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ABSTRACT 

 

Antibiotic resistance genes and antibiotic resistant bacteria as emerging 
contaminants in wastewater: fate and persistence in engineered and 
natural environments 

 

David Mantilla-Calderon 

 

The emergence and rapid spread of antimicrobial resistance (AMR) is a phenomenon 

that extends beyond clinical settings. AMR has been detected in multiple environmental 

compartments, including agricultural soils and water bodies impacted by wastewater 

discharges. The purpose of this research project was to evaluate what factors could influence 

the environmental persistence of antibiotic resistance genes (ARGs), as well as to identify 

potential strategies employed by human pathogens to survive in secondary environment 

outside the host.  

The first part of this dissertation describes the incidence of the New Delhi metallo-

beta lactamase gene (blaNDM-1) – an ARG conferring resistance to last resort antibiotics – 

in the influent of a wastewater treatment facility processing municipal wastewater from 

Jeddah, Saudi Arabia. Detection of blaNDM-1 was followed by the isolation of a multi-drug 

resistant strain of E. coli (denoted as strain PI7) at a frequency of ca. 3 x 104 CFU/m3 in 

the untreated municipal wastewater.  
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Subsequently, we described the decay kinetics of E. coli PI7 in microcosm 

experiments simulating biological treatment units of wastewater treatment plants. We 

identified that transition to dormancy is the main strategy prolonging the persistence of 

E. coli PI7 in the microcosm experiments. Additionally, we observed slower decay of E. 

coli PI7 and prolonged stability of extracellular DNA in anoxic/anaerobic conditions.  

In the last chapter of this thesis, the fate of extracellular DNA is further explored. 

Using as a model Acinetobacter baylyi ADP1, we describe the stimulation of natural 

transformation frequencies in the presence of chlorination disinfection byproducts  

(DBPs). Moreover, we demonstrate the ability of BAA to stimulate transformation is 

associated with its capacity to cause DNA damage via oxidative stress.  

Overall, this dissertation addresses important knowledge gaps in our current 

understanding of ARB and extracellular ARG persistence in the environment.  The results 

from this project highlight the importance of retrofitting the existing water treatment 

process with advance membrane filtration units, and the need to relook into the current 

disinfection strategies. Wastewater treatment technologies should be assessed for their 

efficacies in not only inactivating ARB and ARGs, but also whether unintended 

consequences such as stimulated horizontal gene transfer would occur.   
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Chapter 1 

Introduction 

Water scarcity is one of the top three global challenges of the next decade (1). As 

of now, approximately 4 billion people experience severe temporary water scarcity, 

while half a billion people live in conditions of permanent water stress (2). Saudi Arabia 

and many other countries in Middle East, Australia, South America, US and most parts of 

Asia will experience high level of water stress by 2040 (Figure 1.1). Consequently, in 

response to the growing global water demand, treated wastewater reuse has been 

considered a promising alternative to partially alleviate the stress over fresh water 

resources in arid regions of the world (3). In Saudi Arabia, the country has introduced a 

series of national initiatives to increase the water reuse rates from the current 40% to 

up to 90% by 2030 (4).  
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Figure 1.1.  Projected water stress throughout the world by 2040 (5).  

 

Despite the obvious need to pursue water reclamation, initiatives to push for 

water reuse can be impeded by several challenges. First, global travels and migration of 

human population has meant that emerging microbial and chemical pollutants that are 

not inherently indigenous in that ecosystem may now be disseminated into the sewage. 

Using Saudi Arabia as an example, the country hosts up to 2 million pilgrims per year for 

the annual Hajj pilgrimage (6). Many of these pilgrims may come from developing 

countries where access to antibiotics are not tightly regulated and monitored. Pilgrims 

can therefore be potential carriers of antibiotic resistant bacteria (ARB) or antibiotic 

resistance genes (ARG), particularly those of global priority as listed by World Health 
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Organization (7). In fact, Salmonella, Shigella and pathogenic E. coli that were positive 

for beta-lactamase genes (e.g. blaCTX-M-15, blaNDM-1, blaKPC, blaOXA-48 and blaVIM) were 

recovered from pilgrims who performed Hajj in 2011 to 2013 (8).  

Second, raw wastewater contains high incidence of pathogenic organism and 

chemical pollutants. Traditionally, wastewater is subjected to a series of biological and 

physical processes to decrease its microbial and organic load. However, recent studies 

had pointed out at a selective enrichment of ARB and ARGs out of the total microbial 

community after going through the activated sludge treatment (9, 10). The question 

therefore arises: how do the antibiotic-resistant bacteria survive the harsh 

environmental conditions imposed by activated sludge process?  

Given that bacteria still remain after an activated sludge treatment process, 

most WWTPs around the world (except in most European countries. Table 1.1 shows a 

list of European countries that use chlorine (11)) apply chlorine as a final disinfectant. 

Chlorination is typically performed to further inactivate ARB and ARGs that may remain 

in the treated effluent. There are several disadvantages associated with the use of 

chlorine. Chlorine is highly reactive and reacts with organic matter, bromide, 

nitrogenous materials to form disinfection byproducts (DBPs) that are mutagenic, 

carcinogenic and toxigenic even at low concentrations (in low ranges ng/uL) (12-14). 

Furthermore, earlier studies have shown that at sub-lethal dose, chlorine can select for 

ARB by gene mutation and also through increase in conjugation rates (15). Although this 

is a concerning observation, most WWTPs typically follow standard protocols and 
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guidelines to ensure that chlorine dosage is at the lethal dose and such observation of 

stimulating ARB at sublethal dose is an unlikely scenario in well-functioning WWTP. In 

fact, the AMR threat in treated effluent is most likely going to arise from extracellular 

DNA since most bacteria are inactivated and lysed by chlorine treatment and the DBPs. 

Both of these microbial-associated and chemical contaminants may be released into the 

natural environment if chlorinated effluent is to be reused or discharged into open 

receiving waters. However, it remains unknown if DBPs would play a role in selecting for 

ARBs through natural transformation and hence increase AMR threats.  

 

Table 1.1 List of European location using chlorine disinfection (11). 
  

Location2 Disinfection method 
  
Barcelona, Spain (Badalona)  Cl2 - Cl2 
Barcelona, Spain (Hospitalet)  Blend of Cl2 - Cl2, Cl2 – O3 - Cl2, Desal – RO – Cl2 

Barcelona, Spain (Sabadell)  Blend of (ClO2/Cl2) – Cl2, Cl2 - Cl2   
Kaunas, Lithuania (Petruniusai)  Cl2 
Modena, Italy ClO2 
Kaunas, Lithuania (Viciunai)  Cl2 
Valencia, Spain Cl2 - Cl2 
Rennes, France  O3 - Cl2 
Asturias, Spain Cl2 
Bradford, UK (Shipley) Cl2 
Bradford, UK (Airedale)  Cl2 
  
 
Cl2 = chlorination, O3 = ozonation, ClO2 = chlorine dioxide, Desal = Desalination,  
 
RO = desalination with reverse osmosis. 
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With the abovementioned background challenges and questions, the objectives 

of this dissertation research are to provide information regarding the incidence of 

emerging microbial pollutants in the region, as well as to address knowledge gaps 

concerning their fate and persistence in the engineered and natural environment. We 

hope the results from this work would ultimately help evaluate the risk of wastewater 

reclamation and reuse, and suggest potential risk mitigation strategies.   

To achieve these goals, we first sought to determine if resistance to last resort 

antibiotics could be detected in the raw wastewater of Jeddah, KSA, and whether the 

presence of those emerging contaminant could represent a risk for the public health 

(Chapter 2). We were particularly interested in the case of Jeddah, as it serves as the 

main entry point for over 2 million pilgrims a year (6). Accordingly, we aimed at 

evaluating if pilgrimage activities could have an impact over the incidence of ARGs 

conferring resistance to last resort antibiotics. This work led us to the isolation of a 

multi-drug resistant and potentially pathogenic isolate of E. coli, which we denoted as E. 

coli PI7. 

Given the presence of E. coli PI7 in raw wastewater, downstream reuse 

applications might pose a risk to the public health if the bacterium persist at levels that 

are infective. The removal of microbial contaminants in the conventional wastewater 

treatment process is mainly attained at the biological treatment unit and the final 

disinfection step. In the subsequent chapter of this doctoral work (Chapter 3), we aimed 

at evaluating the decay kinetics of E. coli PI7 and its associated ARGs in microcosms 
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experiments simulating conventional activated sludge units, as well as anaerobic 

treatment processes. Compared to conventional activated sludge, anaerobic treatment 

processes present lower energy footprint (16). In addition, phosphorous and nitrogen 

are not removed, which make anaerobically treated wastewater effluents suitable for 

agricultural irrigation (17). The economic and environmental advantages of anaerobic 

treatment have led to a growing interest in the application of this technology over 

conventional activated sludge processes (3). We used a combination of culture-based 

and molecular methods that allowed us to independently trace cellular and plasmidic 

DNA decay. Moreover, we aimed at evaluating the effect of trace antibiotic 

concentrations over the cellular and plasmidic decay kinetics, as well as to determine 

potential survival strategies that allowed prolonged persistence of E. coli PI7 in the 

secondary environment outside the host.      

The results of Chapter 3 showed a spike of extracellular DNA in the colloidal 

fraction of the microcosms as a consequence of cellular decay. Additionally, 

extracellular DNA persisted for more than 24 h hours under certain conditions. Given 

that regular sedimentation will not remove the DNA present in the colloidal fraction, 

this led us to evaluate the fate of extracellular DNA in Chapter 4.  

During the last stage of disinfection, unintended reactions of chlorine and other 

disinfectants with the natural organic matter - present in the effluent - generate DBPs 

(12, 13). DBPs have shown cytotoxic as well as mutagenic properties in a number of 

biological models (18, 19). In Chapter 4 of this dissertation, we explored the effect of 
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water disinfection byproducts over the natural transformation rates of extracellular 

DNA. To the best of our knowledge, this is the first study reporting the stimulatory 

effect of sub-lethal concentrations of DBPs over the process of natural transformation. 

The novelty of this chapter lies in: i) the description of the phenomenon and the 

mechanisms leading to transformation induction in a ubiquitous microorganism, and ii) 

the environmental implications of our findings on the current disinfection practices of 

water. The latter is of special relevance as treated wastewater represents a promising 

alternative water source in water-scarce regions. Understanding how our current 

disinfection strategies can give rise to emerging unintended threats would facilitate 

future efforts to implement better disinfection strategies and ensure safe reclaimed 

waters. 

The overview of this doctoral work is illustrated in Figure 1.2. The dissertation is 

designed and executed to provide a comprehensive study of AMR in the environment, 

which includes i) environmental incidence of ARB and ARGs of clinical concern, ii) 

pathogen decay kinetics in the engineered environment, and lastly, iii) fate of 

extracellular DNA/ARGs in the natural environment.  
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Figure 1.2. Depiction of the main topics addressed in each chapter section.  
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Chapter 2 

Isolation and Characterization of NDM-Positive Escherichia coli from 

Municipal Wastewater in Jeddah, Saudi Arabia  

* This chapter has been published as: Mantilla-Calderon D, Jumat MR, Wang T, Ganesan 

P, Al-Jassim N, Hong P-Y. Isolation and characterization of NDM-positive Escherichia coli 

from municipal wastewater in Jeddah, Saudi Arabia. Antimicrobial Agents and 

Chemotherapy 60:5223-5231.  

D.M.-C., M.R.J., and P.-Y.H. designed the experiments; P.G. assembled genome; D.M.-C. 

conducted research and performed genomic analysis and interpretations; M.R.J. 

conducted invasion tests and provided scientific discussions and critical review of the 

paper; T.W. provided the GFP-tagged strains, and N.A.-J. extracted DNA for genomic 

sequencing. 

 

The emergence of resistance to last-resort antibiotics is a public health concern 

of global scale. Besides direct person-to-person propagation, environmental pathways 

might contribute to the dissemination of antibiotic-resistant bacteria and antibiotic 

resistance genes (ARGs). Here, we describe the incidence of blaNDM-1, a gene conferring 

resistance to carbapenems, in the wastewater of the city of Jeddah, Saudi Arabia, over a 

1-year period. blaNDM-1 was detected at concentrations ranging from 104 to 105 
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copies/m3 of untreated wastewater during the entire monitoring period. These results 

indicate the ubiquity and high incidence of blaNDM-1 in the local wastewater. To track the 

bacteria carrying blaNDM-1, we isolated Escherichia coli PI7, a strain of sequence type 101 

(ST101), from wastewater around the Hajj event in October 2013. Genome sequencing 

of this strain revealed an extensive repertoire of ARGs as well as virulence and invasive 

traits. These traits were further confirmed by antibiotic resistance profiling and in vitro 

cell internalization in HeLa cell cultures. Given that this strain remains viable even after 

certain duration in the sewerage, and that Jeddah lacks a robust sanitary infrastructure 

to fully capture all generated sewage, the presence of this bacterium in the untreated 

wastewater represents a potential hazard to the local public health. To the best of our 

knowledge, this is the first report of a blaNDM-1-positive E. coli strain isolated from a non-

nosocomial environment in Saudi Arabia and may set a priority concern for the need to 

establish improved surveillance for carbapenem-resistant E. coli in the country and 

nearby regions.  

 

2.1 Introduction  

The overuse of antibiotics in clinical settings and as prophylactics in livestock 

production has led to the ongoing explosion of multidrug-resistant pathogens, which in 

conjunction with the low discovery rates of new antibiotics threatens the advent of a 

post-antibiotic era (20). Recent epidemics of methicillin-resistant Staphylococcus aureus 
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(MRSA) infections (21), multidrug-resistant respiratory pathogens (22, 23) and 

extended-spectrum β-lactamase-producing Escherichia coli and Klebsiella pneumoniae 

(24) are few examples of the worldwide proliferation of antimicrobial resistance. This 

global crisis over antibiotic resistance is further aggravated by the relatively recent 

discovery of the New Delhi metallo-β-lactamase enzyme (NDM), which confers 

resistance to imipenem and meropenem, two important carbapenems used as 

antibiotics of last resort against gram-negative bacterial infections (25). Since it was first 

reported in the Indian subcontinent, NDM has become a global public health concern, as 

NDM-positive bacteria rapidly spread to different regions in the world. So far, 

carbapenem resistance conferred by the presence of blaNDM-1 gene has been widely 

reported across the globe, with most of these reports corresponding to clinical isolates 

(26, 27), and only few studies focusing on the isolation of NDM-positive environmental 

bacteria (28, 29).  

Besides direct person-to-person dissemination of antibiotic resistant bacteria 

(ARB) and antibiotic resistance genes (ARGs) in hospital and community settings, these 

emerging biological contaminants are also mobilized via environmental pathways. The 

characterization of these environmental isolates can provide information regarding the 

underlying mechanism favoring the successful environmental persistence of multi-drug 

resistant pathogens. Special attention has been given to wastewater due to the high 

abundances of ARBs and ARGs deriving from human and animal feces, and the presence 

of sub-therapeutic antibiotic and heavy metal concentrations that favors the 
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maintenance and proliferation of antimicrobial-resistance in these aquatic ecosystems 

(30-32). Other human activities such as international tourism and pilgrimage further 

contribute to the spread of these emerging biological pollutants, as visitors might carry 

multi-resistant infectious agents that can ultimately be disseminated via the local 

sewage system (33). This is of special relevance for Saudi Arabia, with Mecca and its 

neighboring cities serving as locations for Hajj and Umrah pilgrimages, both of which are 

carried out by approximately 2 million pilgrims from over 80 different nationalities per 

year (34).    

Jeddah city constitutes the main entry point for the pilgrims intending to 

perform Hajj or Umrah. As of now, only 50% of Jeddah is connected to a centralized 

wastewater treatment plant, while the remaining 50% relies on septic tanks for waste 

management and disposal (4). Septic tanks are designed to discharge partially treated 

wastewater into the surrounding area after a certain period. Due to the overuse of 

septic tanks in many areas of Saudi Arabia, it has been estimated that partially treated 

wastewater discharged from these septic tanks has caused the groundwater level to rise 

by up to 0.41 m between 1996 and 2000, in turn suggesting the extent of contamination 

to the nearby surroundings arising from partially treated wastewater. The potential 

inflow of emerging pathogens facilitated by the pilgrimage activities may impose a risk 

to public health, as the country lacks a robust sanitary infrastructure that achieves 

effective containment of pathogens. The incidence of ARGs conferring resistance to last 

resort antibiotics in Saudi wastewater is of special interest, as pathogens resistant to 
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these antibiotics may result in increased mortality or morbidity upon host infection, and 

are likely to be associated with nosocomial infections (35).  

Here, we examined the prevalence of the blaNDM-1 gene over a period of one year 

in the influent wastewater of a wastewater treatment plant (WWTP) located in Jeddah. 

Additionally, we described the isolation and characterization of the multidrug resistant 

and NDM-1 positive Escherichia coli strain PI7, a potential human pathogen recovered 

from the Jeddah untreated wastewater. This isolate carries a copy of plasmid that 

shared high similarity with the pKOX-NDM1 plasmid, which was first identified in Taiwan 

in a multidrug-resistant Klebsiella oxytoca clinical isolate (36). The environmental 

occurrence of this clinically relevant strain hints at the importance of environmental 

pathways for the mobilization of antibiotic-resistant bacteria.  

 

2.2 Results  

2.2.1 Environmental occurrence of blaNDM-1 genes in untreated wastewater 

qPCR was performed to determine the abundance of blaNDM-1 in the untreated 

wastewater received by the local wastewater treatment plant. Over a period of one 

year, blaNDM-1 was consistently detected in the influent wastewater at an average 

frequency of 3.4 x 104 ± 2.3 x 104 copies per m3 of raw wastewater (Figure 2.1). The 

abundance of blaNDM-1 fluctuated throughout the year with the lowest blaNDM-1 

abundance of 1.6 x 104 ± 8.9 x 102 copies per m3 observed in December 2012. The 
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abundance of blaNDM-1 was the highest during September 2013, with an average 

incidence of 2 x 105 ± 1.8 x 104 copies per m3 of wastewater.  

