerobic treatment. 

 E. coli removal efficiencies were observed to be 99.6% and 98.7% in samples 

collected from plants A and B, respectively. The decrease in E. coli content in the 

samples indicates that the biological treatment of wastewater was successful 

under aerobic conditions. 

 The survival rate of strains belonging to phylogroup B2 was much higher than 

that of strains belonging to the other major phylogroups (such as phylogroup A, 

B1, D and F)  in municipal wastewater samples. 

 The prevalence of AR E. coli isolates increases under aerobic conditions, and the 

survival of phylogroup B2 isolates carrying the β-lactamase gene is relatively high. 
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5.2 ESBL-producing bacteria would persist and flow into the river 

The prevalence of resistance during the wastewater treatment process in a WWTP were 

investigated for ESBL-producing E. coli and coliforms. The main findings are: 

 The numbers of E. coli in the influent water, biologically-treated water, and 

effluent water were 1.2 ± 0.6 × 107 CFU/100 ml, 5.3 ± 0.1 × 104 CFU/100 ml, and 

5.7 ± 0.5 CFU/100 ml, respectively. The removal of E. coli in the water was 6 logs 

(99.9999%). The numbers of ABPC-E. coli in the influent water, biologically-

treated water, and effluent water were 1.7 ± 0.5 × 106 CFU/100 ml, 1.0 ± 0.2 × 

104 CFU/100 ml, and 1.2 ± 0.4 CFU/100 ml, respectively.  

 The numbers of coliforms in the influent water, biologically-treated water, and 

effluent water were 2.0 ± 0.1 × 108 CFU/100 ml, 1.8 ± 0.10 × 106 CFU/100 ml, 

and 2.4 ± 0.01 × 102 CFU/100 ml, respectively. The removal of coliforms in the 

water was 5 logs (99.999%). The numbers of ABPC-coliforms in the influent 

water, biologically-treated water, and effluent water were .0 ± 0.4 × 107 CFU/100 

ml, 2.5 ± 0.1 × 104 CFU/100 ml, and 42.4 ± 0.1 CFU/100 ml, respectively.  

 The changes in prevalence of ESBL- producing E. coli compared to the total 

counts in the wastewater treatment process showed that the average prevalence 

was 4.5% in the influent, 1.9% in biologically-treated water, and 5.6% in the 

effluent. And the average prevalence of ESBL-producing coliforms was 25.6 ± 

3.3% in the influent, 4.0 ± 0.8% in the biologically-treated water, and 11.4 ± 1.1% 

in the effluent. 

 The opportunistic pathogens such as Klebsiella and Enterobacter carrying ESBL-

producing genes were detected in the effluent. 

 Although the chlorination process reduced the number of E. coli and coliforms, 

some ESBL-producing E. coli and coliforms were still released into the 

environment through the effluent. 
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5.3 Transmission of AR to rivers after treated water 

ESBL-producing E. coli could transfer their resistance genes to STEC in rivers and the 

rates of conjugation were determined. The main findings are: 

 The rate of transmission of AR on the filter was measured using a filter mating 

method. 

 The rate of transmission on the filter was found to range from 1.10×10-3 to 

9.77×10-7. The transmission of AR through plasmids can occur at a relatively low 

frequency. 

 ESBL-producing gene CTX-M-9 can be transmitted from ESBL-producing E. 

coli to STEC strains. It is important to note that even when the same combination 

of strains was tested, slight differences in transmission rates were observed 

between the donor and recipient strains.  

 

Conclusion  

In this thesis, a three-part experiment was conducted to investigate the increase in ARB 

under aerobic conditions, the incomplete removal of ESBL-resistant bacteria during 

treatment leading to an outflow of these bacteria into the receiving river, and the resulting 

spread of resistance from ESBL-producing E. coli in the effluent water to STEC bacteria 

in the river. Resistance is enhanced in wastewater plants as the bacterial count decreases, 

especially as ESBL-producing bacteria remain in the effluent water after chlorine 

disinfection then are released into the receiving rivers. When the ARB and ARG associate 

with the bacteria via conjugation in the river, which increase the AR of the bacteria in the 

river. The results of the study confirm that WWTPs serve as reservoirs of ARB and ARGs 

and pose a potential risk to human. Further research is needed to identify the specific 

mechanisms underlying the spread of ARB and ARGs in the environment and to develop 

targeted interventions to prevent the transmission of AR and safeguard public health. 
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