 

2.2.2 Environmental occurrence of NDM-positive E. coli PI7 from raw wastewater 

In order to further evaluate the risk associated with the high incidence of blaNDM-

1 in the Jeddah wastewater, an isolation effort to recover meropenem-resistant bacteria 

was carried out. A total of 24 colonies were recovered from 30 mL of influent 

wastewater in MacConkey agar plates supplemented with meropenem. The identities of 

these isolates were shown in Table A1. In this study, ARBs in the wastewater that are 

opportunistic pathogens (e.g. Aeromonas, Pseudomonas and Escherichia spp.) and 

might represent a direct threat to the public health when released into the environment 

were further characterized for ESBL or carbapenem-resistance genes. Using these 

filtering criteria, we identified an isolate Aeromonas hydrophila, which was positive for 

blaCTX-M-15, and one isolate E. coli positive for blaCTX-M-15 and blaNDM-1. Neither blaCTX-M-15 

nor blaNDM-1 were detected in any of the other isolates. From this point onwards in the 

study, we referred to the E. coli isolate as E. coli PI7. To the best of our knowledge, this 

would constitute the first report on blaNDM-1 in a non-nosocomial environment in Saudi 

Arabia. In order to further evaluate the resistome and pathogenicity potential of this 

strain, a sequencing effort was carried out.  
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Figure 2.1. Incidence of blaNDM-1 in the raw wastewater of a WWTP in Jeddah, KSA over a one-

year period.  

 

2.2.3 Overall genomic size and traits of E. coli PI7 

E. coli PI7 genome has a size of 4.6 Mb with an average GC content of 50.85%. It 

harbors 108 non-coding RNAs (ncRNAs) and 4320 open-reading frames (ORFs) 

corresponding to 842 and 3478 hypothetical and non-hypothetical proteins respectively. 

MLST analysis based on 7 housekeeping genes on the chromosomal genome revealed 

that E. coli PI7 belongs to the sequence type ST101. Besides the chromosomal genome, 

E. coli PI7 also carries one plasmid of 110 kb from the IncF incompatibility group and a 

secondary IncA/C plasmid that was partially identified (Figure 2). The IncF plasmid 

shared high similarity (> 97%) with Klebsiella oxytoca pKOX_NDM, while the other 

plasmid in E. coli PI7 contain contigs that showed high BLAST hit scores with pKOX_R1 of 

Klebsiella oxytoca (36).  
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2.2.4 Resistance repertoire encoded in chromosome and plasmid  

Both chromosome and plasmid of E. coli PI7 encode for a wide spectrum of 

antibiotic resistance genes. The predominant traits encoded on the plasmidic material 

of E. coli PI7 comprised 17 genes associated with antibiotic resistance to 

aminoglycosides, beta-lactams, tetracyclines, fluoroquinolones, sulfonamides, 

macrolides and trimethoprim (Figure 2.2). More importantly, the IncF plasmid that 

shared high similarity with pKOX_NDM1, carries a copy of the New Delhi metallo-beta-

lactamase (NDM) gene (Table A2), which confers resistance to a broad spectrum of 

beta-lactams, including carbapenem antibiotics. On the other hand, most of the ARGs 

were encoded in contigs that mapped against pKOX_R1, including a copy of blaCTX-M-15, 

which is an extended-spectrum beta-lactamase of clinical relevance (37).  

 

Besides blaNDM-1, three other beta-lactamases, prevalent in other pathogenic and 

commensal E. coli isolates, were also identified in the chromosomal genome of E. coli 

PI7 (Table A3). Multidrug efflux pumps were also identified as the main mechanism for 

antibiotic resistance in the chromosome, with 44 of the 47 antibiotic resistance loci 

belonging to this category (Table A4). The list of multidrug efflux pumps was comprised 

of ABC transporters such as the macrolide-specific efflux complex MacAB, Resistance-

Nodulation-Division RND-type multidrug resistance locus including the AcrAB and 
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MdtABCD operon, major facilitator superfamily transporters such as MdfA, and several 

other tripartite multidrug resistance systems.  

The antimicrobial-resistance genetic traits encoded in the chromosomal and 

plasmidic material of E. coli PI7 were further verified by MIC tests. E. coli PI7 was 

observed to be highly resistant to 256 µg/mL of gentamicin, ampicillin, kanamycin, 

ceftazidime and sulfamethoxazole-trimethoprim, 128 µg/mL of chloramphenicol and 

erythromycin, 64 µg/mL of tetracycline and meropenem, but susceptible to 50 µg/mL of 

sodium azide.  
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Figure 2.2. Genetic map of the plasmid carrying blaNDM-1 in E. coli PI7 and contigs 

mapping against pKOX_R1 of Klebsiella oxytoca. Relevant characteristics related to 

antimicrobial resistance (orange), metal resistance (light blue), mobilization elements 

(purple) or plasmid maintenance and stability (green) are highlighted in the map. 

pKOX_NDM1 was fully sequenced in this study and shared 99% sequence identify with 

the reported sequence for Klebsiella oxytoca (15). pKOX_R1 was drawn based on the 

reported sequence for Klebsiella oxytoca (15). The inner green circle in pKOX_R1 

represents the coverage of the contigs in this study mapping against pKOX_R1. Genes 

highlighted in red represent relevant traits mapping outside the contigs found in this 

study.  

 

2.2.5 Virulence-associated traits  

Twenty-four genomic islands (GIs) ranging from 4 to 32 kb were detected in E. 

coli PI7 genome. These islands harbor several metabolic and pathogen-associated 

characteristics, with the most relevant traits depicted in Figure 2.3. The repertoire of 

pathogenic traits in E. coli PI7 includes: i) the colonization fimbriae antigen I (CFA/I), 

which has been linked with enterotoxigenic E. coli (ETEC) pathotypes (38); ii) surface 

protein OmpA, typically required for cell adhesion and invasion (39); iii) two Intimin-like 

proteins associated with EHEC and EPEC pathotypes (40); iv) surface protein IcsA (VirG) 

required for actin-dependent movement and inter/intracellular spread in enteroinvasive 

E. coli (EIEC) and Shigella flexeri (41, 42); v) an accessory colonization factor (AcfD) 
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previously identified in Vibrio cholerae which facilitates efficient intestinal colonization 

(43); and vi) a secondary copy of the Type 1 fimbriae located ectopically in a GI and 

showing >99% amino acid sequence identity with fimbrial clusters of pathogenic E. coli 

O157:H7 str. EDL933.  

 

Figure 2.3. Mapping of Genomic Islands, pathogenicity factors and antibiotic resistance 

loci in E. coli PI7 genome. Yellow and blue lines represent predicted Genomic Island by 
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SIGI-HMM and IslandPath/DIMOB, respectively. Red lines represent the genomic 

location of all predicted Islands. * correspond to location of antibiotic efflux pumps. 

 

2.2.6 Type III secretion system in the pathogenic genomic island 

The largest genomic island (GI) was 32 kb in size, and was independently 

predicted by SIGI-HMM and IslandPath/DIMOB. This GI encodes for a type III secretion 

system (TIIISS) and a set of hypothetical proteins downstream of the structural TIIISS 

genes (Figure 2.4). Section 1 of the TIIISS is highly similar to the enterocyte effacement 

(LEE) locus in E. coli O157:H7, with the exception that a 9 kb region located upstream of 

ygeP is missing in the putative secretion system of E. coli PI7. Nevertheless, this same 

deletion is also present in other pathogenic but less virulent E. coli strains such as EHEC 

strain O26:H11, and ETEC strains B7A and E24377A (Figure 2.5). The TIIISS identified in 

E. coli PI7 genome shared up to 99% nucleotide identity with that present in the 

previously mentioned strains. Similar to E. coli O26:H11 and B7A, E. coli PI7 also present 

a set of hypothetical proteins that extends from ygeP to the glycine-tRNA. No known 

functions are assigned to these hypothetical proteins (HPs). Yet, three of the eleven HPs 

were predicted to have non-canonical secretion signals when analyzed by Secretome 1.1 

(p > 0.8).  
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Figure 2.4. TIIISS gene cluster in E. coli PI7. Yellow and blue lines represent predicted 

Genomic Island by SIGI-HMM and IslandPath/DIMOB, respectively. Green: represent 

structural TIIISS genes; pink: genetic elements associated with gene mobility; and gray: 

proteins predicted by Secretome 1.1 to encode for non-canonical secretion signals.  * 

represents the position of 9 kb deletion. HP denotes hypotethical proteins.   

 

 

Figure 2.5. Genomic rearrangements of the TIIISS in 5 E. coli strains. E. coli O157:H7 

strain Sakai represents the complete LEE pathogenicity island. Section 2 was not 

conserved between any of the strains analyzed here. Green: depicts section 1, TIIISS 

fraction shared between E. coli strains. Yellow, light blue and dark blue represent DNA 

Supplementary Figure 2. Genomic rearrangements of the TIIISS in 5 E. coli strains. E. coli O157:H7 strain Sakai
represents the complete LEE pathogenicity island. Section 2 was not conserved between any of the strains
analyzed here.
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sequences exclusive to each strain. Magenta: Potential insertion sequences and mobile 

genetic elements (tRNAs and IS). 

 

2.2.7 In-vitro cell invasiveness  

As the genome sequencing revealed several pathogenicity traits associated with 

cell adhesion and invasion, E. coli PI7 was tested in-vitro for its ability to internalize HeLa 

cells. A commensal strain of E. coli DSM1103 was used for comparison as genomic 

sequencing of this strain does not show traits for internationalization (44).  On average, 

43% of the inoculated E. coli PI7 cells showed internalization into HeLa cells after 4 h of 

exposure (Figure 2.6 a). In addition, the confocal microscopy results confirmed that E. 

coli PI7 shows enhanced adhesion/internalization to HeLa cell cultures compared to the 

non-pathogenic control E. coli DH5α, which did not exhibit adhesion or internalization 

(Figure 2.6 b, c). 
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Figure 2.6. In-vitro internalization of E. coli PI7, DSM1103 and DH5α in HeLa cell 

cultures. a. cell internalization of E. coli PI7 vs. E. coli DSM1103. b. Confocal microscopy 

of HeLa cell cultures infected with GFP-tagged E. coli PI7 and GFP-tagged E. coli DH5α 

(magnification 20X). * highlight green fluorescent clusters. c z-stack of highlighted box in 

panel b corresponding to HeLa cells infected with E. coli PI7 (magnification 60X).        

 

 

 

Figure 4. In-vitro internalization of E. coli PI7, DSM1103 and DH5α in HeLa cell cultures. a. cell
internalization of E. coli PI7 vs. E. coli DSM1103. b. Confocal microscopy of HeLa cell cultures infect ed
with GFP-tagged E. coli PI7 and GFP-tagged E. coli DH5α (magnification 20X). * highlight green
fluorescent clusters. c z-stack of highlighted box in panel b corresponding to HeLa cells infect ed with E. coli
PI7 (magnification 60X).
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2.3 Discussion  

The combination of cultivation and molecular-based approaches to identify 

emerging microbial contaminants, especially in developing countries like Saudi Arabia, 

has provided an interesting outlook on the occurrence of ARB that may be present in 

the untreated wastewater. In this study, blaNDM-1 genes were ubiquitously detected in 

the untreated wastewater entering into a Jeddah WWTP throughout the monitored 

period (Figure 2.1), and at an abundance ranging from 1.6 x 104 – 2 x 105 copies per m3. 

The ubiquitous presence of blaNDM-1 genes in the wastewater may arise from the global 

travelers entering into Jeddah each year. Jeddah serves as the main point of entry for up 

to 2 million international Hajj pilgrims per year. Many of these pilgrims come from 

developing countries where the use of antibiotics is not properly monitored and can 

facilitate the selection of multidrug-resistant bacteria. To illustrate, NDM was first 

discovered from a Swedish patient of Indian origin who had travelled and stayed in India 

(25). A similar incident was also reported in United Kingdom where a patient of Indian 

origin was infected with NDM-positive E. coli after his visit to India (45). In this study, 

although international pilgrims may have contributed to the presence of blaNDM-1 in the 

wastewater, there was no apparent spike in the abundances of this gene during Hajj 

timings (October 2012 and 2013). These results suggest that while Hajj would see a 

massive influx of pilgrims during a short period of time, the pilgrims that come 

throughout the year for Umrah, a shorter version of pilgrimage, may be contributing 

more towards the constant presence of the blaNDM-1 genes in the wastewater.  
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Alternatively, the results may suggest an existing ubiquity of the blaNDM-1 genes 

that are already present in the local wastewater. The high environmental circulation of 

these genes in Jeddah wastewater may not be an isolated event as an earlier study also 

found a ubiquitous presence of blaNDM-1 genes throughout the wastewater treatment 

process in China (29). However, most of the existing studies that track for presence of 

blaNDM-1 genes in the wastewater rely on molecular-based approaches to detect for the 

genes, and did not further determine the identity of the associated bacterial host and 

their genomic contents. To further track the associated bacteria that carry the blaNDM-1 

genes, a cultivation effort was carried out in this study to recover blaNDM-positive 

bacteria on MacConkey agar plates. Through this effort, 24 bacterial isolates that were 

resistant to meropenem were recovered but most, except for 2 isolates, did not test 

positive for genes targeted by any of the tested ARG primers. Potentially new resistance 

mechanisms may be present in most of these isolates that would warrant a future study 

to characterize them in detail. For the remaining 2 isolates, one was identified to be 

blaCTX-M-positive Aeromonas hydrophila while the other was identified to be Escherichia 

coli positive for both blaNDM and blaCTX-M-15. Emphasis was made to characterize the E. 

coli as its approximate isolation frequency of 3 x 104 CFU /m3 of wastewater coincides 

with the detected copy numbers of blaNDM-1 genes in the wastewater (Figure 2.1).  

Due to Saudi Arabia’s general lack of sanitation infrastructure that provides 

efficient waste management and containment, the presence of this bacterium in the 

untreated wastewater could lead to the potential dissemination of this ARB and its 
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associated ARGs into the environment. Although there is a strong correlation between 

resistome and phylogeny in soil and activated sludge microbial communities, which 

would theoretically infer low ARG horizontal gene transfer in the environment (46, 47), 

this study pointed out the presence of near-complete plasmid sequences harboring the 

ARGs in E. coli PI7. Most importantly, the identified plasmids are densely populated with 

insertion sequences and other mobile genetic elements. This ARG architecture has been 

shown to facilitate the dissemination of ARGs across environments (47, 48). Therefore, 

there is a high possibility that the microbial communities in the soil or activated sludge 

might become reservoirs of such genes after the decay or lysis of E. coli PI7 has taken 

place after dissemination in the environment.   

To understand the extent of risks arising from this bacterium, its genome was 

characterized. The genome annotation revealed an extensive plethora of resistance 

genes against a wide spectrum of antibiotics, encoded on two high molecular weight 

plasmids. In addition to the plasmidic ARGs, efflux pumps were the prevalent 

antimicrobial resistance mechanism in the chromosome. Besides its role in antimicrobial 

tolerance, efflux pumps have also shown to confer resistance to natural substances 

produced by the host, such as bile, hormones and defense molecules, and even some 

members of the RND family have been shown to facilitate the colonization and 

persistence on the host (49). In addition to these traits, E. coli PI7 also encodes for 

multiple heavy metal efflux pumps and detoxification enzymes, as well as UV protection 
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proteins that might favor its survival and persistence in the secondary habitat outside 

the host.  

E. coli PI7 also showed virulence-associated traits including colonization fimbriae, 

surface proteins and Intimin-like proteins that would likely explain for the successful 

internationalization of this bacterium into HeLa cells when compared to E. coli DSM 

1103 and DH5α. Genome characterization of E. coli PI7 further showed that this strain 

encodes a TIIISS, which is a critical pathogenicity trait as it allows the translocation of 

effector proteins that modulate the response of the host cell (50). Enterotoxins are a 

group of effectors secreted by the TIIISS that are necessary for the development of EHEC 

and ETEC phenotypes (40). E. coli PI7 encodes for two enterotoxins located outside the 

TIIISS GI; one putative and one identified as espL (Figure 2.2). No other effectors 

proteins were detected during the annotation process or by endpoint PCR (i.e nleB, C, 

H1 and E) (Figure 2.7).   
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Figure 2.7. a. Primer sets used for the amplification of effector gene nleB, C, H1 and E. 

Thermal cycling conditions were: 95 °C x 5 min; 40 cycles of 60°C s x 60s, 72°C x 1:30 

min; and final elongation 72°C x 5 min. b. PCR gel image for effector genes. Sanger 

sequencing showed that upper and lower correspond to interference by Ni/Fe-

Hydrogenase 2 B-type cytochrome.  

 

1500	bp
1000	bp

500	bp
400	bp
300	bp
200	bp
100	bp

MW nleB nleC nleH1 nleE

Sequencing:
Ni/Fe-Hydrogenase	2	
B-type	cytochrome	
subunit

Name Sequence Amplicon	size	(bp)
nleB_Fwd CACAAATGCGGCAAGGATAGAG

515
nleB_Rev CATTACGACGATCCACATGC
nleC_Fwd AGCGAATACCACTTTCCGCA

536
nleC_Rev TCCCAGTTCTTGAGCGACAC
nleH1_Fwd GCCAGAGTTACCGAGTGTGG

448
nleH1_Rev ACTCCATGAACGGTCGGAAA
nleE_Fwd TAATACTCAGGGCGTGTCCC

462
nleE_Rev CGTTGTTCTCCTAGAGGGCTG

a.

b.

Supplementary Figure 3. a. Primer sets used for the amplification of effector gene nleB, C, H1 and E. Thermal
cycling conditions were: 95°C x 5 min; 40 cycles of 60°C s x 60s, 72°C x 1:30 min; and final elongation 72°C x 5
min. b. PCR gel image for effector genes. Sanger sequencing showed that upper and lower correspond to
interference byNi/Fe-Hydrogenase 2 B-type cytochrome.
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Based on the repertoire of virulence-associated features identified in the 

genome of E. coli PI7, it is highly likely that this bacterium is an opportunistic pathogenic 

strain. However, it was difficult to classify it into any of the commonly described 

pathotypes (i.e. EHEC, EPEC, ETEC or UPEC) as it carries a mosaic of traits present in 

several of these clusters. This observation is in agreement to an earlier study that noted 

the large genome plasticity observed in E. coli, which in turn complicated the ability to 

categorize the various clusters of pathogenic E. coli strains into sharply delineated 

groups (40). Nevertheless, given that E. coli PI7 is identified as ST101 phylogroup B1 by 

MLST, a serotype commonly associated with nosocomial infections (51-55), it is likely 

that E. coli PI7 ended up in the wastewater after dissemination from a host carrier or 

infected patient. Although the exact origin cannot be traced, it is of potential public 

health concern that a bacterium with such virulence-associated traits would remain 

viable and could be resuscitated upon cultivation. In addition to the clinical significance 

of this particular sequence type, isolates of the phylogroup B1 have been associated 

with prolonged environmental persistence, suggesting that these genotypes might have 

an adaptive advantage in the habitat outside the host (56). 

To date, there are no reports of blaNDM-1-positive E. coli isolated from nosocomial 

samples in Saudi Arabia. Instead, blaNDM-1-positive K. pneumoniae had been identified 

(35, 57). In one study which aimed to establish the role of local transmission versus 

possible pathogen import due to global travel, it was determined that patients carrying 

the blaNDM-1-positive K. pneumoniae had no prior documented foreign exposure, hence 



 
 

44 

suggesting a high rate of autochthonous infections (58). Even though the isolation 

frequency for E. coli PI7 (i.e., 104 CFUs /m3) matches the gene abundance data 

measured by qPCR (1.6 x 104 copies/m3 for October 2013), it is likely that the blaNDM-1 

gene may also be carried by other bacterium like K. pneumoniae. Regardless, this is, to 

the best of our knowledge, the first report of a blaNDM-1-positive E. coli isolated from a 

non-nosocomial environment in Saudi Arabia, and may set a preceding concern for the 

need to establish an improved surveillance for carbapenem-resistant E. coli in the 

country and nearby regions.  

The environmental incidence of this clinically important ARG in Saudi Arabia and 

other regions in the world would mean that it is imperative to conduct future studies on 

the environmental fate and persistence of this gene. We believe E. coli PI7 could serve 

as an appropriate model for this type of studies, particularly considering that this 

bacterium of apparent clinical origin was recovered from the environment. The genome 

sequencing of this strain revealed an ARG architecture that facilitate horizontal gene 

transfer, as well as pathogenicity and environmental persistence traits that would favor 

the survival of this bacterium in the host and the outside environment.    
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2.4 Materials and Method 

2.4.1 Wastewater sample collection. 

 Wastewater was sampled from a wastewater treatment plant (WWTP) located 

in Jeddah, KSA (9). The amount of wastewater that flowed through this WWTP was 

17,700 m3 per day, which corresponds to roughly 3% of the total wastewater treatment 

capacity of the city. Untreated wastewater (i.e., influent) was collected after the primary 

clarifier and before the activated sludge treatment unit on 8 October 2012, 3 December 

2012, 21 April 2013, 3 September 2013 and 8 October 2013. Hajj timings correspond to 

25th and 14th of October on 2012 and 2013 respectively. Influent samples were collected 

in 1 L sterile bottles. Prior to collection, sampling bottles were rinsed twice with their 

corresponding wastewater samples and immediately transported to the laboratory and 

stored at 4 °C. Samples were processed under aseptic conditions in the subsequent 12 h 

after collection for cultivation and DNA extraction.     

 

2.4.2 DNA extraction and blaNDM-1 detection in wastewater. 

 DNA extraction was executed as described in a previous study (9). blaNDM-1 copy 

numbers were determined by absolute quantification on an Applied Biosystems 7900HT 

Fast Real-Time PCR system (Thermo Fisher Scientific, Carlsbad, CA, USA) using the 

TaqMan® probe reporter assay. Description on the standard curves, quality control and 
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protocol related to the real-time PCR procedure was provided in Appendix A1 and 

Figure A1.  

 

2.4.3 Meropenem-resistant bacterial isolation from raw wastewater.  

The untreated wastewater collected on 8 October 2013 was chosen for the 

isolation of NDM-positive bacteria as it coincided most closely with the influx of Hajj 

pilgrims. Thirty mL of raw municipal wastewater was filtered through a 0.4 μm 

Whatman Nucleopore™ track-etched polycarbonate membrane filter (GE Healthcare 

Life Sciences, UK). The filter was subsequently placed on a MacConkey agar plate 

supplemented with meropenem at a final concentration of 8 μg/mL, and incubated 

overnight at 37 °C. Pure cultures of the isolates growing in the MacConkey agar plate 

were established, and their identities determined by 16S rRNA gene sequencing (59). 

The presence of extended spectrum beta-lactamases (ESBL) or carbapenem-resistance 

genes was done as previously described by Zowawi et al. (60). The activity of NDM was 

evaluated by the meropenem-EDTA combined disk diffusion method and the presence 

of blaNDM-1 further confirmed by end-point PCR (Appendix A2). 

 

2.4.4 Multi-locus sequence typing (MLST).  

Seven housekeeping genes were used for the E. coli MLST analysis (adk, fumC, 

gyrB, icd, mdh, purA and recA) as previously described (61). PCR products were 
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sequenced in the KAUST Genomics core lab on ABI 3730 XL (Thermo Fisher Scientific, 

Carlsbad, CA, USA). MLSTs were identified using the MLST database of the University of 

Warwick (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli).  

 

2.4.5 Genome and plasmid sequencing.  

Genomic DNA (gDNA) and plasmid DNA (pDNA) of E. coli PI7 that were submitted 

for next-generation sequencing were first isolated using DNeasy Blood and Tissue Kit 

(Qiagen, Hilden, Germany) and PureYieldTM Plasmid Miniprep System (Promega, 

Madison, WI, USA), respectively. 1 µg of gDNA and pDNA were used for genome 

sequencing on either Illumina MiSeq or Ion PGM Torrent platforms. Raw reads were 

performed with the initial quality control (QC) checks. Sequences of Phred score < 20 

were removed. Raw reads that passed the QC were then assembled using CLC genomics 

workbench (Qiagen, Hilden, Germany) and SOAPdenovo assembly (62), and the 

resulting contigs mapped over a reference genome. Detailed descriptions on the 

bioinformatics quality control and assembly steps are provided in Appendix A3. 

 

2.4.6 Genome and plasmid annotation.  

Genome annotation was first carried out with RAST (63). Genomic islands were 

then predicted with IslandViewer 3 web server (64) using as input the annotation 

generated by RAST.  Briefly, IslandViewer uses two algorithms to predict genomic 
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islands; both of them based on sequence compositions methods (SIGI-HMM and 

IslandPath/DIMOB). SIGI-HMM incorporates synonymous codon usage as the statistical 

feature. Different species have different preferences for synonymous codon usage; the 

frequencies at which codons are used do not follow a random distribution but rather 

constitutes a genomic signature. SIGI-HMM derives a codon usage table from the whole 

genome sequence of the input organism, and individual gene codon frequencies 

deviating from the derived whole genome frequency table are marked as putative 

foreign genes (65). IslandPath/DIMOB relies (66) on the detection of dinucleotide bias 

and the presence of at least one mobility gene. Mobility genes are identified based on 

the genome annotation or by performing comparisons of the predicted genes with 

mobility gene profiles in Pfam (67). IslandViewer 3 has an overall accuracy and recall of 

88% and 48%, respectively (64).      

Non-classical secretion signals were identified with Secretome 2.0, in which 

gram-positive and gram-negative secreted proteins are differentiated from cellular 

proteins by amino acid composition, secondary structure and disordered regions (68).   

 

2.4.7 Resistance profiling and MICs determination.  

Antimicrobial resistance genes were identified using ResFinder 2.1 (69). 

Subsequently, antimicrobial resistance was confirmed by establishing the minimum 

inhibitory concentrations (MICs) of E. coli PI7 using the microtiter broth dilution 
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method. Detailed description of the MIC determination assays are provided in Appendix 

A4. A wide range of antibiotics that include gentamicin, ampicillin, kanamycin, 

ceftazidime, erythromycin, sulfamethoxazole-trimethoprim, chloramphenicol, 

tetracycline and meropenem were tested. MIC of a particular antibiotic was determined 

based on the concentration required to achieve ≥ 70% growth inhibition as compared to 

the positive control.  

 

2.4.8 E. coli PI7 invasiveness test. 

Invasiveness assays were performed using i) E. coli PI7 and DSM1103, or ii) a 

GPF-tagged E. coli PI7 and a GFP-tagged DH5α derivate strain.  Procedure to obtain the 

GFP-tagged strains were described in Appendix A5. Invasion was determined by i) 

quantification using plating techniques or ii) confocal microscopy when infection was 

performed with the GFP-tagged strain derivatives. Briefly, HeLa cells where seeded in 

24-well tissue culture plates at an initial density of 3 x 105 cells/well, and incubated 

overnight at 37 °C, 5% CO2. The bacterial inoculum was grown to on LB broth to an 

OD600 of 0.8. Bacterial cells were pelleted (5000 g for 10 min) and resuspended in 

DMEM. Each well was inoculated independently with either 300 μL of the bacterial 

suspension (n = 4 for each strain) or mock infected with DMEM sterile media (n = 8), and 

incubated 37 °C, 5% CO2 for 2 h (Appendix A6). Subsequently, HeLa cells infected with 

the GPF-tagged strains and mock infected (n = 4) were washed with 250 μL of PBS 1X 

and prepared for fixation and staining for confocal microscopy (Appendix A7). HeLa cells 
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infected with the non GFP-tagged strains were treated with 200U of mutanolysin 

(Sigma-Aldrich, St Louis, MO, US). Cells were then incubated at 37 oC, 5 % CO2 for 4 h 

before being washed twice with sterile 1X PBS. Washed cells were then lysed by 0.2 % 

Triton in 1X PBS for 20 minutes at 4 oC. The lysed contents were harvested and spun 

down at a low speed of 80 g for 10 minutes to collect cell debris. The supernatant 

fraction of the lysate was serially diluted in 1X PBS and spread-plated on LB agar plates. 

LB agar plates used for spread cultivation of E. coli PI7 were supplemented with 8 µg/mL 

meropenem to ensure no contamination. Bacterial colonies were counted after 

overnight incubation at 37oC. The entire procedure was repeated twice to obtain three 

sets of biological replicates.  

 

2.4.9 Nucleotide accession number.  

The SFF files obtained from E. coli PI7 genome and plasmid sequencing are 

deposited in Short Read Archive (SRA) of the European Nucleotide Archive (ENA) under 

study accession number PRJEB12338. 
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Chapter 3 

Fate and persistence of a pathogenic NDM-1-positive Escherichia coli 

strain in anaerobic and aerobic sludge microcosms 

* This chapter has been published as: Mantilla-Calderon D and Hong P-Y. Fate and 

persistence of a pathogenic NDM-1-positive Escherichia coli strain in anaerobic and 

aerobic sludge microcosms. Applied and Environmental Microbiology 83:e00640-00617. 

D.M.-C. and P.-Y.H. designed the experiments; D.M.-C. conducted research and 

performed analysis and interpretations.  

 

 The presence of emerging biological pollutants in treated wastewater effluents has 

gained attention due to increased interest in water reuse. To evaluate the effectiveness 

of the removal of such contaminants by the conventional wastewater treatment 

process, the fate and decay kinetics of NDM-1-positive Escherichia coli strain PI7 and its 

plasmid-encoded antibiotic resistance genes (ARGs) were assessed in microcosms of 

anaerobic and aerobic sludge. Results showed that E. coli PI7 decayed at a significantly 

slower rate under anaerobic conditions. Approximate half-lives were 32.4 ± 1.4 h and 

5.9 ± 0.9 h in the anaerobic and aerobic microcosms, respectively. In the aerobic 

microcosms, after 72 h of operation, E. coli PI7 remained detectable but no further 

decay was observed. Instead, 1 in every 10000 E. coli cells was identified to be 

recalcitrant to decay and persist indefinitely in the sludge. ARGs associated with the E. 
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coli PI7 were detected to have transferred to other native microorganisms in the sludge, 

or are released to the liquid fraction upon host decay. Extracellular DNA quickly 

degraded in the liquid fraction of the aerobic sludge. In contrast, no DNA decay was 

detected in the anaerobic sludge water matrix throughout the 24 h sampling period. 

This study suggests an increased likelihood of environmental dispersion of ARGs 

associated with anaerobically treated wastewater effluents and highlights the potential 

importance of persister cells in the dissemination of E. coli in the environment during 

reuse events of treated wastewater.  

 

3.1 Introduction  

In most wastewater treatment plants (WWTPs), aerobic activated sludge 

processes are conventionally used as the main biological unit to achieve removal of 

organic materials from wastewater but such systems incur a large energy cost (70). 

Anaerobic digesters are increasingly being considered for use as an alternative process 

for wastewater treatment due to their various advantages (16). Energy can be recovered 

from the wastewater in the form of methane produced from anaerobic fermentation of 

the organic carbon, and the amount of sludge produced from anaerobic processes is 

lower than that from aerobic processes (70).  

However, municipal wastewater often contains sub-therapeutic levels of 

antibiotic residues, and the continuous exposure to antibiotics can select for antibiotic-
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resistant bacteria (ARB) within both aerobic and anaerobic sludge processes. In recent 

years, WWTPs had been shown to be potential hotspot for ARB and antibiotic resistance 

genes (ARGs) propagation (71). Despite having undergone treatment, the treated 

municipal wastewater can still contain a significant amount of ARB and ARGs. To 

exemplify, an earlier study has shown that the treated effluents that ultimately would 

be intended for reuse or discharged into receiving water bodies, carried about 106-1011 

heterotrophic colony forming units (CFU) per cubic meter (9, 72), from which 16-28% 

correspond to ARB (72). In another study, 107-109 copies of diverse tetracycline 

resistance genes had been found in each cubic meter of chlorinated effluents (9). To 

further compound this problem, genes that confer resistance to carbapenems (i.e., 

blaNDM-1), which are antibiotics used as a last line of defense against multidrug resistant 

infections (25, 73), were also detected at alarming levels in final effluents, approaching 

109 copies per cubic meter of treated wastewater (29). In a local Jeddah WWTP, we 

detected inconsistent removal efficiencies for blaNDM-1 genes during three sampling 

expeditions, with approximately more than 1000 copies/L remaining after the activated 

sludge process (Figure 3.1).   
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Figure 3.1. blaNDM-1 copy numbers in influent (Inf), effluent (Eff) and chlorinated effluent 

(CEff) in a local wastewater treatment plant in Jeddah, Saudi Arabia.  

 

This problem is of particular concern in water-scarce countries with pressing 

needs to reuse the treated wastewater. The incidence of bacterial pathogens carrying 

ARGs that confer resistance to antibiotics of last resort (e.g. blaNDM-1-positive pathogenic 

Escherichia coli) require particular attention, as the reuse of such treated wastewater 

effluents might pose a potential risk to the public health if disseminated into the 

environment during reuse events (9). As a first step to assess the risk associated to 

wastewater reuse, it is necessary to understand the differential fate and persistence of 

ARBs and ARGs in the main biological treatment unit of both, anaerobic and aerobic 

wastewater treatment systems. Few studies comparing the differential 

aerobic/anaerobic ARG removal have been performed and showed conflicting 
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information. Molecular studies by Diel et al. (74) and Burch et al. (75) found that ARGs 

tend to be removed more efficiently under anaerobic conditions. However, other 

studies suggest that combined anaerobic-aerobic (76), or on the contrary, completely 

aerobic conditions are more efficient at removing ARGs and ARBs from wastewater (77).  

Although informative, these earlier studies rely purely on the molecular-based 

detection and do not examine the factors potentially shaping the decay or persistence 

of the ARG and the ARB host in the sludge. The formation of specialized persister cells is 

a strategy adopted by different types of bacteria such as E. coli to endure harsh 

environmental conditions (78). These cells are dormant variations of vegetative cells 

that occur at low frequencies within the bacterial population, and are commonly known 

for its capacity to withstand supra-lethal concentrations of antibiotics (78-80). The 

contribution of persisters to the establishment of chronic infections in several 

pathogens is well documented (81-83). However, little is known about its contribution 

to the ARB survival in aerobic and anaerobic sludge.  Neither did the earlier studies 

examine the factors shaping the decay or persistence of the ARGs associated with the 

antibiotic-resistant host in both anaerobic and aerobic sludge. These factors include the 

stability and persistence of ARGs as extracellular DNA, and the potential for horizontal 

gene transfer (HGT) events when the ARG is encoded on a conjugative plasmid.  

In this study, Escherichia coli PI7 was used as a model bacterium to examine the 

existing knowledge gaps associated with the fate and persistence of ARB and ARG in 

anaerobic and aerobic sludge. This bacterium was previously isolated from wastewater 
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and carries an extensive repertoire of ARG, including a copy of blaNMD-1, in a plasmid of 

the IncF family and earlier identified as pKOX_NDM1 (84). In the recent decade, blaNDM-1 

has undergone a pandemic spread among clinically relevant bacteria (26, 85). It has also 

been detected at alarming levels in different environmental compartments, including 

water (28, 33), soil (86) and wastewater (29, 87). Given the importance of wastewater in 

the environmental mobilization of ARBs and ARGs, we aim to evaluate the fate and 

persistence of our model bacterium E. coli PI7, and its associated IncF plasmid in 

anaerobic and aerobic sludge microcosms under varying trace antibiotic concentrations. 

Using molecular tools, this study evaluates the plasmid stability, host persistence and 

HGT events in anaerobic and aerobic conditions.  Chromosomal and plasmidic decay 

rates were measured by quantitative PCR coupled with propidium monoazide to 

discriminate between dead cells and extracellular DNA from cells with intact cell 

membranes. In addition, the potential stability of extracellular DNA in the liquid fraction 

of anaerobic and aerobic sludge was also evaluated.  

 

3.2 Results 

3.2.1 Differential decay of blaNDM-1 in anaerobic and aerobic sludge microcosms.  

  Under anaerobic conditions, blaNDM-1 decayed following a first-order decay 

kinetic model (R2 > 0.935, Figure 1a). After 360 h of operation, blaNDM-1 copy numbers 

decreased by 2.5-log from 108 to 106 copies/g biomass. This decrease in the blaNDM-1 
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copy numbers corresponded to first-order decay rates of -0.021 ± 0.002 h-1 (t1/2 = 32.9 ± 

2.8 h) and -0.021 ± 0.001 h-1 (t1/2 = 32.3 ± 1.7 h) for the non-treated (NTB) and PMA-

treated biomass (PTB) fractions, respectively (Figure 3.2 a, Table 3.1).  

Under aerobic conditions, blaNDM-1 decay in the biomass fraction showed a 

biphasic behavior (Figure 3.2 b). An initial 4-log removal in copy numbers from 108 to 

104 copies /g biomass during the first 72 h of reactor operation was observed. Phase-I 

fits a first-order decay kinetic model (R2 > 0.83) with a decay rate of -0.1049 ± 0.019 h-1 

(t1/2 = 6.6 ± 1.2 h) and -0.1196 ± 0.014 h-1 (t1/2 = 5.8 ± 0.7 h; Figure 1b, Table 3.1) for the 

NTB and PTB fractions, respectively. Similar to the anaerobic conditions, differences in 

the blaNDM-1 decay rates of the two fractions were not statistically significant (p = 0.92). 

After 72 h of aerobic exposure, the decay was then followed by a plateau in Phase-II, 

with NTB and PTB decay rates of -0.007 ± 0.005 h-1 (R2 = 0.917) and -0.005 ± 0.012 h-1 (R2 

= 0.917), respectively. No statistically supported differences were observed between 

NTB and PTB decay rates, suggesting that most of the detected blaNDM-1 is harbored 

within cells with intact cell membranes. PTB decay rates (associated with cells with 

intact membranes) were statistically undistinguishable from a decay of zero (p = 0.26). 

Instead, blaNDM-1 abundance stabilized at 105 copies/g biomass.      
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3.2.2 Decay of blaNDM-1 correlates with the E. coli PI7 chromosomal decay.  

Due to the plasmidic origin of blaNDM-1, the decay kinetics of this ARG might be 

explained by i) plasmid loss or ii) cellular decay of the bacterial host. To determine which 

of these two factors mainly explained the blaNDM-1 decay observed in the microcosms, 

we compared the PTB decay rates of blaNDM-1 (informative of plasmid decay rates) with 

the PTB decay rates of a chromosome-encoded gene (uidA). In the anaerobic 

microcosms, both target genes decayed at the same rate (p = 0.32) (Figure 3.2 c). 

Similarly, under aerobic conditions, Phase-I and plateau blaNDM-1 and uidA decay rates 

were statistically indistinguishable among all tested trace antibiotic concentrations (0.19 

> p > 0.50) (Figure 3.2 d). uidA was initially spiked in the microcosm experiments at a 

frequency of 109 copies / g biomass, and stabilized at 105 copies/ g biomass during the 

plateau phase. These results suggest the presence of a recalcitrant subpopulation of E. 

coli, occurring at a frequency of 10-4 (plateau uidA copies / initial uidA spiking). The 

occurring frequency of recalcitrant uidA copies coincides with the frequency of persister 

cells of E. coli PI7 in pure culture (Figure 3.3).   
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Figure 3.2. blaNDM-1 decay kinetics in non-treated (black circles) and PMA-treated (white 

circles) biomass fractions under (a) anaerobic and (b) aerobic conditions, at 0 µg/L of 

meropenem (n = 3). Plasmid stability under (c) anaerobic and (d) aerobic conditions is 

evaluated by comparing the blaNDM-1 (white circles) and uidA (white triangles) decay 

rates in PMA-treated biomass fractions (n = 3). Dotted lines in frame 1C indicate 

sampling points in which transconjugants were recovered by plating techniques.        
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Table 3.1 blaNDM-1 decay rates in PMA-treated biomass fractions of anaerobic and 

aerobic sludge microcosms under different trace meropenem concentrations. P-values 

correspond to the comparison of each decay curve derived from meropenem-spiked 

microcosms (i.e. 1, 10 and 100 ug/L meropenem), with the decay model obtained in the 

respective control microcosms (0 ug/L). No significant differences were observed in their 

blaNDM-1 decay at the different meropenem concentrations tested.   

Microcosm  Replicate 
run  Meropenem 

concentration (μg/L)1  k (h-1) 2  t1/2 (h)  p-value 3 

Anaerobic sludge  1  Control  -0.0202  34.3  - 

    100  -0.0223  31.1  0.33 

  2  Control  -0.0219  31.7  - 

    100  -0.0213  32.5  0.15 

  3  Control  -0.0223  31.1  - 

    100  -0.0205  33.8  0.98 

Aerobic sludge  1  Control  -0.1361  5.1  - 

    1  -0.1460  4.7  0.77 

    10  -0.1436  4.8  0.82 

    100  -0.1386  5.0  0.94 

  2  Control  -0.1107  6.3  - 

    1  -0.1095  6.3  0.70 

    10  -0.0993  7.0  0.71 

    100  -0.0923  7.5  0.46 

  3  Control  -0.1119  6.2  - 

    1  -0.1253  5.5  0.49 

    10  -0.1095  6.3  0.85 

    100  -0.1133  6.1  0.96 
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Figure 3.3. E. coli PI7 cell count before (t = 0 min) and after meropenem challenge (t = 

180 min) at 640 μg/mL (n = 4). The persister cell frequency was expressed as the ratio of 

the cell count at t = 180 min and the cell count at t = 0 min, which corresponded to a 

frequency of 3.14 x 10-4 ± 1.5 x 10-4 (n = 4).      

 

3.2.3 Trace antibiotic concentrations do not influence the persistence of E. coli PI7 or 

its associated ARGs.  

 The results from the previous section suggest that blaNDM-1 decay is mainly explained 

by the cellular decay of the E. coli PI7 host. As residual antibiotics are commonly found 

in wastewater (88), there is a latent possibility that such trace antibiotic concentrations 

might provide a selective advantage to E. coli PI7 in the sludge, and consequently 

prolong the persistence of blaNDM-1. To evaluate this possibility, the decay of blaNDM-1 

and uidA was assessed in the anaerobic microcosms at 0 and 100 μg/L of meropenem, 
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and at 0, 1, 10 and 100 μg/L of meropenem in the aerobic microcosms. None of the 

selected meropenem concentrations influenced blaNDM-1 or uidA decay kinetics in either 

anaerobic or aerobic conditions (Figure B2 and B3). NTB and PTB decay rates (Table 3.1) 

at the different antibiotic concentrations were also not statistically different from their 

respective controls (p > 0.15) (i.e., reactors without antibiotic).  

 

3.2.4 Activated sludge as reservoir for ARGs upon E. coli PI7 decay.  

 Due to the plasmidic origin of blaNDM-1, the sludge biomass might act as sink for this 

gene through plasmid conjugation. Accordingly, HGT was assessed by culture-based 

methods. After 72 h of operation, transconjugants were recovered from the aerobic 

microcosm at three sampling points (Figure 3.2 d), and at an average frequency of 103-

104 CFUs/g of biomass (Appendix B3). Further Sanger-based sequencing revealed that 

the transconjugants are blaNDM-1-positive isolates of Enterobacteriaceae belonging to 

Shigella and Citrobacter genera. No HGT events were detected by culture-dependent 

methods in the anaerobic microcosms. 

 

3.2.5 Differential decay of colloidal DNA between anaerobic and aerobic liquid 

fractions.  

 Upon E. coli PI7 cellular decay, blaNDM-1 was detected in the supernatant fraction of 

the microcosm experiments by end-point PCR (data not shown). To evaluate the 
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potential persistence of extracellular DNA in liquid fractions of anaerobic and aerobic 

sludge fractions, a separate experiment was carried out. Naked plasmidic DNA was 

spiked in a dialysis cassette and its decay was tracked by qPCR and electroporation 

assays in E. coli TOP10. As sequence-dependent DNA flexibility determines the cleave 

rate mediated by DNase I (89), the decay rates of the cloning vector do not necessarily 

represent the decay rates of blaNDM-1 plasmid. Specifically, given the larger size of the 

blaNDM-1 plasmid (ca. 110 kbp), it may be more inclined to degrade faster than the clone 

vector of smaller size. Although the substitution of the clone vector may overestimate 

the persistence of the actual plasmid decay, this experiment is informative about the 

persistence potential of DNA/ARGs in anaerobic and aerobic liquid fractions.  No decay 

was detected by qPCR or electroporation assays in blaNDM-1 spiked into the anaerobic 

liquid fraction (p = 0.5) (Figure 3.4). On the contrary, in the aerobic liquid fraction, 

blaNDM-1 decay was detected by both qPCR and electroporation assays at a rate of -0.036 

± 0.005 h-1 (t1/2 = 19.4 ± 2.8 h) and -0.278 ± 0.03 h-1 (t1/2  =  2.5 ± 0.25 h), respectively. 

Decay rates estimated by electroporation assays in the aerobic liquid fraction were 

significantly higher than those quantified by qPCR (p << 0.05). 

 

3.3 Discussion  

 The removal of ARB, particularly those that are resistant to new class of antibiotics, 

from wastewater is required to protect public health during reuse events (9). Both 

aerobic- and anaerobic-based wastewater treatment systems are utilized for the 
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treatment of the municipal wastewater. However, a key parameter to consider when 

implementing these systems would be the decay rates of ARB and ARGs in the 

associated sludge and in the treated wastewater effluents.  

 

 

Figure 3.4. Decay of extracellular colloidal DNA in anaerobic (white diamonds) and 

aerobic (black diamonds) sludge liquid fraction measured by (a) qPCR and (b) 

electroporation assays.  

 

  Using a blaNDM-1-positive E. coli PI7 isolated from wastewater as a model 

bacterium, it was observed that the decay of this bacterium was one order of magnitude 

faster in the aerobic sludge compared to the anaerobic sludge microcosms. The longer 

persistence of E. coli PI7 observed in the anaerobic condition coincides with earlier 

microcosm studies comparing the differential anaerobic/aerobic survival of E. coli in 

diluted fermenter sludge (90), manure, manure slurry (91, 92), drinking water (93) and 
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activated sludge (94).  These studies provide evidence that oxygen is a key factor driving 

decay of E. coli in the secondary habitat, and partly explain the longer persistence of E. 

coli PI7 in the anaerobic microcosms. Endogenous reactive oxygen species (ROS) are 

formed as byproducts during aerobic metabolisms (95). ROS are highly oxidative 

molecules that can react with cellular components and lead to cytotoxic (95-97) and 

mutagenic defects in the cells (98). Several detoxification mechanisms have evolved in 

aerobic and facultative organisms in order to cope with the deleterious effects of ROS 

(95, 99). Even though E. coli possess several of those detoxification mechanisms (95), it 

is possible that the cells experiencing oxidative stress undergo a decrease in fitness, and 

hence decayed faster in the aerobic microcosms.  

 However, the presence of oxygen is most likely not the only factor driving the 

decay of E. coli PI7 in the microcosms since decay is also observed in the anaerobic 

microcosms. In addition to ROS, the microbial community has been reported to play an 

important role in the decay of E. coli within the environment (100). The longer 

persistence of E. coli PI7 could also be partially explained by the fact that microbial 

communities in the gut and the anaerobic sludge tend to be more similar to each other, 

as exemplified from the predominance of Firmicutes and Bacteroidetes in both 

ecosystems (101), than between the gut microbiota and aerobic sludge (102-104). Due 

to these similarities in the microbial communities E. coli PI7 might have acclimated 

better and decayed slower in the anaerobic sludge than aerobic sludge.  
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  It was further observed that the decay kinetics of E. coli PI7 followed a biphasic 

decay behavior in the aerobic microcosms. This biphasic decay behavior has been 

documented extensively for E. coli and other fecal indicator bacteria (105, 106). After 

the initial spiking event, blaNDM-1 and uidA were detected in the aerobic reactors at an 

average frequency of 109 copies/ g biomass. After 72 h, no further decay was observed, 

and both gene copy numbers plateau at an approximate frequency of 105 copies/g 

biomass (Figure 3.2 b). As only one copy of blaNDM-1 or uidA is present per E. coli PI7 cell, 

these results indicate that 1 in 10000 cells may be recalcitrant to decay (Appendix B5). 

Previous studies on pure cultures of E. coli suggest this pattern resulted from 

heterogeneity within the bacterial population (107). We further hypothesized that the 

bacterial subpopulation responsible for the plateau phase phenotype corresponds to 

persister cells, a phenotypical variant of vegetative cells that exhibit improved tolerance 

to antimicrobials and other stressful environmental conditions (78). Indeed, a recently 

published study by our research group detected transcriptional activation of genes 

related to persister cell formation in E. coli PI7 upon UV irradiation (108). Persisters 

occur at a fixed frequency between 10-4 to 10-6 depending on the E. coli strain (79). 

Consequently, in all aerobic microcosms (n = 12), the E. coli PI7 populations consistently 

stabilized at a frequency of 10-5 cells/ g biomass after a 4-log cell density decline (Figure 

3.2). A further evaluation of the frequency of persister cells formation in E. coli PI7 

revealed that for every 10000 vegetative cells, 1 persister cell is formed (frequency of 

10-4, Figure 3.3), coinciding with the persisting cell numbers obtained in the decay 

experiments. Further evidence supporting the presence of persister cells in the aerobic 
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sludge is the fact that even though uidA was consistently detected in PTB fractions at a 

frequency of 105 copies/ g sludge until the end of the decay experiments, E. coli PI7 was 

no longer recovered from the sludge by culture-based methods after 96 h of microcosm 

establishment (data not shown). These data suggest that E. coli PI7 possibly transitioned 

to a viable but non-culturable (VBNC) state that is consistent with the persister cell 

hypothesis.     

  Persister cells had been studied in clinical settings as this dormant state allows 

antibiotic-susceptible bacterial populations to survive antimicrobial treatments (79). To 

the best of our knowledge, there is only one report of environmental incidence of 

dormant but infective state of the fish pathogen Pasteurella piscicida in the 

environment (109). However, the importance of these specialized cells on the survival 

and dissemination of E. coli in the environment, particularly in the wastewater 

treatment system, has been overlooked (110). The occurrence of persisters of 

pathogenic strains in the sludge (such as E. coli PI7) has implications on the 

management and disposal of the sludge originating from WWTPs and their respective 

treated effluents. As this subpopulation of bacteria exhibits high tolerance to 

antimicrobials, this raises the question on whether our current disinfection practices are 

effective at fully inactivating persisters of pathogenic bacteria that remained in the 

treated wastewater. This can raise potential concerns when treated wastewater is 

intended for reuse, as improper inactivation might represent a direct risk to the public 

health.  
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  An earlier study in reactors treating wastewater have suggested that as a general 

trend, ARGs are removed more efficiently in anaerobic conditions (74). However, in the 

study by Diehl and LaPara (74), the anaerobic reactors were operated at a longer solid 

retention time (SRT) compared to the aerobic reactors. This difference in the 

operational parameters of both systems makes difficult to determine whether the 

improved ARG removal corresponded to factors related to the anaerobic/aerobic 

condition or to differences in the SRTs of both types of systems.  Nonetheless, it is 

important to highlight that Diehl and LaPara (74) observed that some particular ARGs 

showed prolonged persistence under the anaerobic condition, suggesting that the 

differential ARG decay is dependent on each particular ARG. In agreement with this 

observation, Burch and collaborators (75) concluded that the removal rates of ARGs 

vary substantially depending on the specific ARG. In a more detailed study, Rysz and 

collaborators (111) indicated that the effect of oxygen availability in the maintenance of 

tetracycline resistance genes is also dependent on the host cell, or more specifically, in 

the particular plasmid-host pair. Anaerobic conditions lead to complete loss of a plasmid 

carrying the tetracycline resistance gene (RP1 plasmid) in Pseudomonas aeuroginosa, 

while E. coli retained its tetracycline resistance plasmid (pSC101) for over 500 

generations. Both, pSC101 and the blaNDM-1-plasmid harbored by E. coli PI7 (pKOX_NDM-

1), carry a toxin-antitoxin system that might improve their retention in the E. coli host. 

Moreover, both plasmids belong to the IncF family, which show high stability in 

Enterobacteriaceae (112-115). These two factors shared by pSC101 and pKOX_NDM-1 

might have accounted for their retention under energy-deprived anaerobic conditions. 
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As the particular interaction of pKOX_NDM-1 and E. coli PI7 is highly stable, cellular 

decay (E. coli PI7 decay) is the main factor driving the decay kinetics of blaNDM-1 in our 

microcosm experiments.  

  In a complex microbial community where competition for resources takes place 

(105), we expected that the addition of meropenem would have resulted in increased 

fitness of E. coli PI7 in the anaerobic and aerobic sludge. On the contrary, such antibiotic 

concentrations did not provide an evident selective advantage to E. coli PI7 that resulted 

in prolonged persistence. It is important to highlight that blaNDM-1 is fully functional in E. 

coli PI7 (MIC of 64 µg/mL (87)), suggesting that the possible adaptive advantage 

imposed by the meropenem addition might be negligible compared to the other 

negative pressures experienced by E. coli in the sludge environment.  

  Although we did not detect any effects of trace antibiotic concentration on the 

survival of E. coli PI7 or blaNDM-1 persistence, other studies had suggested that exposure 

to sub-lethal antibiotic and disinfectant concentrations stimulate the plasmid 

conjugation rates in activated sludge (30) and in water (116). Indeed, transconjugants 

were recovered from the aerobic microcosms. As IncF plasmids are unique to 

Enterobacteriaceae (117), all transconjugants isolated fall within this taxonomical unit, 

which includes many genera associated with waterborne pathogens such as Salmonella, 

Yersinia, Klebsiella, Shigella, Citrobacter etc. (118, 119). In contrast, no transconjugants 

were recovered from the anaerobic microcosms, most likely because such HGT events 

took place with fastidious bacteria, highly prevalent in anaerobic environments (120). 
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Similarly, after 120 h of aerobic microcosm establishment, transconjugants were no 

longer recovered from the aerobic sludge (Figure 3.2 d). Lower plasmid stability of the 

new host-plasmid interaction is a plausible explanation for the loss of transconjugants 

recovery. However, IncF plasmids are highly stable in Enterobacteriaceae (112-115), and 

such stability is likely improved by the toxin-antitoxin  system (87). Due to the 

phylogenetic proximity of Shigella and Citrobacter to E. coli (121), it is speculated that 

this plasmid might also be stable in these hosts. Hence, an alternative explanation for 

the lack of transconjugant recovery is the loss of culturability of such bacteria since the 

progression to a viable but non-culturable (VBNC) state is a survival strategy widely 

common in diverse groups of bacteria (122).  

  The contribution of HGT and the factors affecting the dissemination of plasmids 

in activated sludge have been well-documented in laboratory conditions.  These factors 

include  plasmid–host-range (123), sludge retention times (124), stressful environmental 

conditions (30) and host/donor phylogenetic affiliations (125). Significant enrichment of 

the ratios of multiple ARGs compared to 16S rRNA gene throughout the wastewater 

treatment process confirms the potential for mobility and proliferation of ARGs within 

the activated sludge microbial communities in full-scale treatment systems (10). blaNDM-1 

HGT events involving activated sludge microorganisms and soil bacteria had also been 

reported (29). In agreement with these studies, our results emphasizes the role of 

activated sludge as environmental reservoir of plasmid-encoded ARGs, as well as their 
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potential role in mediating the dissemination of ARGs into the environment and to other 

Enterobacteriaceae.  

  Subsequently, upon cellular decay of E. coli PI7 and the previously identified 

transconjugants, blaNDM-1 can be released to the non-settleable or colloidal fraction of 

the sludge. The pDNA decay experiments showed that although the decay at the gene 

level is considerably slower (measured by qPCR), the fragmentation process of naked 

DNA in the liquid aerobic fraction leads to a rapid decay in the replicative structure of 

the plasmid (measured by electroporation assays). Circular plasmids replicate by rolling-

circle, strand displacement or theta replication. In these three replication mechanisms, 

the circular structure of at least one DNA strand must be maintained in order to 

complete the replication cycle (126). A single double-strand break would linearize the 

plasmid, resulting in the disruption of the replication process by any of these 

mechanisms. Ultimately, the lack of replicative functions would compromise the ability 

of the plasmid to be disseminated and maintained in the transformed bacterial host.  

 DNA degradation in the environment is a complex multifactorial process 

involving chemical and biological aspects (127). DNase-mediated degradation is the 

main biological process driving the decay of extracellular DNA in the environment (128, 

129), while low temperatures, high salinity, high levels of organic mater and anoxic 

environments are some of the physicochemical factors that contribute to the 

preservation of environmental DNA (127, 130). Determining the factors influencing the 

persistence of DNA in sludge liquid fraction is out of the scope of this study. However, it 
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was identified that DNA persisted for a longer time in the liquid fraction of the 

anaerobic sludge compared to that of the aerobic sludge, ultimately increasing the 

probability of subsequent blaNDM-1 uptake and fixation by environmental bacteria. In a 

previous study, it was found that membranes of 100 kDa and smaller could achieve 

significant removal of ARGs, attaining up to 4.5-log removal of colloidal DNA (131). 

Hence, coupling membrane separation with the activated sludge process, can serve to 

mitigate microbial risk associated with the presence of persisters and extracellular DNA 

in the treated effluent.  

  In summary, the results from this study highlights the higher potential of 

dissemination of E. coli PI7 and ARGs associated to prolonged host and extracellular 

DNA persistence in anaerobic sludge. In the aerobic sludge, this study demonstrates 

transconjugation of plasmids encoding ARG to compatible bacteria within the sludge, 

highlighting the likelihood of potential horizontal gene transfer events. Furthermore, 

this study emphasizes the potential importance of persister cells in the survival and 

dissemination of enteric pathogens into then natural environment and suggest a certain 

extent of indirect and direct risk on the public health imposed by the presence of 

persister cells of pathogenic strains remaining in the sludge and effluents of WWTP.  
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3.4 Materials and Methods 

3.4.1 Microcosm preparation. 

 Two sets of microcosm experiments, representing anaerobic and aerobic biological 

reactors, were established in 1 L sterile Pyrex bottles. Anaerobic and aerobic 

microcosms were seeded with 800 mL (mix liquor suspended solids, MLSS of 4-5 g/L) of 

sludge from a lab-scale anaerobic bioreactor (101) and an aerobic full-scale WWTP, 

respectively. The sludge in the anaerobic bioreactor is comprised of camel feces and 

anaerobic sludge from an industrial WWTP in Riyadh, and the anaerobic bioreactor had 

been in operation for more than 3 years (101, 132, 133). The full-scale WWTP was 

located at King Abdullah University of Science and Technology in Thuwal, Saudi Arabia, 

and had a capacity of 1600 m3/day. Hydraulic retention time (HRT) and sludge retention 

time (SRT) in the activated sludge tank were 2.5 h and 40 d, respectively. The sludge 

tanks were operated at an average temperature of 33 °C, 1-2 mg/L of dissolved oxygen 

and pH 7-8. Sludge for each replicate run (n = 3) was recovered at three different time 

points scattered along a one-year period for both anaerobic and aerobic seed sludge. 

Prior to the E. coli PI7 spiking event, the seed sludge was acclimated for 10 d and 

screened for the presence of blaNDM-1 or uidA. No blaNDM-1 or uidA copies were detected 

in anaerobic and aerobic sludge by both end-point PCR and cultivation methods before 

E. coli PI7 spiking.  
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3.4.2 Decay experiments.   

  The E. coli PI7 inoculum to be spiked into the microcosms was grown in LB broth 

at 37 °C for 8 h to an OD600 of 0.7. Once this cell density was reached, 100 mL of culture 

were spiked into each microcosm, resulting in a final volume of 900 mL per microcosm. 

The addition of this large quantity of E. coli PI7 into each individual microcosm, albeit 

not representative of actual conditions in WWTP, was similar to approach undertaken 

by earlier studies (134, 135). The high cell density spiked into the microcosm was 

required to ensure final cell density upon decay remains within the limits of detection 

by qPCR, and to also allow detection of subpopulations (e.g. persister cells) that 

generally occur in low cell densities. Decay experiments were performed at different 

trace antibiotic concentrations. In the anaerobic microcosms, decay was evaluated at 0 

and 100 μg/L of meropenem (n = 2 per replicate run) (Sigma-Aldrich, St Louis, MO, USA). 

In the aerobic microcosm, concentrations of 0, 1, 10 and 100 μg/L of meropenem were 

tested (n = 4 per replicate run). Anaerobic microcosms were not tested with 1 and 10 

µg/L meropenem because of the low sludge production from anaerobic bioreactor, and 

this restricted the number of microcosms that can be set up. Concentrations were 

chosen to represent the concentration range of organic micropollutants commonly 

reported in municipal wastewater (136, 137). Three independent replicate runs for each 

aerobic and anaerobic set-up were performed, comprising a total of 6 and 12 anaerobic 

and aerobic microcosm respectively. Microcosms were operated as sequencing batch 

reactors at a constant temperature of 37 °C. The aerobic microcosms were aerated with 
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atmospheric air at 250 mL/min, while the anaerobic microcosms were established in air-

tight bottles and mechanically stirred at 250 rpm. To prevent oxygen intrusion, 

anaerobic microcosms were established and sampled in a vinyl anaerobic chamber (COY 

Lab Products, MI, USA). After each feeding/sampling event, anaerobic microcosms were 

purged with 99.9% nitrogen for 15 min. MLSS and pH were measured every 24 h for all 

microcosms, and pH was maintained at 7.2 ± 0.4 using HEPES buffer at a final 

concentration of 25 mM. Daily, 100 mL of liquid was removed from the aerobic and 

anaerobic microcosms, and replaced with synthetic wastewater (101) that had the 

corresponding concentration of antibiotic, achieving a food-to-microorganism ratio 

(F/M) of 0.2. Biomass was separated from the non-settleable liquid fraction by 

centrifugation at 9800 g for 20-30 min in a sterile ultracentrifuge bottle, and re-

introduced into the respective microcosm.  

 

3.4.3 Sample processing.  

At each sampling event, 14 mL of sludge was collected from each microcosm and 

used for i) total biomass DNA isolation (2 mL), ii) sludge exposure to propidium 

monoazide, PMA (0.5 mL) and iii) detection of horizontal gene transfer (HGT) events by 

culture-based methods (0.5 mL). Sludge exposure to PMA was performed as previously 

described (138). Given that PMA can be limited in its accuracy to differentiate between 

cells with compromised and intact cell membranes, more details on PMA exposure 

protocol and validation are given in Appendix B1 and Table B1.  
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Sludge samples for total DNA isolation and PMA-treated samples were 

centrifuged at 10000 g for 5 min and the supernatant fraction was discarded. The 

remaining biomass pellet was immediately frozen at -80 °C, and subsequently 

lyophilized using Alpha 1-2 LDplus freeze dryer (Martin Christ GmbH, Germany). After 

completion of the drying cycle, dry biomass weights were recorded and samples were 

ready for DNA extraction.   

 

3.4.4 Horizontal gene transfer (HGT) detection by culture-based methods.  

  To detect potential conjugation events, the remaining 0.5 mL of the initial 14 mL 

sludge sample were serially diluted and plated on MUG-EC (Sigma-Aldrich, St Louis MO) 

with 1.5% w/v agar and 8 µg/L meropenem. MUG-EC allows the rapid screening of E. 

coli as MUG cleavage by the glucuronidase enzyme leads to the formation of colonies 

that exhibit blue florescence under UV (139). Non-fluorescent colonies were selected as 

potential transconjugants, and subsequently confirmed by colony PCR using blaNDM-1 

specific primers (Table B2). Strain identity was determined by 16S rRNA gene 

sequencing using the 11F/1492R primer pair (140). Detection limit of culture-based 

methods performed in this study was determined to be 104 CFU / g sludge (Appendix 

B4). 
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3.4.5 Colloidal DNA decay.  

  E. coli PI7 carries a 110 kbp plasmid encoding for NDM-1 (87). Plasmid integrity 

was determined by electroporation into Invitrogen TOP10 electrocompetent cells 

(Thermo Fisher Scientific, Carlsbad, CA, USA). Due to the low electroporation 

frequencies of this large plasmid, decay experiments were carried out using the pCR®2.1 

cloning vector (Thermo Fisher Scientific, Carlsbad, CA, USA) that harbored a 640 bp 

blaNDM-1 gene insertion (i.e., total plasmid vector size of ~ 4.6 kbp). Decay experiments of 

the plasmid were performed in the liquid fraction of either aerobic or anaerobic sludge 

collected from a local WWTP and a lab-scale AnMBR, respectively. The sludge liquid 

fraction was separated from the biomass by centrifugation at 10000 g for 20 min. 

Supernatant was recovered and filtered with cheesecloth to further remove biomass in 

suspension. Subsequently, 1.6 mL of plasmidic DNA (1010 copies/μL) were dosed into a 

Float-A-Lyzer® G2 Dialysis device with MWCO of 100 kDa (Spectrum Laboratories, 

Rancho Dominguez, CA), and the device was submerged in the liquid fraction of either 

aerobic or anaerobic sludge for a period of 24 h. Anaerobic decay experiments were 

performed under anaerobic conditions in a vinyl anaerobic chamber with an 

atmosphere of 95% nitrogen and 5% Hydrogen  (COY Lab Products, MI, USA).  50 μL 

samples were taken from the dialysis device at each sampling point, and used for i) 

plasmidic DNA quantification with qPCR and ii) plasmid integrity quantification by 

electroporation in TOP10 cells (Appendix B2).  
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3.4.6 DNA extraction.  

  Lyophilized PMA-treated sludge and non-PMA-treated sludge fractions, were 

subjected to DNA extraction using the PowerSoil® DNA extraction kit (MO BIO) with 

slight modifications to the manufacturer’s protocol, as previously described (9).  

 

3.4.7 Gene quantification and statistical tests.   

uidA and blaNDM-1 genes are used as the chromosomal and plasmidic marker, 

respectively. β-D-glucuronidase (uidA) was selected as the chromosomal marker since 

only one copy of this gene is present per E. coli genome (84). Differences in the decay of 

the chromosomal and plasmidic material of E. coli PI7 was therefore assessed by 

comparing PMA-treated (PTB) decay rates of uidA and blaNDM-1 genes, respectively. 

blaNDM-1 and uidA copy numbers were determined by absolute quantification on a 

Applied Biosystems 7900HT Fast Real-Time PCR system (Thermo Fisher Scientific, 

Carlsbad, CA, USA). PCR primers and TaqMan probe sequences are listed in Table B2. 

MLSS measurements were fairly stable in the microcosm experiments during the whole 

length of the experiment (Figure B1), and gene copy numbers were normalized by dry 

weight of biomass. Decay rates expressed as Ln (N/No), where N corresponds to the 

copy numbers at t = Xi , and No corresponds to the copy numbers at t = 0. Half-life was 

calculated using a first order decay kinetic model. Linear regressions were performed 

using the least squares method and the significance of the slopes of the regression 
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models (β ≠ 0) were evaluated using t-test.  Decay curves were compared using the 

model Yi = β0 + β1Xi1 + β2Xi2 + β3Xi1Xi2  (141). All statistical analysis was done using 

StatPlus at 95% confidence unless otherwise stated. 

 

3.4.9 Determination of persister cell frequency in pure cultures of E. coli PI7.  

Persister cells are dormant variations of vegetative cells that can withstand harsh 

environmental conditions including exposure to supra-lethal concentrations of 

antibiotics. This resistance to antibiotics is not encoded in the chromosome but it is 

rather a consequence of their dormant phenotype. The frequency of persister cells in 

this study was determined using a modified protocol described by Keren et al. (80) . 

Modifications were made on the type of antibiotic used and the working concentration. 

As E. coli PI7 exhibits extremely high tolerance to ampicillin, the antibiotic challenge was 

performed with meropenem, a carbapenem exhibiting a similar mode of action (73). E. 

coli PI7 was challenged with a supra-lethal meropenem concentration of 640 µg/mL that 

corresponds to a 10-fold increase of the minimum inhibitory concentration (MIC), and a 

5-fold increase of the lethal meropenem concentration reported for this strain(87). In 

summary, overnight cultures of E. coli PI7 were diluted 1:1000 in LB broth without 

meropenem, and incubated at 37 °C and 200 rpm to a final OD600 of 0.2. To provide a 

baseline cell count (t = 0), 10 mL of culture from each flask (n = 4) were pooled and 

placed at 4 °C. Subsequently, cell cultures were challenged with meropenem (640 

µg/mL), and incubated at 37 °C and 200 rpm for 180 minutes. Cell counts were 
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determined by serial dilution and plating in MUG-EC agar plates. Persister cell frequency 

was expressed as the ratio of the cell count at t = 180 min to the cell count at t = 0.  
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Chapter 4 

Water disinfection byproducts increase natural transformation rates of 

environmental DNA in Acinetobacter baylyi ADP1 

 

The process of natural transformation allows for the stable uptake, integration 

and functional expression of extracellular DNA. This mechanism of horizontal gene 

transfer has been widely linked to the acquisition of antibiotic resistance and virulence 

factors. However, despite its importance in the evolution of the microbial pangenomes, 

the role of natural transformation in the environmental fate and persistence of 

antibiotic resistance genes (ARGs) has been widely overlooked. Here, we demonstrate 

that bromoacetic acid (BAA) – a regulated drinking water disinfection byproduct (DBP) – 

can stimulate natural transformation rates in the model organism Acinetobacter baylyi 

ADP1. We demonstrate that transformation stimulation in response to BAA is 

concentration-dependent and is linked to the ability of this compound to generate DNA 

damage via oxidative stress. Lastly, we show that an artificial DBP cocktail simulating the 

environmental concentrations of five water DBP classes, stimulates natural 

transformation by almost 2-fold. The results of this study suggest that environmental 

mutagens may play an important role in enhancing the fixation rates of extracellular 

ARGs in the environmental metagenome. 
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4.1 Introduction  

The emergence and rapid spread of antimicrobial resistance (AMR) among 

bacterial pathogens is a serious public health concern (142). Traditionally, clinical 

settings were considered the main site for the evolution of AMR. However, over the last 

decade, ARGs conferring resistance to last resort antibiotics have been detected in 

multiple environmental compartments, including agricultural soils (48), sediments (33, 

143) and surface waters (29, 33, 84). Consequently, AMR is no longer considered to be a 

phenomenon exclusive to the clinical settings (48, 144), but rather, one that is also 

prevalent in the environment.   

Wastewater discharges constitute a key source of environmental resistance as 

they carry high concentrations of emerging microbial pollutants (e.g. ARGs and 

antibiotic resistant bacteria, ARB) (9, 10, 143). To mitigate this concern, most countries 

treat wastewater through a series of physical, biological and chemical processes, 

including a final disinfection step, to decrease the nutrient and bacterial counts to 

permissible levels. The processing of municipal and agricultural wastewaters to kill 

pathogens is important to protect public health and the environment. However, we 

demonstrated that different disinfectants or disinfection processes alter the 

toxicological characteristics of treated wastewaters (145-149). Even with disinfection, 

studies reported increases in the occurrence of ARB among various types of bacterial 

taxa (e.g. Enterobacteriaceae, Aeromonas spp., Acinetobacter spp.) in downstream 

receiving waters (150-152). Besides direct deposition of microbial contaminants, 
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horizontal flow of ARGs between wastewater-borne bacteria and the native microbial 

communities could potentially explain the increased prevalence of ARB in wastewater-

impacted environments (123, 151). The contribution of horizontal gene transfer (HGT) 

to the ARB enrichment phenomenon is inferred from: i) the observation that the 

resistome fraction comprising ARGs of clinical relevance – in wastewater and the 

environment – are predominantly associated with mobile genetic elements (48, 153), 

and ii) the capacity of sub-lethal doses of disinfectants (e.g. chlorine) to stimulate 

conjugation rates by 2-5 fold (154). Most studies focused on the contribution of 

conjugation in the spread of AMR (155). However, this mechanism of HGT does not 

present a comprehensive picture of the environmental fate and persistence of ARGs, 

especially those that exist as free extracellular DNA.        

In addition to the effect of chlorine on conjugation, many disinfection 

byproducts (DBPs), which are an unintended consequence of water disinfection, are 

genotoxins and mutagens in a number of biological systems (19, 156). In bacteria, 

exposure to mutagens lead to the transcriptional activation of the recA gene as part of 

DNA damage response pathways (157, 158). The product of recA is involved in the 

initiation of homologous recombination, a fundamental process for both repair of DNA 

double strand breaks (159) and chromosomal integration of foreign DNA during natural 

transformation (160).   

Based on these observations, we hypothesized that environmental stressors that 

trigger DNA repair, would facilitate the integration process of foreign DNA during 



 
 

84 

natural transformation. The objective of this study was to determine whether exposure 

to environmental mutagens could enhance the process of transformation in naturally 

competent bacteria. As DBPs are particularly abundant in treated wastewater effluents 

(12, 161), we tested our hypothesis using the interaction between bromoacetic acid 

(BAA), a mutagenic and genotoxic, regulated DBP (162, 163) and the ubiquitous and 

naturally competent bacterium Acinetobacter baylyi ADP1.  

 

4.2 Results and discussion  

4.2.1 BAA stimulates natural transformation rates in a concentration-response 

manner.  

We first generated BAA-induced mutagenicity concentration response curves 

using a modified preincubation test of the his⁻ reversion assay in Salmonella enterica 

serovar Typhimurium strain TA100 (162, 164). TA100 expressed BAA-induced 

mutagenicity in a concentration range of 100-600 μM, with a linear response from 100-

250 μM BAA (Figure 4.1 a).  

 

Subsequently, we determined whether BAA at these mutagenic concentrations 

enhanced natural transformation by using a recipient-reporter strain derivative of A. 

baylyi ADP1 (BD413) (165). This strain carries a marker-reporter rescue cassette (rbcL-ΔP 

aadA::GFP) integrated in the bacterial chromosome between the lipB and lipA gene. The 
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transcriptional fusion (aadA::GFP), encoding for spectinomycin resistance (aadA) and 

the green fluorescent protein (GFP), lacks a functional promoter and therefore is not 

expressed in the recipient strain. A donor DNA carrying a constitutive functional 

promoter (rbcL-Prrn-aadA) is used to restore the expression of aadA::GFP. Upon uptake 

of the donor DNA, homologous recombination takes place between the flanking rbcL 

and aadA loci, leading to the insertion of the Prrn promoter upstream the aadA::GFP 

fusion. The promoter integration activates the transcription of the gene fusion, restoring 

spectinomycin resistance and the fluorescent phenotype.  

In accordance with our hypothesis, BAA significantly increased the 

transformation frequencies of the reporter strain by nearly two-fold at the highest BAA 

concentration (600 μM). Moreover, transformation stimulation followed a BAA 

concentration-response pattern (Figure 4.1 b), establishing a direct link between BAA 

exposure and the increased rates of DNA transformation.  
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Figure 4.1. BAA enhances transformation rates in A. baylyi in a ROS-dependent manner. 

a, Salmonella enterica serovar Typhimurium TA100 reversion assay showing the 

mutagenicity of BAA. Data were from four independent replicates. b, Transformation 

frequencies of A. baylyi ADP1 exposed to 0-600 μM BAA (n = 8). Data is reported as fold 

change transformation frequency vs. control ± SE. An ANOVA test statistic 

demonstrated a significant F-test response (F = 74.09; P < 0.001). Responses in all 

treatment concentrations were highly significant over the 0 μM BAA control (P < 0.001). 

Power of performed test with α = 0.050: 1.000. c, mutagenic response in TA100 to BAA 

+ glutathione (GSH) treatments. GSH and BAA were added at equimolar concentrations 

(n = 4). d, Fold change transformation frequencies of A. baylyi ADP1 exposed to BAA and 
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BAA + GSH (n = 3). e, percent of A. baylyi ADP1 cell survival in BAA and BAA + GSH 

treated cell cultures (n = 3). Plots indicate the mean response ± SE. Statistical 

comparisons in bar graphs were done using ANOVA all pairwise comparisons. * denotes 

P < 0.001. Power of the performed test with α = 0.050: 1.000. 

 

4.2.2 Natural transformation stimulation is triggered by DNA damage via oxidative 

stress.  

Toxicity endpoints of haloacetic acids (HAAs) in TA100 included mutagenic as 

well as cytotoxic responses. Recent information demonstrated that the toxicity of the 

monohalogenated HAAs involves thiol/thiolate reactivity to polypeptides and enzymes 

(166). The involvement of the induction of oxidative stress in monohalogenated HAAs 

genotoxicity was previously demonstrated using reactive oxygen species (ROS) inhibitors 

and human toxicogenomic analyses (167, 168). To establish a direct link between ROS-

mediated DNA damage and the transformation stimulation phenotype, we sought to 

modulate the mutagenic response using an ROS scavenger. An experiment with the 

addition of equimolar concentrations of glutathione (GSH) in the TA100 assay, achieved 

a 73 to 91.4% reduction in the reversion frequency, compared to that of the BAA 

treatment alone (Figure 4.1 c). These results confirm the ability of GSH to modulate the 

ROS-mediated mutagenic response. To test the effect of GSH on the BAA stimulation of 

transformation rates in A. baylyi, we selected a concentration of 400 μM BAA, as it 

exhibited a prominent transformation enhancement (Figure 4.1 b) and cytotoxic 
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response (Figure 4.2). The addition of GSH completely reversed the increase of 

transformation rates by BAA in the reporter strain (Figure 4.1 d), but did not have any 

effect on its cytotoxic response (Figure 4.1 e). These data were statistically significant as 

compared to their concurrent controls and demonstrate a direct causation between 

ROS-mediated DNA damage and the increase of transformation rates in BAA treated 

assays.  

 

 

Figure 4.2. Endpoint cytotoxic response to BAA in Acinetobacter baylyi ADP1 after 24 h 

exposure.  

 

4.2.3 Environmental concentrations of DBPs increase natural transformation rates.  

Lastly, we designed a DBP cocktail that contained environmental concentrations 

of 5 classes of DBPs including those regulated by the U.S. Environmental Protection 

Agency (169) (Table C3). We tested our hypothesis that enhanced transformation would 
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be associated with this DBP mixture. A. baylyi cell cultures were exposed to the DBP 

cocktail during early exponential phase as we found that at this point, A. baylyi cell 

cultures expressed peak transformation frequencies (Figure C1c). Under these 

conditions, the DBP mixture stimulated donor DNA transformation by nearly 2-fold 

(Figure 4.3). These results demonstrate the environmental relevance of the 

phenomenon herein described. The implications of DBP-enhanced natural 

transformation rates are broad. Given the volumetric magnitude of wastewater 

discharges, this process could significantly contribute to the persistence of ARGs that 

exist as naked extracellular DNA in the environment. Moreover, as natural 

transformation allows for the exchange of information beyond the host range of mobile 

genetic elements and bacteriophages (160), environmental compartments with 

mutagenic potential - such as water bodies impacted by wastewater discharges - could 

facilitate the mobilization of novel ARGs from soil organisms to microorganisms of 

clinical relevance. 
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Figure 4.3. Environmental concentrations of DBPs stimulate transformation. Fold 

change transformation frequencies of A. baylyi ADP1 exposed to a DBP cocktail 

simulating the environmental concentrations in treated wastewater effluents of 5 DBP 

classes (Table S3) vs. a mock-treated control (n = 3). * denotes P < 0.001.  

 

This study reveals that water disinfection byproducts significantly increase the 

transformation rates of extracellular DNA in the bacterial model A. baylyi ADP1. We 

showed that the stimulation phenotype is linked to the ability of BAA to cause DNA 

damage, which would potentially trigger a transient state of restriction alleviation. This 

loss of restriction proficiency would allow for a prolonged persistence of the foreign 

DNA in the cytoplasm of the cell, increasing its chances to be integrated in the bacterial 

chromosome. It is important to highlight that DNA damage is the ultimate factor driving 

the stimulation of transformation, and therefore, exposure to other environmental 

conditions (e.g. chlorination per se, solar irradiance, heavy metals etc.) that generate 
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mutagenic damage, could potentially result in a similar and/or synergic stimulation 

response.  

 

4.4 Materials and methods   

4.4.1 Bacterial strains and culture conditions.  

A reporter strain of Acinetobacter baylyi ADP1 (BD413) was used in this 

study(165). After a successful natural transformation event, the reporter strain 

expresses spectinomycin resistance and GFP+ phenotype(165). A. baylyi was routinely 

cultivated at 37°C in LB Miller broth and agar, supplemented with kanamycin (50 μg mL-

1) and rifampicin (50 μg mL-1). Salmonella enterica serovar Typhimurium TA100 was 

propagated in LB Miller broth supplemented with ampicillin at a final concentration of 

25 μg mL-1.  

 

4.4.2 Mutagenicity test.  

Bromoacetic acid (BAA) mutagenic potential was evaluated by a modified Ames 

preincubation reversion assay in the tester strain Salmonella enterica serovar 

Typhimurium TA100, as previously described. Briefly, a standardized suspension of 2 × 

109 cells mL-1 of the tester strain was incubated at 37°C with 0-600 μM BAA for one 

hour. Subsequently, 5 × 108 cells were plated in Vogel-Bonner (VB) minimal medium, 
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and histidine revertant colonies were enumerated after 72 h of incubation at 37°C. BAA 

and glutathione (GSH) assays were set to contain an equimolar GSH concentration 

relative to BAA. Incubation and sample processing were done according to standard 

methods.    

 

4.4.3 Dose-response transformation stimulation assays.  

A. baylyi was inoculated in 50 mL of LB Miller broth supplemented with 

kanamycin (50 μg mL-1) and rifampicin (50 μg mL-1), and incubated overnight at 37°C × 

200 rpm. Subsequently, A. baylyi cell cultures were centrifuged (4° C × 6500 rpm × 10 

min) and washed twice with cold phosphate buffer (PPB). Cell pellets were suspended in 

1 mL of PPB and adjusted to a standardized suspension containing 2 × 1010 cells mL-1.  

One hundred μL of standardized suspension were added to fresh LB Miller broth 

containing 2 μg mL-1 of donor DNA and 0-600 μM BAA (initial inoculum of 2 × 109 cells 

mL-1 and 1 mL of final volume per assay tube). Assays were incubated for 24 h at 37°C × 

200 rpm. Donor DNA was generated by PCR using the primer pair 5’-ATT ATT GAA TTC 

GGT AGA GCC GTT TAT GAA-3’ forward and 5’-TTT GCC CAC TAC CTT GGT GAT-3’ reverse 

(165). The resulting 2.1 kb amplicon was purified using the Wizard® SV Gel and PCR 

Clean-Up System (Promega), and purified DNA was quantified with the Qubit™ DNA BR 

Assay Kit (Invitrogen). 
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 After 24 h, total cell counts were determined by platting in LB Miller agar 

supplemented with kanamycin (50 μg mL-1) and rifampicin (50 μg mL-1) and incubated 

for 24 h at 37°C. Screening for transformants was first achieved by additionally 

supplementing LB Miller plates with spectinomycin (100 μg mL-1). The insertion of the 

donor DNA was further confirmed by colony PCR in 5 randomly selected transformant 

colonies per plate. Colony PCR was done using the primer pair 5’-ATC TTT CTA TTG TTG 

TCT TGG AT-3’ forward and 5’-GGT CAC CGT AAC CAG CAA ATC AA-3’ reverse (165). 

 

Transformation frequency was defined as the ratio of transformants over the 

total number of cells in each assay vial. Fold induction was defined as the ratio of the 

transformation frequency of each treatment, over the average transformation 

frequency for the 0 μM BAA control in the same replicate run. Statistical differences 

between treatments were calculated by ANOVA. Power test was calculated using 

SigmaPlot v13 (Systat Software Inc, San Jose, CA).  

 

4.4.4 DBP-cocktail transformation stimulation assays.  

One hundred μL of an overnight culture of A. baylyi were inoculated in 100 mL of 

fresh LB Miller broth and incubated at 37° C, 200 rpm. After reaching an OD660 of 0.1, 

aliquots of 1 mL were dosed to 20 mL glass vials containing a simplified DBP-cocktail or 

an equal volume of DMSO, and incubated for 1 h at 37°C, 200 rpm.  A detailed 
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description of the DBP-cocktail can be found in Table C3. Transformation frequencies 

were determined by following the protocol described for the BAA concentration-

response transformation stimulation assays.  
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Chapter 5 

Conclusions 

5.1 General conclusions 

 Water reuse is increasingly being put into practice in many countries to 

circumvent water scarcities. However, emerging contaminants present in the 

wastewaters can impede such effort. There is need to improve our understanding on 

the identity of new contaminants, and their fate and persistence during and after the 

wastewater treatment process. In summary, the results from this doctoral work serve to 

address this need by providing insights regarding the environmental incidence of 

emerging microbial contaminants in Saudi Arabia, as well as novel information 

concerning the fate and persistence of ARB and ARGs in the engineered and natural 

environment.  

 Chapter 2 of this thesis described the presence of blaNDM-1 gene in the raw 

wastewater of Jeddah, Saudi Arabia. The blaNDM-1 gene is an ARG conferring resistance 

two antibiotics of last resort, meropenem and imipenem. In particular, some of the 

blaNDM-1 genes detected in the wastewater by qPCR was found to be harbored by a 

potentially pathogenic strain of E. coli, which was denoted as E. coli PI7. This strain 

carried a mosaic of pathogenicity traits associated with multiple pathotypes, as well as 

an extensive repertoire of ARGs harbored in two plasmids. These plasmids were 

previously identified in a clinical isolate of Klebsiella oxytoca in 2010 in Taiwan, 
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suggesting the global mobility of this plasmid among Enterobacteriaceae. Given that this 

E. coli strain remained viable in the sewage network and the lack of complete sanitary 

infrastructure encompassing the whole of Jeddah, we infer that the presence of this 

multi-drug resistant pathogen can pose a potential risk to the local community.  

 Chapter 3 described the differential decay of E. coli PI7 and its associated ARGs 

in anaerobic and aerobic microcosms. E. coli PI7 and blaNDM-1 decayed faster under 

aerobic conditions vs. anaerobic conditions. Additionally, the presence of trace 

concentrations of antibiotic did not influence the decay kinetics of E. coli PI7 or the 

NDM-positive plasmid under neither aerobic nor anaerobic conditions. Conventionally, 

the presence of antibiotics is believed to impose a positive selective advantage to those 

microorganisms carrying genetic resistance. However, our results showed that 

environmental antibiotic concentrations might not exert important positive selective 

pressures over this resistant isolate, and therefore, do not prolong or favor the 

persistence of this particular plasmid-strain pair.        

 More importantly, we identified that persister cells – a viable but non-culturable 

bacterial state – could greatly contribute to the environmental persistence of enteric 

pathogens in the secondary environment outside the host. Persister cells have been 

widely studied in clinical settings, as they allowed antibiotic-sensitive bacteria to survive 

treatment. Despite their important role in bacterial survival, their contribution over the 

environmental dispersion of pathogens has been widely overlooked. The presence of 

persisters raises questions over the effectiveness of wastewater disinfection practices to 
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control the discharge of pathogens in the environment, and suggest that physical 

methods such as membrane filtration could be more suited to mitigate the microbial 

risk associated with wastewater effluents.  

 Chapter 4 of this dissertation dwelled deeper on the fate of extracellular DNA, 

and studied the effects of environmental mutagens over the transformation rates in 

Acinetobacter baylyi ADP1, a ubiquitous and naturally competent bacterium. We 

identified that bromoacetic acid (BAA) stimulate transformation rates of extracellular 

DNA by almost two-fold. The ability of BAA to stimulate transformation is associated 

with its capacity to cause DNA damage via oxidative stress. A molecular characterization 

of the phenomenon further revealed that A. baylyi cells exposed to mutagenic stress 

could experience a transient loss of restriction proficiency, known as restriction 

alleviation (RA). In consequence, RA might facilitate the cytoplasmic persistence of 

foreign DNA, ultimately increasing its chances to be permanently integrated in the 

bacterial chromosome. Moreover, the stimulatory effects of DBPs were also evidenced 

at concentrations approximating the levels identified in disinfected water, alluding to 

the environmental relevance of the phenomenon herein described.  

Overall, the results of this dissertation point at two potential points: the inability 

of biological processes to remove persister cells of pathogenic organisms and the 

potential lack of inactivation of these during disinfection. These concerns suggest that 

there is a need for WWTPs to be retrofitted with membrane technologies to effectively 

remove (and not just inactivate) pathogens, ARBs and ARGs. On the other hand, the 
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presence of ARGs in the effluents and the effect of DBPs over the environmental fixation 

rates of those ARGs point at the need to implement alternative disinfection strategies. 

In our opinion, UV disinfection or any disinfection strategies that do not produce DBPs 

may help mitigate the concerns of increased environmental fixation of ARGs. 

 

5.2 Future work 

 Although the findings of this dissertation provide both useful and encouraging 

insights into the environmental fate and persistence of ARGs and ARB, several 

knowledge gaps still remain. These gaps include the differential decay kinetics of other 

pathogen-plasmid systems in aerobic and anaerobic conditions. In chapter 3, we 

explored the specific decay of E. coli PI7 and its associated ARGs, but these results 

cannot be directly translated to other bacterial pathogens or plasmids (e.g. strictly 

aerobic bacteria). Previous studies had tried to addressed this question from an 

engineering perspective by solely tracking the decay of ARGs (74, 75). However, in our 

opinion these results are not informative enough to evaluate performance of treatment 

systems, as they ignore the biological and genetic context of the ARGs in study.        

  

  In addition to the decay kinetics, in chapter 3 we identified that persisters cells 

might be the ultimate strategy allowing E. coli PI7 to persist in the microcosms. The 

presence of persisters raises questions regarding the effectiveness of our current 
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disinfection practices in the mitigation of microbial threats. This is especially relevant 

when using anaerobic technologies for water reclamation, as these nutrient rich 

effluents could promote the regrowth of pathogen persisters in downstream 

applications (e.g. agricultural irrigation). Therefore, there is a need to evaluate the 

effectiveness of our current disinfection practices over the inactivation of persister cells, 

and if necessary, adapt our current protocols to balance microbial and chemical risk.  

 The fate of extracellular DNA/ARGs in the environment is poorly understood and 

provides the most interesting area for future work. We had identified that DBPs 

increase the transformation rates of extracellular DNA in the naturally competent 

Acinetobacter baylyi ADP1, however, whether this enhancement phenomenon is 

broadly observed in other competent microorganisms has not been stablished yet.  

 Our toxicogenomic approach also provided solid evidence that a transient loss of 

restriction proficiency is the most likely mechanism explaining for the enhanced 

transformation rates in the BAA treatments. Nonetheless, the reduced cytoplasmic 

activity of restriction endonucleases in BAA treated A. baylyi needs to be confirmed.  

 Besides the above-mentioned areas of future work, another interesting 

knowledge gap to be addressed is the interaction effect of mutagens in complex 

mixtures. Whether interactions of mutagens on the stimulation of natural 

transformation is additive, synergistic or even antagonistic is important to determine 

the extent of this phenomenon in the environment.  
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 Although this dissertation has made significant contributions to the 

advancement of the required understanding, more research is still necessary to address 

both existing and emerging knowledge gaps.  
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APPENDICES 

Appendix A  

Supplementary material for Chapter 2: Isolation and characterization of 
NDM-positive Escherichia coli from municipal wastewater in Jeddah, 
Saudi Arabia 

 

1. qPCR optimization and validation.  

blaNDM-1 copy numbers were determined by absolute quantification qPCR, using 

the NDM-154-Forward: 5’- ATTAGCCGCTGC ATTGAT-3’ and NDM-154-Reverse: 5’- 

GGCATGTCGAGATAGGAAGT-3’ primer set (154 bp amplicon) (170), and the NDM-22: 5’-

/6-FAM/AGACATTCG/ZEN/GTGCGA GCTGGCGGA/IABkQ TaqMan probe (this study). 

qPCR was performed on a 7900HT Fast Real-Time PCR system (Applied Biosystems), 

using the TaqMan® Fast Advanced Master Mix (Life Technologies). Primer and probe 

concentrations were optimized as described by the manufacturer, in order to obtain the 

best signal to noise ratio. Optimized concentrations were determined to be 300 nM for 

each primer and 250 nM for the probe. Supplementary Figure 1 shows the amplification 

plot at the optimized primer/probe concentrations, and the standard curve generated. 

At these primer/probe concentrations the NTCs did not show fluorescent signal above 

detection threshold. The standard curve was generated by cloning a 640 bp blaNDM-1 

fragment into the pCR® 2.1-TOPO cloning vector (Thermo Fisher Scientific). The 640 bp 

fragment was amplified using the 5’-TAG TGC TCA GTG TCG-3’ forward and 5’- CAT TAG 
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CCG CTG CA-3’ reverse primer pair. Each standard curve contained 5 reference points, 

corresponding to 108, 106, 104, 103 and 102 blaNDM-1 copy numbers per μL.   

 

 

Figure A1. a. amplification plot and b. standard curve generated with the optimized 

primer/probe concentrations. Amplification efficiency with this primer pair and TaqMan 

probe was 98%.  
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Supplementary Figure 1. a. amplification plot and b. standard curve generated with the optimized primer/probe
concentrations. Amplification efficiency with this primer pair and TaqMan probe was 98%.
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2. Meropenem-EDTA combined disk diffusion test.  

To further screen for the presence of blaNDM-1 gene, E. coli PI7 was grown 

overnight (ON) on LB broth supplemented with meropenem (8 μg/mL) at 37°C and 200 

rpm. Subsequently, the ON cultures where diluted to an OD600 of 0.07 and the diluted 

culture was spread-plated onto a Mueller-Hinton agar. Once the bacteria were plated, 4 

sterile diffusion discs were placed on each quadrant of the plate. Each of the sterile 

diffusion disc was spotted with 10 µL of either (i) 0.4 μL of 25 mg/mL meropenem, (ii) 3 

μL of 0.5 μM EDTA, (iii) 0.4 μL of 25 mg/mL meropenem + 3 μL of 0.5 μM EDTA, or (iv) 

sterile water. Zinc ions serve as cofactors for NDM activity (85); chelation by EDTA 

would result in the inhibition of the hydrolytic activity. Hence, in bacterial isolates 

positive for blaNDM-1, a zone of inhibition would be anticipated near the sterile disc 

spotted with EDTA-meropenem and no zones of inhibition are anticipated near the 

remaining three discs. Isolates that exhibit such phenotypic traits were further 

confirmed for blaNDM-1 by end-point PCR using the primer pairs 5’-

CATTAGCCGCTGCATTGA-3’ forward and 5’-TAGTGCTCAGTGTCG-3’ reverse primer pair 

(170). Gene sequences were matched against the National Center for Biotechnology 

Information (NCBI) nucleotide sequences database using BLASTN to determine the 

presence of blaNDM-1. 
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3. Processing of genome and plasmid sequences.  

Raw sequencing reads were subjected to data trimming and filtering. In the first 

step, we check for the presence of adapter sequence and removed the adapter 

sequence from the reads. Bases at the 3' end that fell below a quality of 20 were 

trimmed off. Reads with average quality score of 20 were discarded. Finally, reads with 

at least 50 bases length were retained for further analysis. Two de-novo assemblers, 

namely CLC genomics workbench and SOAPdenovo were used. k-mer sizes of 40 and 50 

for CLC-Genomic workbench and k-mer sizes 31, 41, 51, 61, 71, 81 and 91 for 

SOAPdenovo. Then, the output of all the assemblies were combined into a large super-

set of sequences. Contig that contained “N” was split into contigs by removing the N's. 

In order to reduce the redundancy, merged contigs were first processed by CD-HIT-EST 

with 100% identity to remove identical fragments. The contigs were then sorted based 

on their size. Sorted contigs were used to create preliminary scaffolds. Each contig was 

used to search against the remaining contigs to find an overlap at the ends of the 

contigs. If the contig finds at least 50 bases overlap with another contig at the ends, 

then both contigs were merged to form a single contig. Then, the merged contig was 

used to search against the remaining unmerged contigs to find overlapped contigs. This 

iterative process of overlap determination and contig assembly is repeated until there 

are no remaining overlaps among the contigs.  
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Subsequently, we ordered and oriented these contigs into larger units 

(scaffolds), which usually requires a reference genome. Since we do not have complete 

reference genome for our organism, we used another closely-related bacterial genome 

as a reference. To identify a closely-related reference microorganism, we performed 

BLAST search for each contig against NCBI bacterial genome database. Then, we 

calculated alignment coverage for each bacterial genome from total number of bases 

aligned in the genome divided by the size of the genome. Finally, we selected 

NC_011741 (Escherichia coli IAI1 chromosome- complete genome) as a reference 

genome. There are two reasons for selecting NC_011741 genome. First, the size of 

NC_011741  genome is similar to the genome we have sequenced. Second, more than 

95% of the genome is aligned with our contigs. 

 

The contigs were sorted based on their alignment position on the IAI1 

chromosome genome. Finally the gap-size between two contigs was calculated and 

evaluated. If the calculated value is negative and an overlap was found, contigs are 

merged. On the other hand, positive value indicates that there is a gap between the 

contigs. These gaps are closed by mapping the raw reads that span gaps between two 

scaffolds. If the gap is not connected by any read, then a gap between contigs using one 

or more undefined ‘N’ nucleotides depending on the gap-size were inserted. 
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The same plasmid assembly process was performed with the exception that the 

reference plasmids selected was from pKOX_NDM1 (GenBank no. JQ314407) and pKOX-

R1 (GenBank no. JQ314407) from Klebsiella oxytoca.  The reason for this was that more 

than 95% of the plasmid is aligned with our contigs from plasmid.  

 

4. Minimum inhibitory concentrations determination.  

Minimum inhibitory concentrations (MICs) of E. coli PI7 were determined by 

microtiter broth dilution method under aerobic and anaerobic conditions. A wide range 

of antibiotics that include gentamicin, ampicillin, kanamycin, ceftazidime, erythromycin, 

sulfamethoxazole-trimethoprim, chloramphenicol, tetracycline and meropenem was 

tested.195 µL of LB broth with antibiotic concentrations of 0 (i.e., positive control), 8, 

32, 64, 128 and 250 µg/mL were individually inoculated with 5 µL of overnight E. coli PI7 

culture, and pipetted into separate wells of a 96-well microtiter plate. Negative controls 

comprising of only LB with no antibiotics and bacterial culture were also prepared into 

separate wells of the same microtiter plate. The prepared microtiter plates were 

incubated for 8 h at 37 °C under aerobic conditions. Endpoint optical density at 600 nm 

(OD600) was measured using the Spectromax 340pc microplate spectrophotometer 

(Molecular Devices, Sunnyvale, CA, USA). MIC of a particular antibiotic was determined 

based on the concentration required to achieve ≥ 70% growth inhibition as compared to 

the positive control.  No change in the OD600 measurement was observed in the 

negative controls.  
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5. GFP-tagged strain construction.  

The ZsGreen gene (GeneArt Gene Synthesis) was flanked with EcoRI and BamHI 

sites by PCR using the following primers GFP-F, 5’-CCGGAATTCGATGGCTCAGTCAAAG-3’; 

GFP-R, 5’-CGCGGATCCTCAGGGCAATGCAG-3’ (the underlined sequences correspond to 

EcoRI and BamHI sites). The PCR amplification was done with Q5 hot start high-fidelity 

DNA polymerase (New England Biolabs) under the following conditions: initial 

denaturation step at 98°C x 30 s, followed by 30 cycles of 98 °C x 10 s, 70 °C x 30 s , 72 °C 

x 20 s and final extension at 72 °C x 2 min. The PCR products were digested with EcoRI 

and BamHI, and subcloned into PSTV28 vector (Takara) belonging to Inc B group. The 

recombinant plasmid PSTV28/GFP was confirmed by sequencing and separately 

transformed into E.coli Mach1™ T1 (Thermofisher) and E.coli PI-7. All PCR products were 

amplified under the following conditions: denaturation at 98 °C x 30 s followed by 30 

cycles 98 °C x 10 s, 65 °C x 1 min and 72 °C x 1 min. Expression of GFP and plasmid 

stability was confirmed by fluorescence microscopy and flow cytometry after 

approximately 4000 generations (data not shown).   

 

6. Invasiveness assay.   

HeLa cells were obtained from ATCC (CCL-2) and were maintained in Invitrogen 

Dulbecco’s Modified Eagle’s medium (DMEM) with 10 % fetal bovine serum (FBS) 

(Thermo Fisher Scientific, Carlsbad, CA, USA) supplemented with 1% 
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penicillin/streptomycin (Thermo Fisher Scientific, Carlsbad, CA, USA). Cells were serially 

passaged in 75 cm2 vent-cap sterile non-pyrogenic polystyrene tissue culture flasks 

(VWR, Radnor, PA, US) and incubated at 37 oC with 5 % CO2. HeLa cells were then 

seeded at a density of 3 x 105 cells/well into 8 wells of a Costar® 24-well clear tissue 

culture-treated plate. Each well contained DMEM with 10 % FBS supplemented with 1% 

penicillin/streptomycin. The cell cultures were then incubated overnight in 37 oC, 5% 

CO2. Single colonies of E. coli PI7, E. coli DSM1103, GFP-tagged E. coli PI7 and GFP-

tagged E. coli DH5α were picked and inoculated in 5 mL of LB broth for incubation at 37 

oC for 10 h or till the culture achieved an OD600 of 0.8. E. coli DSM 1103 and E. coli DH5α 

were used as non-pathogenic controls.  

 

Bacterial cells were pelleted at 5000 g for 10 minutes and resuspended in 1.2 mL 

of DMEM. The media for the HeLa cells on the 24-well plate was replaced with 300 µL of 

the either E. coli suspension (n = 4 for each strain) or mocked inoculated with sterile 

DMEM (n = 4 for plating assays and n = 4 for confocal microscopy assays). HeLa cells 

were then further incubated in the presence of the bacteria cells for 2 h in 37 oC, 5 % 

CO2. After incubation, wells inoculated with GFP-tagged E. coli were processed for 

confocal microscopy and wells inoculated with non GFP-tagged strains treated with 

mutanolysin as described in the main text.  
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7. Fixation and staining for confocal microscopy.  

After the completion of the three washing steps with 1X PBS, mammalian cells 

were fixed with acetone for 10 minutes at 4 °C. Cells were then labeled with Evans blue 

(Milipore 5008) for 30 minutes at 37 °C. Cells were visualized using Zeiss LSM 710 

upright confocal microscope using appropriate machine settings. Z-stack images were 

taken with the Zen Black software at 40x magnification.  
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Table A1. Phylogenetic identities of isolates recovered from 30 mL of untreated 

wastewater. 

Isolate 
name 

Best-matched identity 
based on 16S rRNA gene 

Identity 
similarity (%) 

Max score 

PI1 Aeromonas caviae 100 1801 

PI2 Aeromonas hydrophila 99 1793 

PI3 Aeromonas caviae 100 1920 

PI4 Aeromonas caviae 99 1837 

PI5 Aeromonas caviae 99 1790 

PI6 Aeromonas caviae 99 1795 

PI7 Escherichia coli 99 1833 

PI8 Aeromonas veronii 99 1777 

PI9 Aeromonas veronii 100 1825 

PI10 Aeromonas hydrophila 100 1513 

PI11 Pseudomonas putida 100 1775 

PI12 Pandoraea apista 100 1772 

PI13 Bacillus sp. 100 610 

PI14 Bacillus sp. 100 344 

PI15 Enterococcus hirae 100 1037 

PI16 Bacillus sp. 100 776 

PI17 Bacillus sp. 100 800 

PI18 Bacillus clausii 100 250 

PI19 Bacillus sp. 100 564 

PI20 Bacillus sp. 100 507 
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Isolate 
name 

Best-matched identity 
based on 16S rRNA gene 

Identity 
similarity (%) 

Max score 

PI21 Pandoraea sp. 100 1862 

PI22 Pseudomonas sp. 100 1903 

PI23 Pandoraea sp. 100 1436 

PI24 Pandoraea sp. 99 1783 
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Table A2. NDM-1 location and DNA sequence. 

        

Plasmid   Size (bp)  Strand  Sequence 

pKOX_NDM1  915  Plus 

 

TTGAATTCGCCCCATATTTTTGCTACAGTGAACCAAA
TTAAGATCATCTATTTACTAGGCCTCGCATTTGCGGG
GTTTTTAATGCTGAATAAAAGGAAAACTTGATGGAA
TTGCCCAATATTATGCACCCGGTCGCGAAGCTGAGC
ACCGCATTAGCCGCTGCATTGATGCTGAGCGGGTGC
ATGCCCGGTGAAATCCGCCCGACGATTGGCCAGCA
AATGGAAACTGGCGACCAACGGTTTGGCGATCTGG
TTTTCCGCCAGCTCGCACCGAATGTCTGGCAGCACA
CTTCCTATCTCGACATGCCGGGTTCGGGGCAGTCGC
TTCCAACGGTTTGATCGTCAGGGATGGCGGCCGCG
TGCTGGTGGTCGATACCGCCTGGACCGATGACCAG

ACCGCCCAGATCCTCAACTGGATCAAGCAGGAGATC
AACCTGCCGGTCGCGCTGGCGGTGGTGACTCACGC
GCATCAGGACAAGATGGGCGGTATGGACGCGCTGC
ATGCGGCGGGGATTGCGACTTATGCCAATGCGTTG
TCGAACCAGCTTGCCCCGCAAAAGGGGATGGTTGC
GGCGCAACACAGCCTGACTTTCGCCGCCAATGGCTG
GGTCGAACCAGCAACCGCGCCCAACTTTGGCCCGCT
CAAGGTATTTTACCCCGGCCCCGGCCACACCAGTGA
CAATATCACCGTTGGGATCGACGGCACCGACATCGC
TTTTGGTGGCTGCCTGATCAAGGACAGCAAGGCCA

AGTCGCTCGGCAATCTCGGTGATGCCGACACTGAGC
ACTACGCCGCGTCAGCGCGCGCGTTTGGTGCGGCG
TTCCCCAAGGCCAGCATGATCGTGATGAGCCATTCC
GCCCCCGATAGCCGCGCCGCAATCACTCATACGGCC

CGCATGGCCGACAAGCTGCGCTGA 
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 Table A3. Genomic coordinates and sequences of beta-lactamases in E. coli PI7.

           

Genomic 
coordinates 

 Size (bp)  Protein sequence  Comensal 
Strains 

 Pathogenic 
Strains 

2566409 2567701   1293  MLYLSLLAVSCSVSAAKYPVLTESSPEKAGFNVERLNQMDRWISQQVDAGYPGVN
LLIIKDNQIVYRKAWGAAKKYDGSVLMEQPVKATTGTLYDLASNTKMYATNFALQK
LMSEGKLHPDDRIAKYIPGFADSPNDTIKGKNTLRISDLLHHSGGFPADPQYPNKAV
AGALYSQDKGQTLEMIKRTPLEYQPGSKHIYSDVDYMLLGFIVESVTGQPLDRYVEE
SIYRPLGLTHTVFNPLLKGFKPQQIAATELNGNTRDGVIHFPNIRTSTLWGQVHDEK
AFYSMGGVSGHAGLFSNTGDIAVLMQTMLNGGGYGDVQLFSAETVKMFTTSSKE
DATFGLGWRVNGNATMTPTFGTLASPQTYGHTGWTGTVTVIDPVNHMAIVMLS
NKPHSPVADPQKNPNMFESGQLPIATYGWVVDQVYAALKQK 

 K-12  O157:H7 (EHEC); 
94-3024 (STEC); 
RM9387 (STEC); 
CFSAN029787 
(EIEC);     
O104:H4 (EAEC) 

4328162 4328920   759  MSLTLTLTGTGGAQGVPAWGCECAACARARRSPQYRRQPCSGVVKFNDAITLIDA
GRHDLTDRWSPGSFQQFLLTHYHMDHVQGLFPLRWGVGDVIPVYGPPDEQGCD
DLFKHPGLLDFSHTVEPFVVFDLQGLQVTPLPLNHSKLTFGYLLETAHSRVAWLSDT
AGLPEKTLKFLLNNHPQVMVIDCSHPPRADAPRNHYDLNTVLALNQVIRSPQVILTH
ISHQFDAWLMENALPSGFEVGFDGMEIGVA 

K-12; HS; W  026:H11 (EHEC);    
94-3024 (STEC); 
CFSAN029787 
(EIEC);           
O104:H4 (EAEC); 
789 (Septicemic); 
ACN001 (Avian 
Pathogen);            
B7A (ETEC) 

4391116 4392249   1134  MFKTTLCALLITASCSTFAAPQQINDIVHRTITPLIEQQKIPGMAVAVIYQGKPYYFT
WGYADIAKKQPVTQQTLFELGSVSKTFTGVLGGEAIARGEIKLSDPTTKYWPELTAK
QWNGITLLHLATYTAGGLPLQVPDEVKSSSDLLRFYQNWQPAWAPGTQRLYANSS
IGLFGALAVKPSGLSFEQAMQTRVFQPLKLNHTWINVPPAEEKNYAWGYREGKAV
HVSPGALDAETYGVKSTIEDMACWVRSNMNPRDINDKTLQQGIQLAQSRYWQTG
DMYQGLGWEMLDWPVNPDSIINGSGNKIALAAHPVKAITPPTPAVRASWVHKTG
ATGGFGSYVAFIPEKELGIVMLANKNYPNPARVAAAWQILNALQ 

HS; W; IAI1; SE11  ECC-1470 (Cow 
Pathogen);             
FHI (STEC);            
O111:H- (STEC); 
O103:H2 (EHEC); 
O26:H11 (EHEC) 
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Table A4. Genomic coordinates of efflux pumps in E. coli PI7 chromosome. 
Locus Genomic coordinates Size (bp) Gene Description 

 
1 

 
142818 

 
143744 

 
927 

 
ABC-type multidrug transport system, ATPase 
component 
 

2 143741 144511 771 ABC-type multidrug transport system, permease 
component 

3 518449 520230 1782 Multidrug resistance-like ATP-binding protein 
mdlB 

4 532214 529065 3150 RND efflux system, inner membrane transporter 
CmeB 

5 533322 532237 1086 Membrane fusion protein of RND family multidrug 
efflux pump 

6 533572 534219 648 Transcription repressor of multidrug efflux pump 
acrAB operon, TetR (AcrR) family 

7 860667 859561 1107 ABC transport system, permease component YbhR 

8 861811 860678 1134 ABC transport system, permease component YbhS 

9 863540 861804 1737 ABC transporter multidrug efflux pump, fused ATP-
binding domains 

10 864528 863533 996 Predicted membrane fusion protein (MFP) 
component of efflux pump, membrane anchor 
protein YbhG 

11 865202 864531 672 Transcriptional regulator YbiH, TetR family 

12 922286 923518 1233 Multidrug translocase MdfA 

13 957787 958902 1116 Macrolide-specific efflux protein MacA 

14 958899 960845 1947 Macrolide export ATP-binding/permease protein 
MacB (EC 3.6.3.-) 

15 1153082 1151856 1227 Multidrug-efflux transporter, major facilitator 
superfamily (MFS) (TC 2.A.1) 

16 1597205 1596540 666 Multiple antibiotic resistance protein MarC 

17 1597417 1597851 435 Multiple antibiotic resistance protein MarR 

18 1597871 1598254 384 Multiple antibiotic resistance protein MarA 

19 1713558 1714931 1374 Multi antimicrobial extrusion protein (Na(+)/drug 
antiporter), MATE family of MDR efflux pumps 
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Locus Genomic coordinates Size (bp) Gene description 

     

20 2193688 2194935 1248 Multidrug transporter MdtA 

21 2194935 2198057 3123 Multidrug transporter MdtB 

22 2198058 2201135 3078 Multidrug transporter MdtC 

23 2201136 2202551 1416 Multidrug transporter MdtD 

24 2202548 2203951 1404 Sensory histidine kinase BaeS 

25 2203948 2204670 723 Response regulator BaeR 

26 2319044 2317854 1191 MFS family multidrug transport protein, 
bicyclomycin resistance protein 

27 2502878 2501340 1539 Inner membrane component of tripartite 
multidrug resistance system 

28 2504041 2502878 1164 Membrane fusion component of tripartite 
multidrug resistance system 

29 2798632 2799162 531 Transcription repressor of tripartite multidrug 
resistance system 

30 2799289 2800461 1173 Multidrug resistance protein A (ErmA) 

31 2800478 2802016 1539 Multidrug resistance protein B 

32 3205513 3206994 1482 Type I secretion outer membrane protein, TolC 
precursor 

33 3438862 3438200 663 Transcription repressor of multidrug efflux pump 
acrAB operon, TetR (AcrR) family 

34 3439261 3440418 1158 RND efflux system, membrane fusion protein 
CmeA 

35 3440430 3443534 3105 RND efflux system, inner membrane transporter 
CmeB 

36 3630888 3628153 2736 ABC-type multidrug transport system, permease 
component 

37 3660556 3661620 1065 Membrane fusion protein of RND family multidrug 
efflux pump 

38 3661645 3664758 3114 RND efflux system, inner membrane transporter 
CmeB 

39 3760386 3759250 1137 Multidrug resistance protein A 

40 3775913 3774777 1137 Multidrug resistance protein A 
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Locus Genomic coordinates Size (bp) Gene description 

     

41 3862275 3863459 1185 Multidrug resistance protein D 

42 4321480 4320014 1467 Outer membrane component of tripartite 
multidrug resistance system 

43 4323528 4321477 2052 Membrane fusion component of tripartite 
multidrug resistance system 

44 4324559 4323528 1032 Inner membrane component of tripartite 
multidrug resistance system 
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Appendix B 

Supplementary material for Chapter 3:  Fate and persistence of a 

pathogenic NDM-1-positive Escherichia coli strain in anaerobic and 

aerobic sludge microcosms 

 

1. PMA exposure protocol and validation.  

  PMA is a high-affinity photo-reactive DNA binding dye, which upon light 

exposure covalently binds to the DNA molecule and inhibits downstream PCR 

amplification. The dye is impermeable to cell membranes, and would only bind to 

intracellular gene targets when cell walls and membranes are compromised. [1]. In 

activated sludge, PMA could be absorbed onto the suspended solids, compromising 

its ability to intercalate with extracellular DNA and inhibit downstream PCR detection. 

To account for this, we used the PMA exposure protocol optimized by Bae and 

coworkers [2], and validated it in the sludge fraction used in this study. 

 

E. coli PI7 was grown in LB with 16 µg/mL meropenem at 37 °C to an OD600 of 

0.7.  Cells were washed twice with 1X PBS, and resuspended in 30% of the original 

culture volume. Washed cells were dispensed in 1 mL aliquots, and half of the aliquots 

were heat-lysed at 95 °C for 30 min in a heat block. Subsequently, 200 µL of heat-

lysed and 200 µL of non-lysed E. coli cells were added to a 15 mL centrifuge tube 
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containing 2 mL of diluted activated sludge or anaerobic sludge to a mixed-liquor 

suspended solids concentration of 1 g/L. Each of the spiked sludge samples was 

divided into 2 fractions of equal volume, and transferred to transparent 2 mL 

eppendorf tubes. One of the portions was treated with PMA (Biotium) to a final 

concentration of 100 µM, and exposed to blue L.E.D light for 10 min using a PMA-Lite 

Photolysis device (Biotium), while the other fraction remained untreated for PMA. 

PMA-treated and non-treated samples were frozen at -80 °C and lyophilized using a 

Christ Alpha 1-2 LD Plus freeze Dry. 

 

Table B1 shows the results of the blaNDM-1 qPCR quantification in PMA-

treated and non- treated sludge fractions. At these exposure conditions, PMA 

completely inhibited the PCR signal from the cells with uncompromised cell 

membranes. As Bae and coworkers described, PMA permeation in cells with 

uncompromised membranes was also observed, accounting for a 13-15% penetration 

in cells with uncompromised cell membranes. Although penetration in cells with 

uncompromised cell membranes occurs, inhibition of extracellular DNA or cells with 

compromised cell membranes is completely inhibited. 

 

 

 



 
 

133 

2. Plasmid integrity quantification by electroporation.  

  From the colloidal DNA decay experiment, 50 µL of DNA were recovered at each 

sampling point. As the DNA contained in the dialysis device was of extracellular nature, 

no extraction was performed. 

Instead, recovered DNA was directly used for quantification by qPCR and 

electroporation assays. The cloning vector pCR2.1 carry an ampicillin resistance gene, 

which was used for screening of transformants in TOP10. Electroporation was used to 

assess plasmid integrity, as only a fully functional plasmid molecule would lead to 

the ampicillin resistant phenotype in TOP10. Electroporation was performed using a 

Gene Pulser Xcell (Bio-Rad), in 2 mm electroporation cuvettes. Each electroporation 

reaction (2500 kV, 200 Ω and 25 µF) used 40 µL of electrocompetent TOP10 cells and 

5µL of plasmidic DNA from the colloidal decay experiments. Electroporated TOP10 

cells were plated in LB plates containing 100 µg/mL of ampiciling, and the plates were 

incubated at 37 °C for 24 h. Transformants were enumerated and decay was 

expressed as Ln (N/No), where No corresponds to the number of transformants at t = 

0 and N the number of tansformants at t = x. 

 

3. Transconjugant calculation in CFU per gram.  

One hundred uL of diluted or undiluted sludge was plated onto MUG-EC agar 

plates supplemented with meropenem (8 μg/mL). Using the MLSS data (g/mL or g/L) the 
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incidence of transconjugants in CFU/g was calculated as follow.  
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4. Calculation of detection limit for culture-based methods.  

One hundred uL of diluted or non-diluted sludge were plated in MUG-EG agar 

plates supplemented with meropenem (8 μg/mL).  The detection limit was established 

based on the minimum cell density (MCD) required to detect at least 10 CFU when plating 

100 uL of non-diluted sludge. As the average MLSS corresponded to 4 g/L, each 100 uL 

aliquot contained 4 x 10-4 g of sludge biomass. 

 

:;<%,&	=;>?&%	(,) = 	4	
,

C
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1C
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To obtain at least 10 CFU the minimum detectable cell density (MDCD) would 

correspond to 2.5 x 104 CFU/g 
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5. Frequency of recalcitrant cells in microcosm experiments.  

The frequency of recalcitrant cells was calculated based on the following 

formula:  

*R&S<&"#T	UM	R&#>;#$?R>"?	#&;;V = 	
WXYZ	[\]^	#	X`	]abcdbW	]ebfd

WXYZ	[\]^	#	f]XgdY
= 	

6hi	
jklmno

p

6hq
	jklmno

p

=

	1 ∗ 10HI	UR	
6	WXY	rd[ba[Xcrb`c	[\]^

6hs	WXYZ	[\]Xdf
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Table B1.  PMA validation on sludge samples. Expected values are calculated based on a 

50% reduction (0.3 Log) in the qPCR signals from the PMA negative fraction (total DNA 

fraction).   

   Average   

Replicate Log PMA - Log PMA + PMA- PMA+ Expected %Error 

           

  1 7.2 7.3 7.2 6.1 6.1 6.0 7.3 6.1 7.0 13 

2 7.3 7.2 7.3 6.1 6.1 6.1 7.3 6.1 7.0 13 

3 7.3 7.2 7.2 6.0 6.0 6.0 7.2 6.0 6.9 13 

4 7.3 7.4 7.3 6.0 6.0 6.0 7.4 6.0 7.1 13 
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Table B2. List of primers used in this study. *Primer pair NDM-154 and probe NDM-22 qPCR amplification efficiency = 98%. 

**Primer pair uidA159 and probe uidA-23 qPCR amplification efficiency = 102%. 

Primer Gene Target Amplicon size(bp) Sequence Cycling conditions Use

NDM154-F* ATTAGCCGCTGCATTGAT

NDM154-R* CATGTCGAGATAGGAAGTG

uidA159-F** CGAATCCTTTGCCACGCAAG

uidA159-R** TCACAGCCAAAAGCCAGACA

NDM640-F TAGTGCTCAGTGTCG

NDM640-R CATTAGCCGCTGCA

11F GTTYGATYCTGGCTCAG

1492R GGYTACCTTGTTACGACTT

Probe Gene Target Cycling conditions Use

NDM-22* blaNDM As described for primer pair qPCR

uidA-23** uidA As described for primer pair qPCR

56-FAM/AGACATTCG/ZEN/GTGCGAGCTGGCGGA/3IABkQ

56-FAM/TCGCCCTTC/ZEN/ACTGCCACTGACCG/3IABkQ

Sequence

Sequencing               
(Transconjugant identity) 

blaNDM-1

uidA

blaNDM-1 Sequencing               
(Transconjugant screening)

154
50°C x 2 min; 95°C x 20 s; 40 cycles of 95°C x 1s and 60°C x 20s *

 qPCR

159
50°C x 2 min; 95°C x 20 s; 40 cycles of 95°C x 1s and 60°C x 20s *

qPCR

16S 1481 95°C x 5 min; 35 cycles of 95°C x 1 min, 45°C x 45 s and 72°C x 2 
min; final elongation 72°C x 10 min

640 95°C x 3 min; 35 cycles of 95°C x 30s, 60°C x 30 s and 72°C x 1 
min; final elongation 72°C x 5min
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Figure B1. Average MLSS for all replicate (a) anaerobic mesocosms (n = 6) and (b) 

aerobic mesocosms (n = 12). The red dotted line represents the MLSS value at t = 0.  

 

 

 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

0 50 100 150 200 250 300 

M
LS

S 
(g

/L
) 

Time (h) 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

0 50 100 150 200 250 300 350 400 

M
LS

S 
(g

/L
) 

a. 

b. 



 
 

139 

 

 

Figure B2. blaNDM-1 decay curves in PMA-treated biomass samples from anaerobic 

sludge mesocosms at (a) 0 µg/L (n = 3) and (b) 100 µg/L of meropenem (n = 3). Plots 

comprise data from three independent replicate runs for each antibiotic condition.  
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Figure B3. blaNDM-1 decay curves in PMA-treated biomass samples from aerobic sludge mesocosms at (a) 0 µg/L, (b) 1 µg/L, (c)  10 

µg/L and (d) 100 µg/L of meropenem. Plots comprise data from three independent replicate runs for each antibiotic condition (n = 3). 
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Appendix C  

Supplementary material for Chapter 4: Water disinfections byproducts 

increase natural transformation rates of environmental DNA in 

Acinetobacter baylyi ADP1.  
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Table C3.  Composition of the simplified disinfection byproduct (DBP) cocktail used to evaluate transformation induction in A. baylyi. 

The cocktail consisted of five classes of DBPs. For each class, reported values for lower and upper environmental DBP levels in 

effluent wastewater are shown in columns 2 and 3. For the simplified DBP cocktail, one compound per class was selected and dosed 

to the transformation assays at a final concentration matching that of the upper environmental limit. Due to the high toxicity of N-

nitrosodimethylamine in comparison to other compound of its class, this was dosed to only half of the upper environmental limit 

reported for nitrosamines.   

	 Environmental	concentration	 	 	 	

Class	 Lower	limit	 Upper	limit	 Units	 Selected	compound	
Final	concentration	on	

transformation	assay	tubes	 Ref.	

	 	 	 	 	 	 	

Trihalomethanes	 4	 164	 μg	L-1	 Trichloromethane	 164	μg	L-1				(1.37	μM)	 (12-14)	

Haloacetic	acids	 99	 262	 μg	L-1	 Bromoacetic	acid	 262	μg	L-1				(1.89	μM)	 (14)	

Aldehydes	 21	 114	 μg	L-1	 Formaldehyde	 114	μg	L-1			(3.8			μM)	 (13,	14)	

Nitrosamines	 20	 100	 ng	L-1	 N-nitrosodimethylamine	 50	ng	L-1			(0.67	nM)	 (13,	
171)	

Haloacetamides	 1.4	 7.4	 μg	L-1	 Tribromoacetamide	 7.4	μg	L-1			(0.03	μM)	 (12)	



 


